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methane on the coal surfaces that may otherwise stay adsorbed in the coal matrix by 

decreasing the partial pressure of methane in the gas mixture. In addition, experimental 

work conducted on enhanced coalbed methane recovery by CO2 injection [Reznik et al, 

1984] shows that CO2 is more adsorbing on coal than methane thereby giving it the 

potential to efficiently displace CBM and remain sequestered in the coal-seam. Thus 

coal-seams are considered to offer a very attractive option for CO2 sequestration. 

In this work, focus is on the final part of the sequestration process – storage. The 

effects of various coal properties as well as operational scenarios on the injection and 

storage of CO2 into a given coal-seam are analyzed. The analyses are based on results 

obtained from PSU-COALCOMP, a compositional coalbed methane numerical reservoir 

simulator capable of modeling the primary and enhanced recovery of coalbed methane. 

The operational design parameters considered in this study include the type, length and 

orientation of the injectors/producers while the coal-seam properties studied include coal 

porosity, coal permeability, cleat spacing, sorption capacity, and the initial conditions of 

the coal-seam - the reservoir pressure, adsorbed gas composition, amount of CO2 initially 

adsorbed, water saturation and free-gas composition.  

Based on the data, results and analyses obtained, a CO2 sequestration performance 

predictor tool is developed using artificial neural network (ANN) technology. The 

developed network will be able to predict the values of the performance indicators of the 

CO2 sequestration process for a wide range of coal-seams and various production 

schemes. The developed ANN would also enhance our understanding of CO2 

sequestration process. 
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CHAPTER 2 
 

LITERATURE REVIEW 

2.1 Carbon Dioxide Sequestration 

The amount of carbon dioxide (CO2) in the atmosphere has risen from pre-

industrial levels and most of this increase has been in recent years as shown in the data 

presented graphically in Figure 2-1. The corresponding increase in temperature as CO2 

levels increase raises environmental concerns such as global warming and its effects. 

This increase in CO2 levels is attributed widely to the burning of fossil fuels, and if 

current trends in resource utilization continue, anthropogenic CO2 emissions will increase 

rapidly during the 21st century. Figure 2-2 shows the sharp increase in global CO2 

emissions over the last 100 years.  

The term “CO2 sequestration” refers to the removal of CO2 from either manmade 

emissions or the atmosphere and the safe, essentially permanent storage of this CO2. 

There are two main types of sequestration: direct sequestration, where CO2 is removed 

from energy systems, and indirect sequestration, where CO2 is removed from the ambient 

atmosphere by enhanced natural processes. Sequestration is one of the three options for 

stabilizing CO2 concentrations in the atmosphere and until the late 1990’s, was not yet in 

the scientific lexicon. It is less familiar to the public at large than the other two options 

for reducing greenhouse gases — improved efficiency and the use of low-carbon fuels. 
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Historical CO2 and Temperature Record from the 
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Figure 2-1: Atmospheric CO2 and temperature levels 
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Figure 2-2: Global CO2 emission levels 
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There are numerous ways of sequestering CO2 and they can be grouped into the 

following four categories: 

i. Sequestration in geologic formations which includes oil and gas reservoirs, 

unmineable coal-seams, and deep saline reservoirs. 

ii. Sequestration by direct injection of CO2 into deep oceans. 

iii. Sequestration by improving life-cycle carbon uptake of terrestrial ecosystems. 

iv. Sequestration by utilization of advanced chemical, biological and de-carbonization 

concepts. 

The focus of the work presented here is focused on the geologic sequestration of 

CO2 in unmineable coal-seams. Coal-seams are especially attractive targets for 

sequestration not only because it can store large volumes of gas, but because CO2 can be 

used to enhance the recovery of coalbed methane thereby providing a technically and 

economically feasible solution [Stevens et al, 1998]. 

 

2.2 Coalbed Methane (CBM) 

Coalbed methane is a by-product of the physical and chemical reactions 

associated with the coalification process (the process by which vegetable matter is 

converted to coal). Consequently, this makes coal-seams different from the conventional 

natural gas reservoirs due to the fact that the coal-seam is both the source rock and the 

reservoir rock for the gas. 
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2.3 Coal-seams 

Coal-seams are characterized by their dual porosity; they contain both primary 

and secondary porosity systems. The primary porosity system (micropore and mesopore) 

exists in the coal matrix between the cleats, which are the uniformly spaced natural 

fractures of the coal-seam, and contains the majority of the gas- in-place. The micropores 

are relatively impermeable due to the small pore throat diameters. Gas storage in the 

primary porosity system is dominated by sorption, and mass transfer occurs by diffusion 

driven by the concentration gradient (Fickian flow).   

The secondary porosity system (macropore) is made up of the natural cracks and 

fissures inherent in all coals (cleats), and it provides the conduit for mass transfer to the 

well. Cleat spacing is very uniform and ranges from a fraction of an inch to several 

inches. Two types of cleats are present in coal: the face cleat and the butt cleat. The face 

cleat is continuous throughout the seam, while the butt cleat in many cases is 

discontinuous, ending at an intersection with the face cleat. Mass transfer through this 

system occurs by convection driven by the pressure gradient (Darcy flow). Figure 2-3 

and Figure 2-4 show schematics of the coal-seam cleat system and the sequential flow 

dynamics in coal-seams respectively. 
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Figure 2-3: Schematic of coal-seam cleat system  

[Remner et al, 1984] 

 

 

 

 

Figure 2-4: Schematic of methane flow dynamics in coal-seams  

[Remner et al, 1984] 

 

 

 

 



 

 

8 

2.3.1 Gas Storage Mechanism 

Coal-seams have large internal surface areas due to the small dimensions of the 

micropores. When a methane molecule comes into contact with an internal surface, two 

storage mechanisms are possible. The first possibility is absorption, which occurs when 

the gas molecule penetrates the surface and resides within the molecular lattice of the 

coal. The second is adsorption, which occurs when the gas molecule adheres to the 

surface of the micropore. 

The adsorption process can be further classified by the type of force which causes 

the gas molecule to adhere the surface. If the forces are chemical in nature, the process is 

called chemisorption. If, on the other hand, the forces are physical such as Van der 

Waal’s forces, the process is called physical adsorption. Majority of the gas-in-place in a 

coal-seam is physically adsorbed onto the surface of the coal at liquid- like density. 

Theoretically, the physical adsorption process is reversible with no hysteresis effect.  

Small amounts of free gas also exist in the coal matrix. However, the contribution 

of this free gas to the overall gas- in-place is relatively small and is largely dependent 

upon the porosity of the coal-seam. 

Finally, gas can exist in solution in the resident brine in the coal-seam. The 

quantity however is negligible relative to the total amount of gas stored in the coal 

matrix. 

For any coal-seam, the amount of pure component gas that can be adsorbed on the 

surface of the micropores at a given temperature and pressure is known as its adsorption 

capacity. The adsorption capacity is obtained by equating rates of free gas condensation 

and adsorbed gas evaporation and it can be modeled by a mono-layer sorption isotherm 
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equation. The Langmuir equation is one of the simplest single-component sorption 

models that use only two sorption parameters. Other mono-layer sorption isotherm 

equations such as Toth and UNILAN, a modified Langmuir equation, use three sorption 

parameters to establish better adsorption capacity relationships. These equations are 

expressed mathematically in Equations (2-1) through (2-3). 
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The sorption parameters depend on the type of pure component, type of adsorbent 

(coal-seam type/lithology), and system temperature. Figure 2-5 and Figure 2-6 show the 

effect of these sorption parameters on the adsorption capacity of a given coal-seam. 
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Sorption Isotherms for Pure Methane (Langmuir)
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Figure 2-5: Effect of varying sorption volume constant for a typical coal-seam  

Sorption Isotherms for Pure Methane (Langmuir)
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Figure 2-6: Effect of varying sorption pressure constant for a typical coal-seam  
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These sorption models are applicable only to pure component sorption processes. 

A thermodynamically consistent multi-component sorption model can be used to predict 

the adsorption capacity of multi-component gases [Myers and Prausnitz, 1965]. In this 

model, the thermodynamic equilibrium between the free and the adsorbed gases is 

analogous to the conventional vapor- liquid equilibria (VLE). 

 

2.3.2 Coal-seam Properties  

2.3.2.1 Coal-seam Porosity 

 The porosity of the micropore system (primary porosity) is negligible and 

therefore the porosity of the macropore system (secondary porosity) represents the total 

porosity of the coal-seam.  Most of the water in the coal-seam is stored in the macropore 

system and this implies that the coal-seam porosity is directly related to the water storage 

capacity of the coal. As a result of this, increased porosity tends to indicate an increase in 

the water content of coal-seams. 

 

2.3.2.2 Coal-seam Permeability 

The permeability of a coal-seam is a measure of its capacity to transmit fluids 

under an imposed gradient. The primary porosity system is relatively impermeable due to 

the small pore throat sizes and, similar to the coal porosity, the permeability of the 

macropore system represents the permeability of the coal-seam. In general, the 

permeability describes the interconnectivity of the fracture network in the coal matrix i.e. 

the face and the butt cleats. The fracture network of coal-seams is such that the flow is 
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laterally dominant which implies that most of the flow takes place in the ho rizontal 

direction. 

 

2.3.2.3 Cleat / Fracture Spacing 

The cleat spacing of a coal-seam is a characteristic dimension of the micropore 

matrix geometry of the coal-seam being considered. It is related to the sorption time 

constant, ?, which regulates the rate at which gas is released from the micropore to the 

macropore system by Equation (2-4) and Equation (2-5). 

 

ami ?
?

D
1

?     (2-4) 

 

2

7832.5

miR
a ?     (2-5) 

 

 Dmi (ft2/D) represents the micropore diffusion coefficient and a represents the 

shape factor for cylindrical matrix sub-elements. Rmi (ft) is the cleat spacing in the above 

equations. Generally for smaller values of ???which correspond to smaller cleat/fracture 

spacing, the diffusion/sorption process is faster. 

 

2.3.2.4 Sorption Volume Constant 

The sorption volume constant of a coal-seam is a measure of the total sorptive 

capacity of the coal-seam. This constant is derived from the sorption isotherm equations 
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and its value is dependent on the coal-seam being considered, the pure component (gas) 

being stored and the system temperature and pressure.  

 

2.3.2.5 Sorption Pressure Constant 

The sorption pressure constant is a measure of the ‘residence time’ during which 

an average gas molecule adheres to the coal seam. It is also dependent on the coal-seam 

being considered, the pure component (gas) being stored and the system temperature and 

pressure.  

 

2.3.2.6 Initial Conditions 

The initial conditions of the coal-seam, the initial reservoir pressure, initial water 

saturation, initial gas saturation and the composition of the initial free gas play a vital role 

in determining the amount of gas that can be injected and/or recovered from the seam and 

also helps in designing the optimum development scheme for the coal-seam. 

 

2.4 Coalbed Methane Reservoir Simulator – PSU-COALCOMP  

PSU-COALCOMP is a numerical reservoir simulator developed within the 

Petroleum and Natural Gas Engineering Program of the Pennsylvania State University 

that incorporates the compositional effects of gas transport and production in coalbed 

methane reservoirs. The model is a multi-dimensional field scale simulator which takes 

into consideration the multi-component sorption and transport phenomena. Multi-

component sorption equilibria using a thermodynamically consistent ideal adsorbed 

solution (IAS) theory is implemented to the simulator using a non-equilibrium sorption 
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formulation. The model accounts for the non-ideality of the free gas phase, as partial 

fugacity of the gas components are calculated using the Peng-Robinson equation of state.  

The model can be used to simulate the production performances of coalbed 

methane reservoirs undergoing primary and/or enhanced recovery schemes. Model 

predictions of multi-component sorption of methane, nitrogen and carbon dioxide 

mixtures on the coal are found to be in good agreement with experimental measurements 

while the transport component is validated using an existing two-phase coalbed simulator 

[Manik et al, 2002]. The extensive mathematical formulations for the fluid flow model as 

well as the multi-component sorption equilibria on which this simulator is based are not 

presented in this work, but the interested reader can find the formulations in the 

references provided. 

 

 

2.5 Artificial Neural Networks (ANN’s)  

Artificial neural networks can be defined as interconnected assemblies of simple 

processing elements (also called units, nodes, neurodes or neurons), whose functionality 

is based on the organizational principles of the central nervous system in human beings. 

The processing ability of the neural network is stored in the inter unit connection 

strengths or weights, obtained by a process of adaptation to (or learning from) a set of 

data [Gurney, 1997]. 

ANN’s are data-driven models capable of modeling various physical processes. 

This implies that ANN’s generally have a limited knowledge of the actual physical 

process taking place and rely heavily on the data describing the input and output 
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characteristics of the process under investigation. There are many different types of 

ANN’s, each of which has a different structure, data processing method and learning 

method. ANN’s have the ability to process data in parallel, which allows the processing 

of a large amount of data in a short period of time making them attractive for numerous 

areas of application including pattern recognition, optimization, scheduling and routing, 

mapping of complex phenomena and signal filtering. These unique features of the ANN’s 

have made them applicable in many industries today which include aerospace, 

manufacturing, robotics, telecommunication, investment, and petroleum engineering.  

In the petroleum industry in particular, research reported in the literature show 

that ANN technology is a powerful and effective tool in many areas. Areas of this  

industry where ANN’s have been used successfully include: geology/geophysics, drilling 

and completion, formation evaluation, well testing, production facilities, field 

development and engineering economics [Centilmen, 1999]. 

 

2.5.1 ANN Architecture and Operation 

ANN’s are typically organized in layers and each layer is made up of 

interconnected neurons. There are 3 basic types of neurons used in neural networks which 

are the input neurons, hidden- layer neurons, and output neurons. These neurons are 

located in their corresponding layers which are the input layer, hidden layer, and output 

layer respectively. There may be more than one hidden layer in a neural network, and 

neurons in each layer are connected to the neurons in the adjacent layer(s) through the 

connection weights between the neurons as shown in Figure 2-7 [Silpngarmlers, 2002].  
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Figure 2-7: Typical architecture of a fully-connected ANN 

 

The ANN can be trained in order to perform a particular function by adjusting the 

values of the connection weights between the neurons. The ANN processes the input, 

transmits the input through the weighted connections to the hidden layer(s) and generates 

an output. This output from the network is compared to the desired output and the ANN 

is said to be ‘trained’ when the error is minimized by adjustments to the aforementioned 

connection weights. After training is completed, the final adjusted connection weights are 

saved along with the network and used to predict the networks response to new data that 

has not been previously seen by the network. Figure 2-8 [Dakshindas, 1999] shows a 

schematic of the processes involved in the training and prediction phase of the network. 

Several types of neural network protocols are widely used in various engineering 

and science related applications and they include backpropagation, recurrent,  
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Figure 2-8: Training and prediction phases of an ANN 
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bi-directional associative memory (BAM), Kohenen, and Hopefield networks. In this 

study, however, the backpropagation network is used because of its speed, ease of use 

and it lends itself well to the class of problems being dealt with. 

 

2.5.2 Backpropagation Neural Networks 

The backpropagation network is a multi- layer feedforward network in which data 

flow from the input to the output layer and there is no connection between the outputs of 

a neuron to the input of another neuron in the same or previous layers. Input neurons and 

the corresponding target neurons are used to train a network until it can approximate a 

function, associate input neurons with specific output neurons, or classify pre-defined 

input neurons.  

The standard backpropagation networks utilize a gradient descent algorithm in 

which the network connection weights are moved along the negative of the gradient of 

the performance (error) function in order to minimize the error of the output generated by 

the network. The term “backpropagation” refers to the manner in which the gradient is 

computed for nonlinear multi- layer networks.  

Back propagation networks undergo supervised training in which a set of input 

parameters are given together with its corresponding target output(s) and like any 

standard neural network has two phases of operation, the training (learning) and 

prediction. In the training phase, there are two passes through the network, the forward 

pass and the backward pass. In the forward pass, the information from the input neurons 

is passed from input layer to output layer to generate some output values. These outputs 

are generated by the neurons using any differentiable transfer function. Backpropagation 
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networks often utilize sigmoidal functions as transfer functions for the neurons in the 

input and hidden layers and a linear transfer function in the output layer. The errors 

between the calculated output and the actual output are then propagated back through the 

system using the chain rule for derivatives. The backward pass is then implemented to 

adjust the connection weights accordingly in order to improve the prediction capabilities 

of the network. The learning continues until the error is minimized. Figure 2-9 shows a 

schematic of a backpropagation neural network with one hidden layer.  

In order to determine an acceptable architecture for a given problem some 

network properties that can be varied include; number of hidden layers, number of 

neurons in hidden layers, training algorithm, performance function, convergence criteria, 

and transfer functions. 

In varying these network properties one of the problems that occur during the 

training is called overfitting. The error on the training set is driven to a small value, but 

when new data are presented to the network the error is large [Demuth and Beale, 2002]. 

The network is then said to have memorized the training examples, but it has not learned 

to generalize to new situations. It is therefore crucial to use a network that is just large 

enough to provide an adequate fit. The larger the network, the more complex functions it 

can create. Other methods of preventing memorization include early stopping of the 

training and regularization of the network performance functions. 
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Figure 2-9: Schematic of a backpropagation neural network 
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2.5.3 1MATLAB® Neural Network Toolbox 

In this study the neural network toolbox extension provided with MATLAB®, a 

programming language and data analysis and visualization software, is used to build the 

neural network. This software was used in order to take advantage of the wide array of 

established procedures and high performance algorithms included in the program. This 

implies that a variety of network models, network architectures, transfer functions and 

performance functions can be tested on a given set of data to determine the best network 

for the data.  

 

2.5.4 Use of ANN’s as a Predictive/Screening Tool 

The field of neural networks has a history of some five decades but has found 

solid application only in the past fifteen years, and the field is still developing rapidly 

[Demuth and Beale, 2002]. ANN’s have proven to be very successful in pattern 

recognition and function approximation and therefore can be applied to the field of CO2 

sequestration where non- linear relationships exists between the input parameters 

(properties of the coal-seam and operational schemes) and the output parameters (CO2 

sequestration performance indicators). 

It must be noted, however, that ANN’s do not provide an exact solution to the 

given problem, there is always a degree of error. Also, there is no guarantee that the final 

architecture developed by the user provides the optimum response to a given problem 

[Aydinoglu, 2002]. ANN’s can thus be used as a screening tool to predict the outputs, 

                                                 

1 MATLAB® is a registered trademark of The Math Works, Inc. 
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given various scenarios, of a given process. The predicted outputs can then be compared 

and the most successful scenario can then be further investigated using traditional 

methods. Some of the advantages of using ANN’s as a predictive/screening tool are: 

? Once the ANN has been adequately trained, prediction is very fast thereby 

saving computational overhead costs. 

? Solutions can be obtained for incomplete or noisy data sets. 

? ANN’s understand the existence of high non-linearities that exist between the 

input and output variables.  

? ANN’s can be readily incorporated into existing computer programs. 

 

2.5.5 Neuro-Simulation 

Neuro-simulation refers to the coupling of hard-computing and experimental 

protocols with soft-computing protocols [Silpngarmlers, 2002]. Hard-computing and 

experimental protocols are the numerical, analytical and experimental models which 

collect data and generate results based on well-defined and structured parameters. Hard-

computing and experimental protocols usually provide precise results but are demanding 

in terms of computational overhead, manpower and instrumentation. Soft-computing 

protocols differ from the conventional hard-computing protocols in that, unlike hard-

computing, they are tolerant of imprecision, uncertainty and approximation. Soft-

computing protocols exploit this tolerance for imprecision, uncertainty and 

approximation to achieve tractability, speed, robustness and low solution costs. Soft-

computing protocols include fuzzy logic systems, artificial neural networks and 

probabilistic reasoning.  
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In the application of the neuro-simulation methodology, hard-computing and 

experimental protocols are used to gather data and generate results that are used as inputs 

into the soft-computing protocols. The soft-computing protocols are able to learn the 

existing relationships between the input parameters and the output responses of the hard-

computing protocols and create an internal mapping which can accurately produce the 

corresponding output for a range of input parameters. Once this internal mapping and 

relationships have been understood the tool can be used to make predictions for other 

data sets.  

In essence, neuro-simulation provides an effective alternative method of obtaining 

reliable results while minimizing the total overhead cost and maximizing speed. Figure 

2-10 shows a generalized flow chart for the neuro-simulation methodology. 
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CHAPTER 3 
 

STATEMENT OF THE PROBLEM 

Carbon dioxide (CO2) sequestration in coal-seams is one of the more promising 

methods that have been proposed to mitigate the ever increasing amounts of 

anthropogenic CO2 in the atmosphere. Currently there are only a few of pilot scale CO2 

sequestration projects being conducted worldwide and consequently, there are not enough 

data available to make necessary analyses geared at optimizing the process. Numerical 

reservoir simulation presents a viable alternative to establishing the necessary data base 

required to perform such analyses. 

The principal objective of this work is to use PSU-COALCOMP, a compositional 

coalbed methane reservoir simulator, to investigate: the effects of intrinsic coal seam 

properties, as well as the thermodynamic and/or physical relationships that exist between 

these properties, and the effects of operational design parameters on carbon dioxide 

sequestration in coal-seams. This work is also aimed at developing a CO2 sequestration 

performance predictor tool based on artificial neural network technology, by utilizing the 

data and results obtained from PSU-COALCOMP. 

It is anticipated that the results of this study will provide a further understanding 

of the CO2 sequestration process as well as provide the basis for a screening tool that 

would help operators in predicting the performance of various coal-seams under various 

operating conditions in order to make better decisions in a shorter amount of time. 
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CHAPTER 4 
 

PARAMETRIC STUDY 

To investigate the effects of the properties of the coal-seam as well as the effects 

of the operational design parameters on carbon dioxide (CO2) sequestration, a 

hypothetical pilot-scale project was designed. The project was based on data that 

represent a typical coal-seam. The coal-seam was considered to be sealed, homogenous 

and isotropic in order to focus more on the parameters under investigation.  

PSU-COALCOMP was then used to build a numerical simulation model of the 

project and predict the performance of the coal-seam under primary and enhanced 

recovery by continuous CO2 injection. The results from the simulation were then 

obtained and analyzed, focusing on the three fundamental CO2 sequestration performance 

indicators which are: 

1. Breakthrough time, days : time it takes for CO2 to breakthrough at the producing wells 

after the CO2 injection starts. In this work, breakthrough is said to have occurred when 

the mole fraction of CO2 in the production stream becomes 5%. 

2. CO2 in place, MMSCF: the total amount of CO2 injected and retained in the system at 

the time of breakthrough. 

3. CH4 cumulative production, MMSCF: this is the total amount of CH4 produced at the 

time of breakthrough.   

 

 

4.1 Pilot Project  
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Data representing a typical coal seam were selected to define the base case for the 

pilot project and the data are as presented in Table 4-1. A modified 5-spot development 

pattern in which four 1000 ft horizontal injectors are placed in the middle of four 3000 ft 

horizontal producers set in the shape of a square. The configuration is as shown in Figure 

4-1 and it can be seen that the horizontal injectors are orthogonal to each other and placed 

diagonal to the square formed by the producers. This pattern was placed within a 5300 

acre coal-seam to reduce the boundary effects and simulate a pilot project.  

Simulations of the base case are performed using the PSU-COALCOMP over a 

quarter of the system using a 36 x 36 non-uniform, rectangular, body-centered grid 

system as shown in Figure 4-2. The operation of this project was such that primary 

production of coalbed methane (CBM) took place for two years (730 days) from all the 

wells in the system. After this time, the diagonally placed horizontal wells were 

converted to injectors during a one-day downtime. Enhanced recovery by continuous CO2 

injection (CO2 sequestration) was then started.  It was pre-determined during the 

formulation of this data set that the two-year period was long enough for a sufficient 

amount of depletion to occur in the reservoir to the extent that the average reservoir 

pressure at this time was about 600 psia. The production and injection wells are to be 

shut-in at the time of CO2 breakthrough at which point the entire sequestration project is 

terminated.  The results from the simulations were analyzed to determine the primary 

and CO2 sequestration performance of the coal-seam under these conditions.  

 

Table 4-1: Pilot project - Base case data* 



 

 

28 

Reservoir drainage area 15,200ft. x 15,200ft. (5300 acres) 

Reservoir thickness 10 ft 

Coal-seam porosity 2% 

Lateral permeability (isotropic coal) 10 md 

Initial pressure 800 psia 

Rock density 1.36 g/cc 

Micropore diffusion coefficient 3.95E-05 ft2/day 

Cleat/Fracture spacing 0.5 in 

Sorption time constant 7.6 days 

Sorption volume constant (CH4, CO2) 600 SCF/ton, 1500 SCF/ton 

Sorption pressure constant (CH4, CO2) 700 psia, 300 psia 

Sorption saturation pressure 800psia (saturated condition) 

Critical gas saturation 0.0 % 

Critical water saturation 10.0% 

Initial water saturation 45% 

Initial gas composition (CH4, CO2) 100%, 0% 

Reservoir temperature 113 oF 

Wellbore radius 0.25 ft 

Sandface pressure at producers 14.7 psia 

Sandface pressure at injectors  750.0 psia 

 

*a complete listing of the input data file is presented in APPENDIX A. 
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Figure 4-1: Schematic of pilot project (not to scale)  
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Figure 4-2: Grid system for pilot project  
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 As seen in Figure 4-3, the wells were shut in at about 884 days which corresponds 

to a breakthrough time of 153 days and a cumulative CO2 in-place of 693 MMSCF. A 

cumulative CH4 production of 1253 MMSCF was also recorded which corresponds to a 

15 % recovery from the whole system.  

 The relatively short breakthrough time can be attributed to the high CO2 injection 

rates. However, related studies have shown that higher injection rates improve the total 

quantity of CO2 that can be injected into a given coal-seam even though shorter 

breakthrough times occur [Odusote et al, 2002]. The apparently low recovery percentage 

is due to the fact that most of the gas- in-place is located outside the production pattern 

where relatively small CH4 production is taking place. However, the CH4 recovery within 

the pattern is close to 100 %. It can be seen in Figure 4-4 at the time of breakthrough all 

of the CO2 injected stayed within the pattern and that most of the CH4 initially adsorbed 

within the pattern has been replaced by CO2.  
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Figure 4-3: CO2 sequestration profiles – Base case 

 

 

Figure 4-4: Mole fraction of CO2 adsorbed on coal-seam at breakthrough – Base case 
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4.2 Effects of Coal-seam Properties 

Simulations were performed for different values of the intrinsic coal-seam 

properties from the base case values to determine their effect (if any) on the CO2 

sequestration process. This was done by determining the values of the CO2 sequestration 

performance indicators for each of the cases studied. The coal-seam properties 

investigated in this work are: 

? Coal-seam porosity 

? Coal-seam lateral permeability 

? Cleat/Fracture spacing 

? Sorption pressure constant 

? Sorption volume constant 

? Initial reservoir conditions 

 

4.2.1 Coal-seam Porosity 

The simulator was run for variations in coal-seam porosity that range from 0.1 % 

to 20 %. The results obtained are summarized in Figure 4-5 and Figure 4-6.  

Coal-seam porosity determines the amount of free-gas in the system as well as the 

amount of water in the system. However, it also plays a role in the amount of gas that can 

be adsorbed on the surface of the coal-seam. In essence an increase in the porosity of the 

coals-seam would increase the amount of free gas and water but reduce the available 

sorption sites for the gas. This interplay is seen in Figure 4-5 where the performance 

indicators tend to decrease, then increase as the porosity is increased especially in the 

CH4 cumulative production profile. Due to the size of the system, the free gas plays a 
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dominant role and this is demonstrated by the fact that the higher values of porosity show 

increased CH4 cumulative production and longer breakthrough times.  

Figure 4-6 shows the amount of CO2 adsorbed on the coal-seam during injection 

up to the time of breakthrough and it can be seen that the sweeping effect of the CO2 is 

not significantly affected by the change in porosity. This is largely due to the fact that the 

injection does not begin until after the primary production has taken place and during the 

primary production period most of the water and free-gas in the system is produced 

thereby reducing the effect that coal-seam porosity has during the enhanced recovery 

period. 
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Figure 4-5: CO2 sequestration performance – Effect of coal-seam porosity 

 

 

     

           0.5 %               2 %                    10 % 

Figure 4-6: Mole fraction of CO2 adsorbed on coal-seam at breakthrough  

– Effect of coal-seam porosity 
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4.2.2 Coal-seam Permeability 

The effect of the lateral permeability of the coal-seam on CO2 sequestration was 

studied by performing simulations for permeability variations that range from 1 md to 50 

md. The vertical permeabilities in each of these cases are 1 % of the lateral permeabilities 

simulating natural flow in coal-seams which is predominantly horizontal. The results 

obtained are shown in Figure 4-7 and Figure 4-8. 

As the permeability value is increased, an increased methane recovery is observed 

but with shorter breakthrough times, which implies that a smaller volume of CO2 can be 

injected into the system and vice-versa. However, for the lower permeabilities only a 

slightly larger volume of CO2 in place is achieved at the time of breakthrough due to the 

fact that reduced permeability also inhibits the injection rates since the gas is being 

injected at a constant pressure.  

Figure 4-8, which shows the amount of CO2 adsorbed in the system at 

breakthrough, indicates a better sweep of the system for the coal-seam with higher 

permeability. However, closer inspection reveals that the amount of CO2 adsorbed on the 

swept area is slightly less than the amount adsorbed on the coal-seam with lower 

permeability.  
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Figure 4-7: CO2 sequestration performance – Effect of coal-seam permeability 
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Figure 4-8: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of coal-seam permeability 
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4.2.3 Cleat / Fracture Spacing 

The simulator was used to make predictions using variations in cleat spacing that 

range from 0.05 inches to 1.40 inches and the results are summarized in Figure 4-9 and 

Figure 4-10. 

Smaller spacing between the cleats, which corresponds to smaller sorption time 

constants, results in an increase in the production rate, cumulative production of CBM as 

well as a longer breakthrough time. This is due to the fact that as pressure is decreased at 

the sandface, more gas gets desorbed from the coal-seam and causes an increase in CH4 

production rates.  It can also be seen that the CO2 breakthrough time for the larger 

fracture spacing is shorter and this can be attributed to the increased sorption time 

constant which slows down the adsorption of CO2 on the coal-seam and hence results in 

the early breakthrough. This increased sorption time constant also reduces the methane 

recovery from the coal-seam.  

It can be seen from Figure 4-10 that even though the three cases shown show 

similar sweeps of adsorbed CO2, the actual amount adsorbed is less in the coal-seam with 

larger cleat/fracture spacing. Again, this is due to the corresponding increase in the 

sorption time constant which slows down the rate of adsorption of CO2 on the coal-seam. 
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Figure 4-9: CO2 Sequestration performance – Effect of cleat/fracture spacing 

 

 

       

              0.25 in            0.5 in                    1.0 in 

Figure 4-10: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of cleat/fracture spacing 
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4.2.4 CH4 Sorption Volume Constant: 

The effects of the CH4 sorption volume constant was studied by using PSU-

COALCOMP to simulate the project using values of the constant that range from 150 

SCF/ton to 1400 SCF/ton. It should be recalled that sorption volume constant is a 

measure of the total sorptive capacity of the coal surface which implies that increased 

sorption volume constants directly result in an increased sorption capacity of the system 

to the adsorbent (in this case, CH4). 

From Figure 4-11 and Figure 4-12 it can be seen tha t the increase in the sorption 

volume constant results in a corresponding increase in the amount of CH4 adsorbed on 

the surface of the coal-seam which results in an increased cumulative CH4 production. 

Also, the increased CH4 sorption capacity inhibits the  sorption of CO2 thereby resulting 

in shorter breakthrough times and smaller quantities of CO2 in place. 

Furthermore, it can be seen in Figure 4-12 that the coal-seam with lower CH4 

sorption capacity has a better sweep of CO2 adsorbed on the coal-seam due to the fact 

that there are more sites available for the adsorption of CO2 throughout the coal-seam. 

The smaller volume of CO2 in place seen as the CH4 sorption volume constant is 

increased is a direct result of this. 
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Figure 4-11: CO2 sequestration performance – Effect of CH4 sorption volume constant 

 

      

         200 SCF/ton      600 SCF/ton  1000 SCF/ton 

Figure 4-12: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of CH4 sorption volume constant 
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4.2.5 CH4 Sorption Pressure Constant 

Variations in the CH4 sorption pressure constant that range from 100 psia to 1900 

psia were run in the simulator to study its effects on the CO2 sequestration process. The 

results obtained are summarized in Figure 4-13 and Figure 4-14. It should be recalled at 

this point that the adsorption capacity of the coal-seam to CH4 tends to be reduced as the 

sorption pressure constant gets larger as detailed in previous chapters. 

At lower sorption pressure constant values, from about 100 psia to 400 psia, an 

increased methane recovery is observed as the sorption pressure constant is increased 

which is contradictory to the effect described in the previous paragraph. This increased 

methane recovery can be attributed to the increased breakthrough times which occur as a 

result of the better CO2 sweeping effect through the system as seen in Figure 4-14. 

However, this increase is reversed as the sweeping effect becomes less dominant and we 

see a reduction in the methane recovery and a stabilizing of the breakthrough times and 

CO2 in place values. 
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Figure 4-13: CO2 sequestration performance – Effect of CH4 sorption pressure constant 

 

      

         300 psia              700 psia        1500 psia 

Figure 4-14: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of CH4 sorption pressure constant 
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4.2.6 CO2 Sorption Volume Constant 

The effect of the CO2 sorption volume constant was studied by running the 

simulator for variations that range from 200 SCF/ton to 3000 SCF/ton. The results are as 

shown in Figure 4-15 and Figure 4-16. It should be recalled that sorption volume 

constant is a measure of the total sorptive capacity of the coal surface which implies that 

increased sorption volume constants directly result in an increased sorption capacity of 

the system to the adsorbent (in this case, CO2). 

The increased CO2 adsorption capacity resulting from the increased CO2 sorption 

volume constant corresponds to an increase in the breakthrough times as well as the CO2 

in place. Also, the CH4 recovery is improved due to the fact that the production times 

have been extended. 

It can also be seen in Figure 4-16 that the coal-seam with the higher CO2 sorption 

volume constant has more CO2 adsorbed within the system as well as a better sweep of 

the CO2 adsorbed within system at the time of breakthrough. 
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Figure 4-15: CO2 sequestration performance – Effect of CO2 sorption volume constant 

 

      

         600 SCF/ton      1500 SCF/ton  2500 SCF/ton 

Figure 4-16: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of CO2 sorption volume constant 
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4.2.7 CO2 Sorption Pressure Constant 

The effect of the CO2 sorption pressure constant of the coal-seam was studied by 

running the simulator for variations in the range of 25 psia to 700 psia. It should be 

recalled at this point that the adsorption capacity of the coal-seam to CO2 tends to be 

reduced as the sorption pressure constant is increased as discussed in previous chapters. 

The results as summarized in Figure 4-17 and Figure 4-18, show that the 

breakthrough time gets shorter as the sorption pressure constant is increased, this is due 

to the fact that the adsorption capacity of the coal-seam is reduced, which implies that 

more CO2 is available in the free phase. This short breakthrough time results in a reduced 

methane recovery and CO2 in place. 

In terms of the sweep of CO2 adsorbed on the coal-seam, it can be seen in Figure 

4-18 that a better sweep is obtained in the coal-seam with lower CO2 sorption pressure 

constant due to its increased sorption capacity and vice-versa. 
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Figure 4-17: CO2 sequestration performance – Effect of CO2 sorption pressure constant 

 

 

        

              50 psia           300 psia                        500 psia 

Figure 4-18: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of CO2 sorption pressure constant 
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4.2.8 Initial Reservoir Pressure 

To study the effects of the initial pressure of the coal seam on the breakthrough 

times and methane recovery characteristics of coal-seams, the simulator was run for 

varying initial reservoir pressures that range from 200 psia to 3500 psia; the coal-seam is 

considered to be saturated in all these cases. The results obtained from the simulations are 

summarized in Figure 4-19 and Figure 4-20. 

As can be seen, the methane recovery is much higher in the coal-seam with the 

high initial pressure and this is due to the increase in gas content associated with an 

increase in pressure on the sorption isotherm; the Langmuir constants being the same for 

the three cases. 

Furthermore, since the sandface pressures at the producers remain constant during 

operation, a higher reservoir pressure would result in corresponding higher pressure 

drawdown thus increasing methane production. The increase in the breakthrough time 

can be attributed to the increased gas content which, as explained earlier, increases the 

methane production and consequently, delays the breakthrough of CO2. The CO2 in place 

is not significantly affected by the initial reservoir pressure under the conditions imposed 

in this work. 
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Figure 4-19: CO2 sequestration performance – Effect of initial reservoir pressure 

 

      

              400 psia            800 psia                 2500 psia 

Figure 4-20: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of initial reservoir pressure 
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4.2.9 Initial Water Saturation 

The simulator was run for variations in the initial water saturation that range from 

0% to 10% and the results are as summarized in Figure 4-21 and Figure 4-22.  

As expected, the presence of water in the coal-seam inhibits the methane recovery 

as the initial water saturation is increased due to the fact that during the early stages of 

production, the coal-seam has to be depressurized by water production before desorption 

of the CH4 can occur. The breakthrough time and CO2 in place are not affected by the 

initial water saturations because most of the effects are felt during the primary production 

process. The primary production period for all the cases considered are equal and is long 

enough to drain most of the initial water in place in all of the cases before enhanced 

production begins. 

Furthermore, as seen in Figure 4-22, there is no significant difference in the 

amounts of CO2 adsorbed as well as the sweeping effect of the CO2 adsorbed in the 

systems considered. This can again be attributed to the fact that most of the effects of the 

initial water saturation occur during the primary production period before the CO2 is 

injected into the system. 
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Figure 4-21: CO2 sequestration performance – Effect of initial water saturation 

 

      

                10 %            45 %                     100 % 

Figure 4-22: Mole fraction of CO2 adsorbed on coal-Seam at breakthrough –  

Effect of initial water saturation 
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4.2.10 Initial Free Gas Composition 

The effect of the initial composition of the free gas in the coal-seam was studied 

by running the simulator for variations in the CO2 composition in the free gas that range 

from 0.0% to 2.0%. This small range was used because of the limitations imposed by the 

low breakthrough criteria, which is 5% CO2 in the production stream. 

The results, as expected, show a slight drop in methane recovery as the CO2 mole 

fraction in the free gas phase is increased. Also, an earlier breakthrough is observed as 

the initial composition of CO2 in the free gas phase is increased, which results in a 

smaller volume of CO2 in place. Figure 4-23 and Figure 4-24 show a summary of the 

results obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

53 

0

250

500

750

1000

1250

1500

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Initial Free Gas Composition, %CO2

M
M

SC
F

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

160.0

D
A

Y
S

CO2 in place, MMSCF CH4 Cum. Prod, MMSCF Breakthrough time, days  

Figure 4-23: CO2 sequestration performance – Effect of initial free gas composition 
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Figure 4-24: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of initial free gas composition 
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4.3 Effects of Operational Design Parameters  

Simulations were also performed for a variety of production parameters to 

determine their effect on the CO2 sequestration process. Again, this is done by 

determining the values of the CO2 sequestration performance indicators for each of the 

cases studied as well as the production profiles generated. The operational design 

parameters studied are:  

? Orientation of horizontal injectors, 

? Horizontal injector well lengths,  

? Primary production times, and 

? Injection pressure. 

 

4.3.1 Orientation of Horizontal Injectors 

The effect of the orientation of the horizontal injectors is tested by rotating the 

injector pattern 45 degrees. This results in the injectors being orthogonal to each other as 

well as perpendicular to the horizontal producers in a “+” configuration, as opposed to 

the base case “X” configuration. The simulator was run for this case and the results are 

summarized in Figure4-25 and Figure 4-26. 

 The production profiles show that the “+” case does not perform as well as the 

“X” case and this is largely due to the early breakthrough times that occur as a result of 

the sweeping effect of the CO2. From Figure 4-26 it can be seen that at the time of 

breakthrough the “X” case has covered a much larger area of the inner development 

pattern of the coal-seam. 
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Figure 4-25: CO2 sequestration profiles – Effect of injector orientation 

 

                               

                  “+”                                                        “X”  

Figure 4-26: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of injector orientation 
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4.3.2 Horizontal Injector Lengths 

Injection well lengths of 400 to 1600 feet were considered. Results are shown in 

Figure 4-27 and Figure 4-28.  It should be recalled that total methane production and 

project time are highly correlated because of the fact that out-of-pattern methane is 

produced continuously as project lifetime is extended.  If one is interested in only in-

pattern methane production (which is usually the case in a repeated pattern), total 

methane production would be proportional to carbon dioxide retained in all simulations.  

 As observed from Figure 4-28, when the injector lengths are increased, the CO2 

breakthrough time is reduced due to the poor sweep patterns that develop in the cases 

with higher injection lengths. The CH4 cumulative production is also reduced as the 

injector length is increased due to the shorter breakthrough times as discussed previously. 

However, in the case of the CO2 in place, there is no direct correlation. A maximum 

value of CO2 in place (which is the main focus of CO2 sequestration) occurs at about 

1000 ft and this trend develops due to the interplay between the increased injection rates 

achieved with longer injectors and the breakthrough times. As mentioned previously, 

related studies show that higher injection rates result in larger volumes of CO2 in place 

even though the breakthrough times are shorter [Odusote et al, 2002]. 
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Figure 4-27: CO2 sequestration performance – Effect of injector lengths 

 

 

            

            400 ft                              1000 ft   1600 ft 

Figure 4-28: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of injector lengths 
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4.3.3 Primary Production Time 

Primary production times of 0.5 years to 5 years were considered to study the 

effects they would have on CO2 sequestration. During this primary production, the coal 

seam is dewatered and the average reservoir pressure is lowered as a result of the 

depletion taking place in the seam. The results obtained from these simulations are as 

shown in Figure 4-29 and Figure 4-30. 

It can be seen that regardless of the primary production time, amount of CO2 

sequestered remains relatively constant. The cumulative CH4 produced however, 

increases steadily as the primary production time is increased which is expected due to 

the extended production periods.  

Due to the slightly better sweep of the system in the high primary production time 

scenario seen in Figure 4-30, the breakthrough times tend to be reduced slightly but do 

not have any other significant effect on the sequestration performance.  
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Effect of Primary Production Time on Carbon Dioxide Sequestration
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Figure 4-29: CO2 sequestration performance – Effect of primary production time 

 

           

       183 days                             730 days                     1825 days 

Figure 4-30: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of primary production time 
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4.3.4 Injection Pressure 

 The CO2 injection pressure was varied over a range of 250 psia to 1500 psia to 

study its effects on the CO2 sequestration process. This injection pressure remained 

constant during the sequestration process and it controlled the rate at which CO2 was 

injected into the system over time. The results are summarized in Figure 4-31 and Figure 

4-32. 

 The trends seen here are similar to those seen in the previous cases studied, in that 

as the injection pressure is increased (which implies an increased injection rate), the 

breakthrough times are shorter. A larger volume of CO2 in place and reduced cumulative 

production of CH4 is also observed as the injection pressures are increased.  

 Furthermore, as observed from Figure 4-32, the scenario with the higher injection 

pressure provides a better sweep of the system and directly results in an increased volume 

of CO2 in place at the time of breakthrough. 
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Effect of Injection Pressure on Carbon Dioxide Sequestration
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Figure 4-31: CO2 sequestration performance – Effect of injection pressure 

 

           

       300 psia                             750 psia                    1500 psia 

Figure 4-32: Mole fraction of CO2 adsorbed on coal-seam at breakthrough –  

Effect of injection pressure 
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CHAPTER 5 
 

PERFORMANCE PREDICTOR TOOL 

As discussed in previous chapters, one of the objectives of this study is to develop 

a performance predictor tool based on artificial neural network (ANN) technology. As 

seen from the results presented in Chapter 4, the CO2 sequestration process is complex 

and the effect of each parameter on the process is highly non- linear. A brief qualitative 

summary of the results obtained in Chapter 4 is presented in Table 5-1 and Table 5-2. 

The main goal of the performance predictor tool developed in this chapter, therefore, is to 

use the ANN’s to establish a quantitative mapping of all the variables as well as the 

highly non- linear relationships presented by the CO2 sequestration process in order to 

predict the CO2 sequestration performance in any given coal-seam.  

The methodology implemented in developing this tool is referred to as neuro-

simulation which merges hard-computing protocols with soft-computing protocols 

[Silpngarmlers, 2002] as described in Chapter 2 of this work. The data gathered and the 

results generated from using PSU-COALCOMP to simulate the sequestration process 

will be used to train the ANN. During the training phase, the ANN will learn and map the 

existing relationships between the input parameters and the output responses. At the end 

of a successful training, the ANN will have captured the existing relationships between 

the system properties, imposed conditions and output generated. At this point the ANN 

will be ready to make predictions for other sets of input data. These predictions would be 

reliable and be obtained almost instantaneously thereby minimizing the computational 

overhead and manpower. 
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Table 5-1: Summary of Results – Operational design parameters 

Design Parameter CO2 Stored Breakthrough Time CH4 Recovered 

Injector orientation 

? -- configuration  
Base Base Base 

Injector orientation 

? -- configuration 
Less Shorter Less 

Increased injector length Goes through a 
maximum 

Decreases Decreases 

Duration of primary 
production period 

No effect Decreases Increases 

Increased injection pressure Increases Decreases Decreases 

 

 

 

 

 

Table 5-2: Summary of Results – Coal seam properties 
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Property 

increasing in value  
CO2 Stored Breakthrough Time CH4 Recovered 

Porosity slight increase pronounced increase increase 

Permeability slight decrease shortens drastically pronounced increase 

Cleat spacing decrease shortens drastically slight decrease 

CH4 sorption volume 
constant 

slight decrease decrease pronounced increase 

CH4 sorption pressure 
constant 

slight increase increase decrease 

CO2 sorption volume 
constant 

pronounced 
increase 

pronounced increase increase 

CO2 sorption pressure 
constant 

decrease decrease slight decrease 

Initial pressure no change slight increase pronounced increase 

Initial water saturation no change no change pronounced decrease 

Initial CO2 concentration slight decrease decrease no change 

 

5.1 ANN Development 
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 The development of the ANN in this work was divided into two phases as detailed 

in Table 5-1 and Figure 5-1.  

 

Table 5-3: ANN Development phases 

Stage 1: Using data gathered and results obtained from  

  parametric study to develop ANN. 
PHASE I:  

Pilot Project 
Stage 2: Generate additional data sets which take into  

  consideration the random variation of the input  

  parameters to improve ANN developed in stage 1. 

PHASE II:  

In-Pattern System 

Stage 1: Generate data including both structured and random 

  variation of input parameters focusing on the in-  

  pattern system to develop ANN.  

 

 

 

Figure 5-1: Schematic of projects used to generate data for ANN 

Coal

P

Pattern 

Phase I: Pilot Project Phase II: In-Pattern System 



 

 

66 

 The data range for the network training and prediction patterns for the two phases 

described previously are presented in Table 5-2 and Table 5-3. A wide range of values for 

the input parameters was utilized in order to develop and train a network which is valid 

for various coal-seams. 

 

 

Table 5-4: Input data range – Phase I 

   RANGE 

 INPUT PARAMETER BASE LOW HIGH 

1 CH4 sp (psia) 700 100 1900 

2 CH4 sv (SCF/ton) 600 150 1400 

3 CO2 sp (psia) 300 25 700 

4 CO2 sv (SCF/ton) 1500 200 3000 

5 Fracture spacing (in) 0.50 0.05 1.40 

6 Initial CO2 in free gas (%) 0.0 0.20 2 

7 Initial water saturation (%) 45 0.0 100 

8 Permeability (md) 10 1.00 50 

9 Porosity (%) 2 0.10 20 

10 Initial reservoir pressure (psia) 800 200 3500 

11 Injector length (ft) 1000 400 1600 

12 Injection pressure (psia) 750 250 1500 

13 Primary production time (days) 730 183 1825 
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Table 5-5: Input data range – Phase II 

   RANGE 

 PARAMETER BASE LOW HIGH 

1 CH4 sp (psia) 700 100 1500 

2 CH4 sv (SCF/ton) 600 300 1500 

3 CO2 sp (psia) 300 25 750 

4 CO2 sv (SCF/ton) 1500 200 3000 

5 Fracture spacing (in) 0.50 0.05 2 

6 Initial CO2 in free gas (%) 0.00 0.20 0.50 

7 Initial water saturation (%) 45 0.00 100 

8 Permeability (md) 10 2 50 

9 Porosity (%) 2 0.10 20 

10 Initial reservoir pressure (psia) 800 200 3500 

11 Thickness (ft) 10 5 25 

12 Producer length (ft) 3000 2000 5000 

13 Injector length (ft) 1000 400 1400 

14 Injection pressure (psia) 750 250 2000 

15 Production pressure (psia) 14.70 14.70 100 

16 Primary prod. time (days) 730 163 1095 

17 Reservoir temperature (F) 113 75 150 

18 Reservoir depth (ft) 1500 500 3000 

19 Rock density (g/cc) 1.36 1.20 1.50 

20 Critical water saturation (%) 10 5 25 
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5.1.1 Network Architecture 

The MATLAB® neural network toolbox extension was used to build and run the 

ANN developed in this work. As discussed in Chapter 2, this was done to take advantage 

of the wide array of established procedures and high performance algorithms embedded 

in the software.  

In order to come up with a suitable architecture in each of the phases of the 

development, all the input data were normalized in order to give every input parameter an 

equal chance of influence on the output. Also, some network properties were varied in 

order to develop a suitable architecture. These network properties are: number of middle 

layers, number of neurons in the middle layers, functional links, performance function, 

training algorithm, convergence criteria and transfer functions.  

In this work, a suitable architecture is obtained by starting first with a simple 

network with a single middle layer and a few neurons and then varying all the network 

properties until the errors in both the training and prediction results have reached a 

suitable level.  

Based on previous work done in this field, a backpropagation neural network with 

a standard conjugate gradient as the training algorithm, mean squared error (mse) as the 

performance function, tan and log sigmoid transfer functions in the middle layers, and a 

pure linear transfer function in the output layer was used in all the phases of development 

of the ANN in this work. Also, in all the cases considered the CO2 sequestration 

performance indicators: CO2 breakthrough time, CO2 in-place at breakthrough, and CH4 

recovery were designated as the desired output responses. 
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5.2 Phase I 

5.2.1 Stage 1 - Architecture 

In this stage, the input data was obtained from the parametric study in Chapter 4 

of this work was used to train the ANN. A total of 108 data sets which include both the 

input parameters and the desired output responses were gathered. The data set was then 

divided into the training and prediction data sets. 95 data sets were used in the training 

while the 13 remaining data sets were used in performance prediction. The data sets were 

then presented to the neural network. 

To determine an appropriate network for this data, various architectures were tried 

beginning with a simple architecture and then increasing its complexity each time making 

sure that the network does not overfit the data presented. This was done by ensuring that 

the errors on both the training and prediction phases of the development are driven to a 

minimum value. The final architecture for this stage is shown in Figure 5-2. 
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Figure 5-2: Network architecture for phase I – stage 1 
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5.2.2 Stage 1 – Results  

The network was used to train the data using a mean squared error convergence 

criterion of 0.00001. The results for the training and the prediction data sets are shown in 

Figure 5-3 and Figure 5-4.  

The training data set was matched very well by the network as seen in the figures 

and the maximum errors observed in the training data prediction of the CO2 in place, CO2 

breakthrough time and CH4 recovery were 1.4%, 5.9% and 1.7% respectively. Also, the 

average errors observed in the prediction of the CO2 in place, CO2 breakthrough time and 

CH4 recovery for the training data set were 0.3%, 0.9% and 0.2% respectively.  

Furthermore, the test data set was matched by the network with maximum errors 

observed in the test data prediction of the CO2 in place, CO2 breakthrough time and CH4 

recovery were 3.2%, 7.8% and 15.3% respectively.  Also, the average errors observed in 

the prediction of the CO2 in place, CO2 breakthrough time and CH4 recovery for the test 

data set were 1.2%, 2.5% and 3.4% respectively. 

It should be noted that the data set used in this stage is fairly simple in the sense 

that only one of the input parameters was varied in each of the data sets while the other 

input parameters were kept constant. This limits the network to predictions where only 

one input parameter has changed and when this network was presented with data that has 

more than one input parameter changed, it performed poorly. 
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5.2.3 Stage 2 - Architecture 

Due to the fact that the network did not perform as well when presented with new 

data sets in which more than one input parameter was varied, more data sets were 

generated and added to the training data base in order to capture the increased complexity 

of the problem. These new data sets were generated using PSU-COALCOMP and the 

input parameters were varied randomly for each new case. 38 new data sets were added 

bringing the total number of data sets to 133 of which 117 were used in training and 16 

reserved for the prediction phase of the network development.  

As done in stage 1, various architectures were tried with varying numbers of 

middle layers and neurons but the network was not able to provide reasonable results. 

This was mostly due to the increased complexity of the problem being presented to the 

network. Functional links were then added to the input layer as additional input neurons. 

These functional links were selected to improve the training capability of the network as 

well as to increase the weight effect some input variables have on the network. 7 

functional links were added and these are (CO2 sv)1/2 , (CO2 sv)2, (CO2 sp)2, k2, k1/2, ?2, and 

(fracture spacing)  2. These particular variables were selected due to the fact that from the 

parametric study done in Chapter 4, they were seen to have a significant effect on the 

output responses of the process.  

Again, overfitting was prevented by selecting an appropriate size for the network 

and making sure that the training errors and prediction errors were acceptable. The final 

network structure is shown in Figure 5-5. 
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Figure 5-5: Network architecture for phase I – stage 2 
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5.2.4 Stage 2 – Results  

The network was used to train the data using a mean squared error convergence 

criterion of 0.00001. The results for the training and the prediction data sets are shown in 

Figure 5-6 and Figure 5-7.  

The training data set was matched by the network as seen in the figures and the 

maximum errors observed in the training data prediction of the CO2 in place, CO2 

breakthrough time and CH4 recovery were 1.2%, 37.6% and 2.3% respectively. Also, the 

average errors observed in the prediction of the CO2 in place, CO2 breakthrough time and 

CH4 recovery for the training data set were 0.3%, 2.5% and 0.4% respectively.  

Also, the test data set was matched by the network with maximum errors observed 

in the test data prediction of the CO2 in place, CO2 breakthrough time and CH4 recovery 

were 26.8%, 61.4% and 26.9% respectively.  Also, the average errors observed in the 

prediction of the CO2 in place, CO2 breakthrough time and CH4 recovery for the test data 

set were 5.2%, 9.4% and 6.1% respectively. 

The increased margin of errors from that seen in stage 1 is a clear indicator of the 

increase in complexity of the problem here. Also, it should be noted that due to the use of 

random values for the input variables for the generation of new data sets for network 

training, some of the training and test data may not actually represent possible coal-seam 

sequestration scenarios and would therefore make it more difficult for the network to map 

these particular data sets.  
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5.3 Phase II 

5.3.1 Stage 1 - Architecture 

In this phase of the ANN development attention was focused on the in-pattern 

system because in our simulations and from the results obtained in previous studies it was 

found out that most of the activity was taking place within the patterned unit (see Figure 

5-1). This focus allowed the addition of more input variables and the variation of these 

variables, which provided the network with more information about the relationship 

between the input parameters and the output responses of the system. Table 5-3 shows a 

list of the input parameters considered.  

PSU-COALCOMP was used to generate a total of 93 new data sets focusing on 

the in-pattern system. These data sets included those generated by structured variation of 

the input variables as well as random variation of the input variables in order to maintain 

the level of complexity attained in Phase I of the development.  86 of these data sets were 

used in the training of the network while the remaining 7 were reserved for prediction 

purposes. No additional functional links were used here due to the fact that the number of 

input variables provides sufficient information to the network. 

The network used in Phase I of the ANN development was used as a starting point 

in the search for the appropriate network to be used in this phase and, as done previously, 

overfitting was prevented by making sure that the training errors and prediction errors 

were at an acceptable minimum. The final network structure is shown in Figure 5-8. 
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Figure 5-8: Network architecture for phase II – stage 1 
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5.3.2 Stage 1 - Results 

As with all the previous cases, the network in this stage was used to train the data 

using a mean squared error convergence criterion of 0.00001. The results for the training 

and the prediction data sets are shown in Figure 5-9 and Figure 5-10.   

The training data set was matched very well by the network as seen in the figures 

and the maximum errors observed in the training data prediction of the CO2 in place, CO2 

breakthrough time and CH4 recovery were 4.8%, 0.3% and 0.1% respectively. Also, the 

average errors observed in the prediction of the CO2 in place, CO2 breakthrough time and 

CH4 recovery for the training data set were 0.2%, 0.03% and 0.01% respectively.  

Furthermore, the test data set was matched by the network with maximum errors 

observed in the test data prediction of the CO2 in place, CO2 breakthrough time and CH4 

recovery were 9.5%, 10.3% and 3.2% respectively.  Also, the average errors observed in 

the prediction of the CO2 in place, CO2 breakthrough time and CH4 recovery for the test 

data set were 4.0%, 2.5% and 0.6% respectively. 

The highly precise matches obtained during the training are direct results of the 

fact that additional information was provided to the network in the form of increased 

input variables. This improved the network’s ability to develop a direct mapping between 

the input and output variables. The successful training of the data also translated into 

successful prediction as seen in Figure 5-10.  
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CHAPTER 6 
 

SUMMARY AND CONCLUSIONS 

A hypothetical pilot scale project was used to study the sequestration of carbon 

dioxide in coal-seams as well as to investigate the effects of intrinsic coal-seam 

properties and operational design parameters on the process. This study was performed 

using PSU-COALCOMP, a numerical coalbed methane reservoir simulator that 

implements a thermodynamically consistent multi-component ideal adsorbed solution 

theory and the Peng-Robinson equation of state.  

Input data and results generated by PSU-COALCOMP are further utilized to 

develop a CO2 sequestration performance predictor tool based on artificial neural 

network (ANN) technology. Neuro-simulation was successfully utilized in this study to 

combine both hard-computing (PSU-COALCOMP) and soft-computing (ANN) 

technologies in order to make the performance predictor tool more robust and less 

demanding in terms of time, manpower and computing resources. It should be noted that 

the ANN developed in this work is not necessarily the best network for the problem 

presented. It is hoped that this work paves the road towards finding better network 

topologies that would address the problem more accurately. 

The following conclusions are drawn from this work: 

1. CO2 injected into the coal-seam during sequestration is effective in stripping the 

initially adsorbed methane within the swept area while staying adsorbed on the coal 

surface. 
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2. Larger volumes of CO2 can be injected into coal-seams that have lower 

permeabilities, smaller cleat/fracture spacing, higher CO2 sorption volume constants, 

lower CO2 sorption pressure constants, higher initial reservoir pressure, or lower 

concentrations of CO2 in the free gas. 

3. Diagonally placed horizontal injectors provide a better sweep of the system thereby 

maximizing the amount of CO2 sequestered in a given coal-seam. 

4. Injector lengths are important for maximizing the amount of CO2 sequestered and 

there is a given injector length that maximizes this amount for any given pattern. 

5. Primary production time does not significantly affect the amount of CO2 sequestered, 

but higher injection pressures shorten project life and sequesters more CO2.  

6. The performance predictor tool developed can be used in the field as a screening tool 

for coal-seams that are being considered for CO2 sequestration. 
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APPENDIX A 
 

INPUT DATA FILE FOR PSU-COALCOMP 

*********************************************************************** 
* 
*  PSU-COALCOMP 
*  Compositional Coalbed Methane Reservoir Simulator 
*  Manik J. and Ertekin T. 
*  The Pennsylvania State University, October 1998 
* 
*  run: 
*               
*  CH4 production via four horizontal wells. 
*  CH4=100% (initially) 
* 
*********************************************************************** 
 
@NXNYNZ   
36   36   1 
 
*********************************************************** 
* Two component gas system 
* CH4, CO2 
*********************************************************** 
@NGASCOMP 
2 
 
@GASPROP 
CH4  16.0430  667.80 -116.630  0.0104 
CO2  44.0100 1071.33   87.873  0.2250 
 
@GASBIP 
0.0000  0.0559  
0.0559  0.0000 
 
 
*********************************************************** 
* Production wells (1-16,17),(17,1-16): 
* 1000 ft diagonal injectors 
* Sandface pressure for producers = 14.7 psia 
* Well bore radius  = 0.1 feet 
* Skin factor       = 0.0 
*********************************************************** 
 
@WELLDATA 
0 
   1  producer01  1  -1  2  0     14.7   0.25 0.0 
   2  producer02  1  -1  1  0     14.7   0.25 0.0 
   3  injector01  1  -1  1  0     14.7   0.25 0.0 
   4  injector02  1  -1  2  0     14.7   0.25 0.0 
   5  injector03  1  -1  1  0     14.7   0.25 0.0 
   6  injector04  1  -1  2  0     14.7   0.25 0.0 
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   7  injector05  1  -1  1  0     14.7   0.25 0.0 
   8  injector06  1  -1  2  0     14.7   0.25 0.0 
   9  injector07  1  -1  1  0     14.7   0.25 0.0 
-1 
3 
   0   0  1  1    730.0 
   3  -1  2  0    750.0   0.25 0.0 
   4  -1  2  0    750.0   0.25 0.0 
   5  -1  2  0    750.0   0.25 0.0 
   6  -1  2  0    750.0   0.25 0.0 
   7  -1  2  0    750.0   0.25 0.0 
   8  -1  2  0    750.0   0.25 0.0 
   9  -1  2  0    750.0   0.25 0.0 
-1 
3 
   0  0  1  1     731.0 
   3  1  2  0    750.0   0.25 0.0 
   4  1  2  0    750.0   0.25 0.0 
   5  1  2  0    750.0   0.25 0.0 
   6  1  2  0    750.0   0.25 0.0 
   7  1  2  0    750.0   0.25 0.0 
   8  1  2  0    750.0   0.25 0.0 
   9  1  2  0    750.0   0.25 0.0 
-1 
1 
   0 0 102 2 5 
   1  -1  -1000 -1000 -1000 -1000 -1000 
   2  -1  -1000 -1000 -1000 -1000 -1000 
   3  -1  2  0    750.0   0.25 0.0 
   4  -1  2  0    750.0   0.25 0.0 
   5  -1  2  0    750.0   0.25 0.0 
   6  -1  2  0    750.0   0.25 0.0 
   7  -1  2  0    750.0   0.25 0.0 
   8  -1  2  0    750.0   0.25 0.0 
   9  -1  2  0    750.0   0.25 0.0 
-1 
-1 
 
 
@DX 
75.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 75.0 75.0 75.0 100.0 
100.0 100.0 100.0 97.5 5.0 97.5 200.0 200.0 200.0 200.0 200.0 200.0 
300.0 300.0 300.0 300.0 400.0 400.0 400.0 400.0 500.0 500.0 500.0 500.0 
 
@DY 
75.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 75.0 75.0 75.0 100.0 
100.0 100.0 100.0 97.5 5.0 97.5 200.0 200.0 200.0 200.0 200.0 200.0 
300.0 300.0 300.0 300.0 400.0 400.0 400.0 400.0 500.0 500.0 500.0 500.0 
 
@DZ-U 
10.0 
 
@TOPDEPTH-U 
1500.0 
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@POROSITY-U 
2.0 
 
@PERMX-U 
10.0 
 
@PERMY-U 
10.0 
 
@PERMZ-U 
0.1 
 
@ROCKDENSITY-U 
1.36 
 
*********************************************************** 
* 
* Sorption time constants (uniform) = 7.6 days 
* this corresponds to a cleat/fracture spacing of 0.5 inches 
* using a micropore diffusion coeff. of 3.95e-05 ft2/d 
* 
*********************************************************** 
@SORPTIMECONS-U 
656640.0 
 
*********************************************************** 
* 
* Saturated condition: 
*   Gas (system) pressure is equal to sorption  
*   saturation pressure 
* 
*********************************************************** 
@PGINIT-U 
800.0 
 
@SWINIT-U 
45.0 
 
@TEMP 
113.0 
 
 
@SORPTION 
1 
1 
10000.0 
0.00079 700.0 
0.00198 300.0 
 
 
 
 
*********************************************************** 
* 
* Initial free gas phase mole fraction:  
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*   CH4=100% 
* 
*********************************************************** 
@FREEGASCOMPINIT-U 
100.0  0.0 
 
*********************************************************** 
* 
* Corey's correlations for relative permeability to gas 
* and water and for capillary pressure. 
* Swc = 10%, Sgc = 0%,  
* krw(@Sw=1-Sgc) = 0.5, krg(@Sg=1-Swc) = 1.0 
* 
*********************************************************** 
@TABLEDATA 
0  
1 
2 
0.1  0.0 
1.0  0.5 
 
@TABLEDATA 
1 
1 
2 
0.00 0.0 
0.9   1.0 
 
@TABLEDATA 
2 
1 
2 
0.0  0.0 
1.0 0.0 
 
*********************************************************** 
* 
* Time step   (MAX)     = 5 days 
* Total simulation time = 1200.0 days 
* 
*********************************************************** 
@TIMESTEP 

5 1200.0 
 
 
 
 
 
 
 
 

 
*********************************************************** 
* 
* Requesting the following properties distributions 
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* in the report: 
*   - Gas pressure 
*   - Free gas phase mole fraction 
*   - Adsorbed gas phase mole fraction 
*    
*********************************************************** 
@OUTPUTFLAG 
12    1 
50 1 
51 1 
-1 
 
*********************************************************** 
* 
* Convergence criterion for water residual   = 0.001 STB/D 
* Convergence criterion for gas residual     = 1.0   SCF/D 
* Maximum number of iteration each time step = 25 
* 
*********************************************************** 
@CONVCRIT 
0.001  1.0  25 
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APPENDIX B 
 

NEURAL NETWORK CODE FOR MATLAB® 

 
% Backpropagation learning 
% Uses Neural Networks Toolbox 
% Use Neural network to predict key markers in co2 seq process 
% Phase 2 - Stage 1 
 
clear 
format compact 
 
%load data files (data in columns) 
load input_p2s1.txt; 
Tdata=input_p2s1; 
 
 
%processing total data - separate training and test data into columns!!! 
Trdata=Tdata(:,1:86); 
Tedata=Tdata(:,87:93); 
 
[NrowTr,NcolTr] = size(Trdata); 
[NrowTe,NcolTe] = size(Tedata); 
InRows = [1:20];    %input data rows (11) 
OutRows = [21:23];  %output data rows (3) 
 
 
%Prepare Training data input and target vectors 
Ntrain = [1:NcolTr]; 
p = Trdata(InRows,Ntrain);        % Train patterns    
t = Trdata(OutRows,Ntrain);        % Train targets 
 
%Prepare Test data input and target vectors 
Ntest = [1:NcolTe]; 
p1 = Tedata(InRows,Ntest);        % test patterns 
t1 = Tedata(OutRows,Ntest);        % test targets 
 
 
%Normalize the training data set into [-1,1] 
[pn,minp,maxp,tn,mint,maxt]=premnmx(p,t); 
 
% apply the same transformation to normalize the test data 
p1n = tramnmx(p1,minp,maxp);                 
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%Build the network 
nBP = newff(minmax(pn), [35 15 5 3], {'tansig','tansig','logsig','purelin'}, 'trainscg', 
'learngdm','mse' ); 
nBP.trainParam.goal =0.00001;       %criterion 
nBP.trainParam.min_grad = 10.^-25; 
nBP.trainParam.epochs = 100000; 
nBP.trainParam.show = 50; 
nBP = init(nBP); 
[nBP, tr] = train(nBP, pn, tn); 
 
YY = sim(nBP,pn); 
Y = postmnmx(YY,mint,maxt); 
YY1 = sim(nBP,p1n); 
Y1 = postmnmx(YY1,mint,maxt); 
 
%Simulation results 
[Nr,Nc]=size(Y1); 
bb=1:Nc; 
format short G 
 
Error = ((t-Y)./t).*100; 
Error1 = ((t1-Y1)./t1).*100; 
 
%plot results and errors 
%training data results (check for overfitting!) 
figure 
subplot(2,3,1);plot(Ntrain,Y(1,:),'b*-',Ntrain,t(1,:),'ro--') 
title('CO2 inj/ret, SCF') 
legend('predicted data', 'actual data',0) 
axis tight 
subplot(2,3,4);plot(Ntrain,Error(1,:),'b*-') 
title('Error, %') 
axis tight 
 
subplot(2,3,2);plot(Ntrain,Y(2,:),'b*-',Ntrain,t(2,:),'ro--') 
title('breakthrough time, days') 
subplot(2,3,5);plot(Ntrain,Error(2,:),'b*-') 
title('Error, %') 
 
subplot(2,3,3);plot(Ntrain,Y(3,:),'b*-',Ntrain,t(3,:),'ro--') 
title('CH4 recovery at breakthrough, %') 
subplot(2,3,6);plot(Ntrain,Error(3,:),'b*-') 
title('Error %') 
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%test data results !! 
figure 
subplot(2,3,1);plot(Ntest,Y1(1,:),'b*-',Ntest,t1(1,:),'ro--') 
title('CO2 inj/ret, SCF') 
legend('predicted data', 'actual data',0) 
axis tight 
subplot(2,3,4);plot(Ntest,Error1(1,:),'b*-') 
title('Error, %') 
axis tight 
 
subplot(2,3,2);plot(Ntest,Y1(2,:),'b*-',Ntest,t1(2,:),'ro--') 
title('breakthrough time, days') 
subplot(2,3,5);plot(Ntest,Error1(2,:),'b*-') 
title('Error, %') 
 
subplot(2,3,3);plot(Ntest,Y1(3,:),'b*-',Ntest,t1(3,:),'ro--') 
title('CH4 recovery at breakthrough, %') 
subplot(2,3,6);plot(Ntest,Error1(3,:),'b*-') 
title('Error %') 
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APPENDIX C 
 

DATABASE 

Pilot Project System Data: 

Data 
Set 

CH4 sp  
(psia) 

CH4 sv  
(psia) 

CO2 sp  
(psia) 

CO2 sv  
(psia) 

Frac. 
Spc  
(in) 

Init. CO2  
(%) 

Init. Wat.  
(%) 

Perm  
(md) 

1 100.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

2 200.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

3 300.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

4 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

5 900.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

6 1200.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

7 1500.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

8 1700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

9 1900.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

10 700.00 150.00 300.00 1500.00 0.50 0.00 45.00 10.00 

11 700.00 200.00 300.00 1500.00 0.50 0.00 45.00 10.00 

12 700.00 300.00 300.00 1500.00 0.50 0.00 45.00 10.00 

13 700.00 800.00 300.00 1500.00 0.50 0.00 45.00 10.00 

14 700.00 1000.00 300.00 1500.00 0.50 0.00 45.00 10.00 

15 700.00 1200.00 300.00 1500.00 0.50 0.00 45.00 10.00 

16 700.00 1400.00 300.00 1500.00 0.50 0.00 45.00 10.00 

17 700.00 1400.00 25.00 1500.00 0.50 0.00 45.00 10.00 

18 700.00 1400.00 50.00 1500.00 0.50 0.00 45.00 10.00 

19 700.00 1400.00 150.00 1500.00 0.50 0.00 45.00 10.00 

20 700.00 1400.00 200.00 1500.00 0.50 0.00 45.00 10.00 

21 700.00 1400.00 400.00 1500.00 0.50 0.00 45.00 10.00 

22 700.00 1400.00 500.00 1500.00 0.50 0.00 45.00 10.00 

23 700.00 1400.00 600.00 1500.00 0.50 0.00 45.00 10.00 
Pilot Project System Data (contd.) 
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Data 
Set 

Poro  
(%) 

Init. Pres  
(psia) 

Inj. length  
(ft) 

Inj. 
Pres  

(psia) 

Prim  
Prod  

time (d) 

CO2  
in place  

(MMSCF) 

bkthrg.  
time  
(d) 

CH4 
rec.  
(%) 

1 2.00 800.00 1000.00 750.00 730.00 514.94 121.00 0.08 

2 2.00 800.00 1000.00 750.00 730.00 611.52 141.00 0.10 

3 2.00 800.00 1000.00 750.00 730.00 647.33 146.00 0.12 

4 2.00 800.00 1000.00 750.00 730.00 690.18 151.00 0.15 

5 2.00 800.00 1000.00 750.00 730.00 706.13 156.00 0.16 

6 2.00 800.00 1000.00 750.00 730.00 708.90 156.00 0.18 

7 2.00 800.00 1000.00 750.00 730.00 721.22 161.00 0.19 

8 2.00 800.00 1000.00 750.00 730.00 721.29 161.00 0.20 

9 2.00 800.00 1000.00 750.00 730.00 721.14 161.00 0.21 

10 2.00 800.00 1000.00 750.00 730.00 722.40 165.00 0.29 

11 2.00 800.00 1000.00 750.00 730.00 716.22 161.00 0.26 

12 2.00 800.00 1000.00 750.00 730.00 706.89 156.00 0.21 

13 2.00 800.00 1000.00 750.00 730.00 682.50 151.00 0.13 

14 2.00 800.00 1000.00 750.00 730.00 672.77 151.00 0.12 

15 2.00 800.00 1000.00 750.00 730.00 662.51 151.00 0.11 

16 2.00 800.00 1000.00 750.00 730.00 652.07 151.00 0.10 

17 2.00 800.00 1000.00 750.00 730.00 1186.25 310.00 0.16 

18 2.00 800.00 1000.00 750.00 730.00 1097.23 277.00 0.16 

19 2.00 800.00 1000.00 750.00 730.00 878.45 206.00 0.16 

20 2.00 800.00 1000.00 750.00 730.00 797.58 181.00 0.15 

21 2.00 800.00 1000.00 750.00 730.00 614.04 131.00 0.15 

22 2.00 800.00 1000.00 750.00 730.00 555.09 116.00 0.15 

23 2.00 800.00 1000.00 750.00 730.00 511.93 106.00 0.15 
 

 

 

 

Pilot Project System Data (contd.) 
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Data 
Set 

CH4 sp  
(psia) 

CH4 sv  
(psia) 

CO2 sp  
(psia) 

CO2 sv  
(psia) 

Frac. Spc  
(in) 

Init. CO2  
(%) 

Init. Wat.  
(%) 

Perm  
(md) 

24 700.00 1400.00 700.00 1500.00 0.50 0.00 45.00 10.00 

25 700.00 600.00 300.00 200.00 0.50 0.00 45.00 10.00 

26 700.00 600.00 300.00 400.00 0.50 0.00 45.00 10.00 

27 700.00 600.00 300.00 600.00 0.50 0.00 45.00 10.00 

28 700.00 600.00 300.00 800.00 0.50 0.00 45.00 10.00 

29 700.00 600.00 300.00 1250.00 0.50 0.00 45.00 10.00 

30 700.00 600.00 300.00 2000.00 0.50 0.00 45.00 10.00 

31 700.00 600.00 300.00 2500.00 0.50 0.00 45.00 10.00 

32 700.00 600.00 300.00 3000.00 0.50 0.00 45.00 10.00 

33 700.00 600.00 300.00 1500.00 0.05 0.00 45.00 10.00 

34 700.00 600.00 300.00 1500.00 0.10 0.00 45.00 10.00 

35 700.00 600.00 300.00 1500.00 0.25 0.00 45.00 10.00 

36 700.00 600.00 300.00 1500.00 0.40 0.00 45.00 10.00 

37 700.00 600.00 300.00 1500.00 0.60 0.00 45.00 10.00 

38 700.00 600.00 300.00 1500.00 0.80 0.00 45.00 10.00 

39 700.00 600.00 300.00 1500.00 1.20 0.00 45.00 10.00 

40 700.00 600.00 300.00 1500.00 1.40 0.00 45.00 10.00 

41 700.00 600.00 300.00 1500.00 0.50 0.20 45.00 10.00 

42 700.00 600.00 300.00 1500.00 0.50 0.40 45.00 10.00 

43 700.00 600.00 300.00 1500.00 0.50 0.80 45.00 10.00 

44 700.00 600.00 300.00 1500.00 0.50 1.00 45.00 10.00 

45 700.00 600.00 300.00 1500.00 0.50 1.50 45.00 10.00 

46 700.00 600.00 300.00 1500.00 0.50 2.00 45.00 10.00 

47 700.00 600.00 300.00 1500.00 0.50 0.00 0.00 10.00 

48 700.00 600.00 300.00 1500.00 0.50 0.00 5.00 10.00 

49 700.00 600.00 300.00 1500.00 0.50 0.00 10.00 10.00 

50 700.00 600.00 300.00 1500.00 0.50 0.00 20.00 10.00 

51 700.00 600.00 300.00 1500.00 0.50 0.00 40.00 10.00 

52 700.00 600.00 300.00 1500.00 0.50 0.00 50.00 10.00 
Pilot Project System Data (contd.) 
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Data 
Set 

Poro  
(%) 

Init. Pres  
(psia) 

Inj. length  
(ft) 

Inj. Pres  
(psia) 

Prim  
Prod  

time (d) 

CO2  
in place  

(MMSCF) 

bkthrg.  
time  
(d) 

CH4 
rec.  
(%) 

24 2.00 800.00 1000.00 750.00 730.00 471.56 96.00 0.14 

25 2.00 800.00 1000.00 750.00 730.00 73.54 17.00 0.14 

26 2.00 800.00 1000.00 750.00 730.00 166.84 37.00 0.14 

27 2.00 800.00 1000.00 750.00 730.00 257.69 56.00 0.14 

28 2.00 800.00 1000.00 750.00 730.00 349.33 76.00 0.14 

29 2.00 800.00 1000.00 750.00 730.00 572.36 126.00 0.15 

30 2.00 800.00 1000.00 750.00 730.00 936.59 206.00 0.16 

31 2.00 800.00 1000.00 750.00 730.00 1174.11 256.00 0.16 

32 2.00 800.00 1000.00 750.00 730.00 1423.99 311.00 0.16 

33 2.00 800.00 1000.00 750.00 730.00 718.44 167.00 0.15 

34 2.00 800.00 1000.00 750.00 730.00 718.64 166.00 0.15 

35 2.00 800.00 1000.00 750.00 730.00 712.66 162.00 0.15 

36 2.00 800.00 1000.00 750.00 730.00 701.75 156.00 0.15 

37 2.00 800.00 1000.00 750.00 730.00 677.61 146.00 0.15 

38 2.00 800.00 1000.00 750.00 730.00 636.43 131.00 0.15 

39 2.00 800.00 1000.00 750.00 730.00 500.45 96.00 0.14 

40 2.00 800.00 1000.00 750.00 730.00 397.85 76.00 0.14 

41 2.00 800.00 1000.00 750.00 730.00 684.58 151.00 0.15 

42 2.00 800.00 1000.00 750.00 730.00 678.98 151.00 0.15 

43 2.00 800.00 1000.00 750.00 730.00 656.14 146.00 0.15 

44 2.00 800.00 1000.00 750.00 730.00 638.66 141.00 0.15 

45 2.00 800.00 1000.00 750.00 730.00 612.91 136.00 0.15 

46 2.00 800.00 1000.00 750.00 730.00 572.89 126.00 0.15 

47 2.00 800.00 1000.00 750.00 730.00 697.30 146.00 0.18 

48 2.00 800.00 1000.00 750.00 730.00 696.97 146.00 0.18 

49 2.00 800.00 1000.00 750.00 730.00 696.64 146.00 0.18 

50 2.00 800.00 1000.00 750.00 730.00 702.86 151.00 0.17 

51 2.00 800.00 1000.00 750.00 730.00 692.50 151.00 0.15 

52 2.00 800.00 1000.00 750.00 730.00 688.00 151.00 0.15 
Pilot Project System Data (contd.) 
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Data 
Set 

CH4 sp  
(psia) 

CH4 sv  
(psia) 

CO2 sp  
(psia) 

CO2 sv  
(psia) 

Frac. Spc  
(in) 

Init. CO2  
(%) 

Init. Wat.  
(%) 

Perm  
(md) 

53 700.00 600.00 300.00 1500.00 0.50 0.00 60.00 10.00 

54 700.00 600.00 300.00 1500.00 0.50 0.00 75.00 10.00 

55 700.00 600.00 300.00 1500.00 0.50 0.00 90.00 10.00 

56 700.00 600.00 300.00 1500.00 0.50 0.00 100.00 10.00 

57 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 1.00 

58 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 3.00 

59 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 8.00 

60 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 15.00 

61 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 20.00 

62 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 25.00 

63 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 30.00 

64 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 50.00 

65 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

66 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

67 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

68 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

69 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

70 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

71 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

72 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

73 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

74 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

75 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

76 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

77 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

78 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

79 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

80 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

81 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 
Pilot Project System Data (contd.) 
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Data 
Set 

Poro  
(%) 

Init. Pres  
(psia) 

Inj. length  
(ft) 

Inj. Pres  
(psia) 

Prim  
Prod  

time (d) 

CO2  
in place  

(MMSCF) 

bkthrg.  
time  
(d) 

CH4 
rec.  
(%) 

53 2.00 800.00 1000.00 750.00 730.00 695.53 156.00 0.14 

54 2.00 800.00 1000.00 750.00 730.00 679.38 151.00 0.12 

55 2.00 800.00 1000.00 750.00 730.00 676.39 151.00 0.11 

56 2.00 800.00 1000.00 750.00 730.00 675.41 151.00 0.09 

57 2.00 800.00 1000.00 750.00 730.00 672.50 1879.00 0.09 

58 2.00 800.00 1000.00 750.00 730.00 697.15 573.00 0.10 

59 2.00 800.00 1000.00 750.00 730.00 698.42 196.00 0.14 

60 2.00 800.00 1000.00 750.00 730.00 680.17 96.00 0.18 

61 2.00 800.00 1000.00 750.00 730.00 677.84 71.00 0.20 

62 2.00 800.00 1000.00 750.00 730.00 642.02 51.00 0.23 

63 2.00 800.00 1000.00 750.00 730.00 629.04 41.00 0.25 

64 2.00 800.00 1000.00 750.00 730.00 561.45 21.00 0.31 

65 0.10 800.00 1000.00 750.00 730.00 678.75 141.00 0.16 

66 0.50 800.00 1000.00 750.00 730.00 679.29 141.00 0.16 

67 1.00 800.00 1000.00 750.00 730.00 688.64 146.00 0.15 

68 4.00 800.00 1000.00 750.00 730.00 706.71 166.00 0.15 

69 6.00 800.00 1000.00 750.00 730.00 717.16 176.00 0.15 

70 10.00 800.00 1000.00 750.00 730.00 737.33 192.00 0.14 

71 15.00 800.00 1000.00 750.00 730.00 762.29 207.00 0.14 

72 20.00 800.00 1000.00 750.00 730.00 780.79 216.00 0.14 

73 2.00 200.00 1000.00 750.00 730.00 661.41 141.00 0.07 

74 2.00 400.00 1000.00 750.00 730.00 676.74 146.00 0.10 

75 2.00 600.00 1000.00 750.00 730.00 689.59 151.00 0.13 

76 2.00 1000.00 1000.00 750.00 730.00 701.95 156.00 0.17 

77 2.00 2000.00 1000.00 750.00 730.00 713.28 161.00 0.27 

78 2.00 2500.00 1000.00 750.00 730.00 724.20 166.00 0.30 

79 2.00 3000.00 1000.00 750.00 730.00 724.14 166.00 0.33 

80 2.00 3500.00 1000.00 750.00 730.00 724.12 166.00 0.35 

81 2.00 200.00 400.00 750.00 730.00 588.86 351.00 0.17 
Pilot Project System Data (contd.) 
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Data 
Set 

CH4 sp  
(psia) 

CH4 sv  
(psia) 

CO2 sp  
(psia) 

CO2 sv  
(psia) 

Frac. 
Spc  
(in) 

Init. CO2  
(%) 

Init. Wat.  
(%) 

Perm  
(md) 

82 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

83 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

84 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

85 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

86 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

87 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

88 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

89 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

90 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

91 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

92 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

93 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

94 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

95 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

96 1095.77 746.01 497.53 2844.48 1.38 0.00 73.16 40.78 

97 525.19 1348.59 232.84 2206.69 0.49 0.00 60.70 12.46 

98 248.60 499.87 195.20 2103.13 0.90 0.00 36.27 39.86 

99 1835.98 205.26 440.43 1477.16 1.29 0.00 10.16 43.40 

100 1748.14 646.60 398.21 2604.22 1.30 0.00 62.72 7.13 

101 1310.31 1304.10 204.66 216.27 0.99 0.00 18.90 45.24 

102 1579.40 1064.63 181.24 961.06 0.18 0.00 9.73 31.28 

103 797.04 454.08 594.56 2630.87 0.20 0.00 53.39 10.47 

104 718.73 487.61 60.27 1537.06 0.16 0.00 1.43 7.09 

105 246.93 1096.65 301.18 2814.95 0.52 0.00 98.79 48.91 

106 1014.06 836.89 564.05 1111.89 0.54 0.00 95.82 21.85 

107 878.59 1362.69 140.09 2078.38 0.15 0.00 30.70 39.72 

108 584.56 222.88 527.36 1916.55 0.92 0.00 86.38 38.59 

109 148.39 1168.93 311.42 201.21 0.72 0.00 7.94 43.07 

110 1759.74 1346.38 652.35 2944.97 0.32 0.00 47.37 44.00 
Pilot Project System Data (contd.) 
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Data 
Set 

Poro  
(%) 

Init. Pres  
(psia) 

Inj. length  
(ft) 

Inj. Pres  
(psia) 

Prim  
Prod  

time (d) 

CO2  
in place  

(MMSCF) 

bkthrg.  
time  
(d) 

CH4 
rec.  
(%) 

82 2.00 400.00 600.00 750.00 730.00 641.39 271.00 0.16 

83 2.00 600.00 800.00 750.00 730.00 682.57 201.00 0.15 

84 2.00 1000.00 1200.00 750.00 730.00 675.47 101.00 0.15 

85 2.00 2000.00 1600.00 750.00 730.00 430.14 26.00 0.14 

86 2.00 200.00 400.00 250.00 730.00 429.63 843.00 0.20 

87 2.00 400.00 600.00 300.00 730.00 475.99 643.00 0.19 

88 2.00 600.00 800.00 400.00 730.00 548.35 413.00 0.17 

89 2.00 600.00 800.00 500.00 730.00 605.15 293.00 0.16 

90 2.00 2000.00 1600.00 1500.00 730.00 798.79 76.00 0.14 

91 2.00 200.00 400.00 750.00 183.00 679.38 169.00 0.10 

92 2.00 400.00 600.00 750.00 365.00 682.11 156.00 0.12 

93 2.00 600.00 800.00 750.00 548.00 689.68 154.00 0.13 

94 2.00 1500.00 1400.00 750.00 1460.00 700.22 150.00 0.20 

95 2.00 2000.00 1600.00 750.00 1825.00 699.50 151.00 0.23 

96 9.42 1789.93 1000.00 750.00 730.00 45.83 2.00 0.34 

97 3.07 3342.23 1000.00 750.00 730.00 605.86 136.00 0.18 

98 10.25 2434.01 1000.00 750.00 730.00 785.12 42.00 0.44 

99 12.30 2673.30 1000.00 750.00 730.00 82.17 3.00 0.77 

100 12.63 3178.20 1000.00 750.00 730.00 1209.40 507.00 0.35 

101 14.83 1888.29 1000.00 750.00 730.00 76.83 3.00 0.43 

102 15.99 2441.74 1000.00 750.00 730.00 637.33 46.00 0.49 

103 9.30 3159.36 1000.00 750.00 730.00 1075.33 286.00 0.41 

104 1.67 1679.95 1000.00 750.00 730.00 1144.18 414.00 0.31 

105 7.48 2301.61 1000.00 750.00 730.00 1132.37 51.00 0.14 

106 17.15 3066.07 1000.00 750.00 730.00 442.55 72.00 0.19 

107 16.64 2850.05 1000.00 750.00 730.00 1381.98 92.00 0.45 

108 3.78 3221.49 1000.00 750.00 730.00 290.40 17.00 0.47 

109 14.50 1341.34 1000.00 750.00 730.00 73.29 3.00 0.23 

110 15.48 1856.35 1000.00 750.00 730.00 1107.35 62.00 0.41 
Pilot Project System Data (contd.) 
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Data 
Set 

CH4 sp  
(psia) 

CH4 sv  
(psia) 

CO2 sp  
(psia) 

CO2 sv  
(psia) 

Frac. Spc  
(in) 

Init. CO2  
(%) 

Init. Wat.  
(%) 

Perm  
(md) 

110 1759.74 1346.38 652.35 2944.97 0.32 0.00 47.37 44.00 

111 1379.88 1046.31 694.31 1844.94 0.38 0.00 50.52 48.47 

112 600.80 1232.21 449.41 351.07 0.19 0.00 96.13 32.47 

113 1257.30 1251.76 215.24 466.57 0.67 0.00 67.79 35.86 

114 1136.98 829.13 131.92 772.33 0.74 0.00 26.65 22.70 

115 300.54 183.11 644.10 2023.07 0.65 0.00 61.08 12.01 

116 1610.38 902.21 82.85 679.72 0.10 0.00 31.57 13.87 

117 1716.81 987.59 660.99 908.78 0.70 0.00 19.45 38.34 

118 500.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

119 700.00 400.00 300.00 1500.00 0.50 0.00 45.00 10.00 

120 700.00 1400.00 250.00 1500.00 0.50 0.00 45.00 10.00 

121 700.00 600.00 300.00 1000.00 0.50 0.00 45.00 10.00 

122 700.00 600.00 300.00 1500.00 1.00 0.00 45.00 10.00 

123 700.00 600.00 300.00 1500.00 0.50 0.60 45.00 10.00 

124 700.00 600.00 300.00 1500.00 0.50 0.00 30.00 10.00 

125 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 5.00 

126 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

127 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

128 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

129 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

130 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 

131 1654.21 1226.47 415.84 592.29 0.29 0.00 64.32 5.94 

132 799.96 531.66 349.71 2558.33 0.13 0.00 17.86 24.69 

133 1834.60 470.62 365.81 1963.84 0.53 0.00 41.68 19.20 
 

 

 

Pilot Project System Data (contd.) 
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Data 
Set 

Poro  
(%) 

Init. Pres  
(psia) 

Inj. length  
(ft) 

Inj. Pres  
(psia) 

Prim  
Prod  

time (d) 

CO2  
in place  

(MMSCF) 

bkthrg.  
time  
(d) 

CH4 
rec.  
(%) 

110 15.48 1856.35 1000.00 750.00 730.00 1107.35 62.00 0.41 

111 2.95 2722.71 1000.00 750.00 730.00 606.83 26.00 0.51 

112 12.19 3185.72 1000.00 750.00 730.00 171.41 16.00 0.18 

113 3.36 3156.44 1000.00 750.00 730.00 59.60 4.00 0.40 

114 12.35 2704.09 1000.00 750.00 730.00 454.21 47.00 0.45 

115 18.06 1942.01 1000.00 750.00 730.00 781.95 202.00 0.34 

116 17.38 1556.09 1000.00 750.00 730.00 561.87 116.00 0.26 

117 16.44 1054.89 1000.00 750.00 730.00 147.80 7.00 0.34 

118 2.00 800.00 1000.00 750.00 730.00 681.06 151.00 0.14 

119 2.00 800.00 1000.00 750.00 730.00 706.51 156.00 0.18 

120 2.00 800.00 1000.00 750.00 730.00 742.67 166.00 0.15 

121 2.00 800.00 1000.00 750.00 730.00 454.98 101.00 0.15 

122 2.00 800.00 1000.00 750.00 730.00 584.91 117.00 0.15 

123 2.00 800.00 1000.00 750.00 730.00 661.71 146.00 0.15 

124 2.00 800.00 1000.00 750.00 730.00 697.44 151.00 0.16 

125 2.00 800.00 1000.00 750.00 730.00 698.40 326.00 0.12 

126 1.50 800.00 1000.00 750.00 730.00 683.68 146.00 0.15 

127 2.00 1500.00 1000.00 750.00 730.00 713.37 161.00 0.23 

128 2.00 1500.00 1400.00 750.00 730.00 606.80 61.00 0.14 

129 2.00 1000.00 1200.00 1000.00 730.00 748.19 100.00 0.15 

130 2.00 1000.00 1200.00 750.00 1095.00 697.00 151.00 0.18 

131 13.96 2577.69 1000.00 750.00 730.00 300.63 191.00 0.18 

132 12.29 3299.30 1000.00 750.00 730.00 1273.14 119.00 0.57 

133 16.99 2698.50 1000.00 750.00 730.00 986.11 137.00 0.51 
 

 

 

 

In-Pattern System Data: 
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Data 
Set 

CH4 sp 

(psia) 
CH4 sv  

(SCF/ton) 
CO2 sp  
(psia) 

CO2 sv  
(SCF/ton) 

Frac.  
Spc 
(in) 

Init.  
CO2 
(%) 

Init.  
Wat. 
(%) 

Perm  
(md) 

Poro  
(%) 

1 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
2 100.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
3 500.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
4 1500.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
5 700.00 1000.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
6 700.00 300.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
7 700.00 1500.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
8 700.00 600.00 25.00 1500.00 0.50 0.00 45.00 10.00 2.00 
9 700.00 600.00 150.00 1500.00 0.50 0.00 45.00 10.00 2.00 
10 700.00 600.00 750.00 1500.00 0.50 0.00 45.00 10.00 2.00 
11 700.00 600.00 300.00 200.00 0.50 0.00 45.00 10.00 2.00 
12 700.00 600.00 300.00 800.00 0.50 0.00 45.00 10.00 2.00 
13 700.00 600.00 300.00 3000.00 0.50 0.00 45.00 10.00 2.00 
14 700.00 600.00 300.00 1500.00 0.05 0.00 45.00 10.00 2.00 
15 700.00 600.00 300.00 1500.00 1.00 0.00 45.00 10.00 2.00 
16 700.00 600.00 300.00 1500.00 2.00 0.00 45.00 10.00 2.00 
17 700.00 600.00 300.00 1500.00 0.50 0.20 45.00 10.00 2.00 
18 700.00 600.00 300.00 1500.00 0.50 0.50 45.00 10.00 2.00 
19 700.00 600.00 300.00 1500.00 0.50 0.40 45.00 10.00 2.00 
20 700.00 600.00 300.00 1500.00 0.50 0.00 0.00 10.00 2.00 
21 700.00 600.00 300.00 1500.00 0.50 0.00 70.00 10.00 2.00 
22 700.00 600.00 300.00 1500.00 0.50 0.00 100.00 10.00 2.00 
23 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 2.00 2.00 
24 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 30.00 2.00 
25 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 50.00 2.00 
26 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 0.10 
27 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 1.00 
28 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 20.00 
29 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
30 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
31 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
32 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
33 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 

In-Pattern System Data (contd.): 
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Data 
Set 

Init. 
Pres  

(psia) 
h  

(ft) 

Prod. 
Len.  
(ft) 

Inj. 
Len.  
(ft) 

Inj. 
Pres. 
(psia) 

Prod.  
Pres.  
(psia) 

Prim.  
prod. 
time  

(days) 
T res 

(oF) 

Res.  
depth 
(ft) 

1 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
2 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
3 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
4 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
5 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
6 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
7 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
8 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
9 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
10 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
11 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
12 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
13 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
14 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
15 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
16 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
17 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
18 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
19 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
20 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
21 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
22 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
23 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
24 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
25 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
26 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
27 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
28 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
29 200.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
30 2000.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
31 3500.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
32 800.00 5.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
33 800.00 15.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 

In-Pattern System Data (contd.): 
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Data 
Set 

Rock  
density  
(g/cc) swcrit (%) 

CO2  
in place  
(SCF) 

brkth. 
time  
(d) 

CH4 

Rec  
(%) 

1 1.36 10.00 2.44E+09 877.00 0.97 
2 1.36 10.00 1.96E+09 852.00 0.75 
3 1.36 10.00 2.41E+09 877.00 0.95 
4 1.36 10.00 2.45E+09 877.00 0.99 
5 1.36 10.00 2.36E+09 872.00 0.95 
6 1.36 10.00 2.45E+09 877.00 0.98 
7 1.36 10.00 2.26E+09 867.00 0.92 
8 1.36 10.00 4.00E+09 1034.00 0.99 
9 1.36 10.00 3.01E+09 927.00 0.98 

10 1.36 10.00 1.58E+09 812.00 0.95 
11 1.36 10.00 1.72E+08 739.00 0.94 
12 1.36 10.00 1.24E+09 802.00 0.96 
13 1.36 10.00 4.90E+09 1022.00 0.98 
14 1.36 10.00 2.49E+09 891.00 1.00 
15 1.36 10.00 2.02E+09 833.00 0.96 
16 1.36 10.00 6.07E+07 734.00 0.89 
17 1.36 10.00 2.40E+09 872.00 0.97 
18 1.36 10.00 2.38E+09 872.00 0.97 
19 1.36 10.00 2.39E+09 872.00 0.97 
20 1.36 10.00 2.42E+09 867.00 0.98 
21 1.36 10.00 2.41E+09 877.00 0.96 
22 1.36 10.00 2.42E+09 882.00 0.96 
23 1.36 10.00 2.43E+09 1602.00 0.94 
24 1.36 10.00 2.25E+09 771.00 0.98 
25 1.36 10.00 1.97E+09 751.00 0.98 
26 1.36 10.00 2.39E+09 867.00 0.97 
27 1.36 10.00 2.40E+09 867.00 0.97 
28 1.36 10.00 2.70E+09 933.00 0.98 
29 1.36 10.00 2.42E+09 877.00 0.92 
30 1.36 10.00 2.44E+09 877.00 0.98 
31 1.36 10.00 2.44E+09 877.00 0.99 
32 1.36 10.00 1.22E+09 872.00 0.97 
33 1.36 10.00 3.62E+09 877.00 0.97 

In-Pattern System Data (contd.): 
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Data 
Set 

CH4 sp 

(psia) 
CH4 sv  

(SCF/ton) 
CO2 sp  
(psia) 

CO2 sv  
(SCF/ton) 

Frac.  
Spc 
(in) 

Init.  
CO2 
(%) 

Init.  
Wat. 
(%) 

Perm  
(md) 

Poro  
(%) 

34 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
35 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
36 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
37 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
38 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
39 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
40 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
41 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
42 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
43 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
44 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
45 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
46 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
47 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
48 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
49 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
50 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
51 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
52 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
53 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
54 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
55 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
56 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
57 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
58 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
59 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
60 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
61 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
62 1400.00 800.00 600.00 2000.00 1.50 0.40 80.00 40.00 15.00 
63 200.00 400.00 50.00 500.00 0.10 0.25 20.00 5.00 0.50 
64 1200.00 400.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
65 200.00 1400.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
66 700.00 600.00 650.00 300.00 0.50 0.00 45.00 10.00 2.00 

In-Pattern System Data (contd.): 
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Data 
Set 

Init. 
Pres  

(psia) 
h  

(ft) 

Prod. 
Len.  
(ft) 

Inj. 
Len.  
(ft) 

Inj. 
Pres. 
(psia) 

Prod.  
Pres.  
(psia) 

Prim.  
prod. 
time  

(days) 
T res 

(oF) 

Res.  
depth 
(ft) 

34 800.00 25.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
35 800.00 10.00 2000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
36 800.00 10.00 4000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
37 800.00 10.00 5000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
38 800.00 10.00 3000.00 400.00 750.00 14.70 730.00 113.00 1500.00 
39 800.00 10.00 3000.00 800.00 750.00 14.70 730.00 113.00 1500.00 
40 800.00 10.00 3000.00 1400.00 750.00 14.70 730.00 113.00 1500.00 
41 800.00 10.00 3000.00 1000.00 250.00 14.70 730.00 113.00 1500.00 
42 800.00 10.00 3000.00 1000.00 1500.00 14.70 730.00 113.00 1500.00 
43 800.00 10.00 3000.00 1000.00 2000.00 14.70 730.00 113.00 1500.00 
44 800.00 10.00 3000.00 1000.00 750.00 20.00 730.00 113.00 1500.00 
45 800.00 10.00 3000.00 1000.00 750.00 100.00 730.00 113.00 1500.00 
46 800.00 10.00 3000.00 1000.00 750.00 60.00 730.00 113.00 1500.00 
47 800.00 10.00 3000.00 1000.00 750.00 14.70 163.00 113.00 1500.00 
48 800.00 10.00 3000.00 1000.00 750.00 14.70 365.00 113.00 1500.00 
49 800.00 10.00 3000.00 1000.00 750.00 14.70 1095.00 113.00 1500.00 
50 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 75.00 1500.00 
51 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 90.00 1500.00 
52 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 150.00 1500.00 
53 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 500.00 
54 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 2000.00 
55 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 3000.00 
56 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
57 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
58 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
59 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
60 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
61 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
62 3000.00 20.00 4500.00 1200.00 1500.00 70.00 850.00 130.00 2000.00 
63 400.00 7.00 2200.00 600.00 400.00 14.70 250.00 90.00 600.00 
64 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
65 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
66 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 

In-Pattern System Data (contd.): 
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Data 
Set 

Rock  
density  
(g/cc) swcrit (%) 

CO2  
in place  
(SCF) 

brkth. 
time  
(d) 

CH4 

Rec  
(%) 

34 1.36 10.00 6.07E+09 887.00 0.97 
35 1.36 10.00 4.70E+08 739.00 0.96 
36 1.36 10.00 4.09E+09 1132.00 0.97 
37 1.36 10.00 5.92E+09 1482.00 0.96 
38 1.36 10.00 1.83E+09 1037.00 0.96 
39 1.36 10.00 2.44E+09 932.00 0.98 
40 1.36 10.00 2.32E+09 792.00 0.95 
41 1.36 10.00 1.41E+09 1432.00 0.98 
42 1.36 10.00 2.82E+09 801.00 0.96 
43 1.36 10.00 2.91E+09 803.00 0.96 
44 1.36 10.00 2.43E+09 877.00 0.97 
45 1.36 10.00 2.43E+09 912.00 0.91 
46 1.36 10.00 2.42E+09 892.00 0.94 
47 1.36 10.00 2.39E+09 329.00 0.94 
48 1.36 10.00 2.41E+09 517.00 0.96 
49 1.36 10.00 2.42E+09 1237.00 0.97 
50 1.36 10.00 2.57E+09 877.00 0.97 
51 1.36 10.00 2.49E+09 872.00 0.97 
52 1.36 10.00 2.38E+09 887.00 0.97 
53 1.36 10.00 2.44E+09 867.00 0.97 
54 1.36 10.00 2.43E+09 882.00 0.97 
55 1.36 10.00 2.40E+09 892.00 0.97 
56 1.20 10.00 2.13E+09 857.00 0.97 
57 1.40 10.00 2.51E+09 882.00 0.97 
58 1.50 10.00 2.68E+09 892.00 0.97 
59 1.36 5.00 2.42E+09 872.00 0.97 
60 1.36 15.00 2.42E+09 882.00 0.97 
61 1.36 25.00 2.43E+09 902.00 0.97 
62 1.45 20.00 2.72E+09 863.00 0.96 
63 1.25 8.00 3.67E+08 569.00 0.93 
64 1.36 10.00 2.42E+09 869.00 0.99 
65 1.36 10.00 1.76E+09 837.00 0.74 
66 1.36 10.00 1.84E+08 739.00 0.94 

In-Pattern System Data (contd.): 
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Data 
Set 

CH4 sp 

(psia) 
CH4 sv  

(SCF/ton) 
CO2 sp  
(psia) 

CO2 sv  
(SCF/ton) 

Frac.  
Spc 
(in) 

Init.  
CO2 
(%) 

Init.  
Wat. 
(%) 

Perm  
(md) 

Poro  
(%) 

67 700.00 600.00 70.00 2750.00 0.50 0.00 45.00 10.00 2.00 
68 1300.00 450.00 680.00 300.00 0.50 0.00 45.00 10.00 2.00 
69 300.00 1150.00 80.00 2400.00 0.50 0.00 45.00 10.00 2.00 
70 1100.00 600.00 65.00 2850.00 0.50 0.00 45.00 10.00 2.00 
71 400.00 1450.00 600.00 500.00 0.50 0.00 45.00 10.00 2.00 
72 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
73 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
74 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 40.00 0.50 
75 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 3.00 20.00 
76 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
77 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
78 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
79 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
80 700.00 600.00 300.00 1500.00 0.50 0.00 45.00 10.00 2.00 
81 800.00 600.00 650.00 1250.00 1.00 0.30 27.00 30.00 0.80 
82 1400.00 800.00 600.00 2000.00 1.50 0.40 80.00 40.00 15.00 
83 200.00 400.00 50.00 500.00 0.10 0.25 20.00 5.00 0.50 
84 1174.00 389.00 300.00 2699.00 1.34 0.36 37.00 47.00 8.45 
85 1182.00 1449.00 360.00 325.00 1.63 0.41 32.00 40.00 10.70 
86 259.00 306.00 512.00 218.00 0.56 0.43 57.00 28.00 3.66 
87 1378.00 882.00 691.00 928.00 1.24 0.44 26.00 42.00 9.73 
88 680.00 990.00 25.00 546.00 1.59 0.34 61.00 35.00 6.53 
89 1186.00 579.00 506.00 1902.00 0.68 0.29 55.00 48.00 16.59 
90 121.00 1469.00 476.00 2419.00 1.93 0.28 22.00 12.00 6.40 
91 638.00 593.00 146.00 360.00 1.90 0.38 2.00 41.00 0.50 
92 586.00 1356.00 626.00 2362.00 0.37 0.44 74.00 15.00 0.76 
93 301.00 718.00 220.00 1682.00 0.27 0.47 79.00 30.00 0.52 

 

 

 

 

In-Pattern System Data (contd.): 
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Data 
Set 

Init. 
Pres  

(psia) 
h  

(ft) 

Prod. 
Len.  
(ft) 

Inj. 
Len.  
(ft) 

Inj. 
Pres. 
(psia) 

Prod.  
Pres.  
(psia) 

Prim.  
prod. 
time  

(days) 
T res 

(oF) 

Res.  
depth 
(ft) 

67 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
68 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
69 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
70 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
71 800.00 10.00 3000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
72 800.00 10.00 3000.00 1000.00 1500.00 50.00 730.00 113.00 1500.00 
73 800.00 10.00 3000.00 1000.00 1000.00 100.00 730.00 113.00 1500.00 
74 800.00 10.00 3000.00 1000.00 1000.00 200.00 730.00 113.00 1500.00 
75 800.00 10.00 3000.00 1000.00 1000.00 200.00 730.00 113.00 1500.00 
76 3000.00 10.00 3000.00 1000.00 1500.00 14.70 730.00 140.00 2500.00 
77 450.00 10.00 3000.00 1000.00 450.00 14.70 730.00 90.00 750.00 
78 800.00 20.00 4000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
79 800.00 7.00 2100.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
80 800.00 5.00 5000.00 1000.00 750.00 14.70 730.00 113.00 1500.00 
81 2100.00 15.00 3000.00 1000.00 600.00 50.00 365.00 120.00 2000.00 
82 3000.00 20.00 3000.00 1000.00 1500.00 70.00 850.00 130.00 2000.00 
83 400.00 7.00 3000.00 1000.00 400.00 14.70 250.00 90.00 600.00 
84 1015.00 18.00 3359.00 794.00 858.00 90.00 863.00 87.00 1965.00 
85 1506.00 18.00 4012.00 1101.00 528.00 92.00 1018.00 108.00 2546.00 
86 872.00 15.00 2743.00 954.00 900.00 81.00 187.00 91.00 1074.00 
87 2275.00 7.00 3007.00 845.00 338.00 16.00 394.00 93.00 2766.00 
88 631.00 23.00 2345.00 1264.00 1008.00 17.00 539.00 75.00 2111.00 
89 1741.00 6.00 2512.00 982.00 928.00 48.00 741.00 142.00 2259.00 
90 2452.00 10.00 2973.00 1308.00 1402.00 69.00 975.00 138.00 2163.00 
91 212.00 16.00 2650.00 653.00 765.00 36.00 225.00 146.00 1674.00 
92 2114.00 15.00 2661.00 1308.00 1464.00 74.00 264.00 140.00 2298.00 
93 1808.00 20.00 2104.00 910.00 269.00 59.00 617.00 133.00 714.00 

 

 

 

 

In-Pattern System Data (contd.): 
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Data 
Set 

Rock  
density  
(g/cc) swcrit (%) 

CO2  
in place  
(SCF) 

brkth. 
time  
(d) 

CH4 

Rec  
(%) 

67 1.36 10.00 6.52E+09 1192.00 0.99 
68 1.36 10.00 1.85E+08 739.00 0.97 
69 1.36 10.00 5.39E+09 1137.00 0.93 
70 1.36 10.00 6.87E+09 1224.00 0.99 
71 1.36 10.00 3.50E+08 747.00 0.82 
72 1.36 10.00 2.85E+09 808.00 0.94 
73 1.36 10.00 2.63E+09 847.00 0.90 
74 1.36 10.00 2.03E+09 756.00 0.97 
75 1.36 10.00 2.68E+09 1497.00 0.96 
76 1.36 10.00 2.84E+09 797.00 0.98 
77 1.36 10.00 2.04E+09 1022.00 0.97 
78 1.36 10.00 8.59E+09 1162.00 0.97 
79 1.36 10.00 5.45E+08 746.00 1.00 
80 1.36 10.00 2.99E+09 1477.00 0.95 
81 1.40 12.00 3.88E+07 366.00 0.92 
82 1.45 20.00 7.65E+08 853.00 0.97 
83 1.25 8.00 6.68E+08 744.00 0.89 
84 1.43 18.00 4.93E+09 908.00 0.98 
85 1.30 6.00 3.76E+08 1028.00 0.90 
86 1.25 7.00 7.82E+07 189.00 0.71 
87 1.45 5.00 8.97E+07 403.00 0.98 
88 1.50 8.00 2.01E+08 540.00 0.92 
89 1.27 11.00 1.85E+08 744.00 0.98 
90 1.39 18.00 2.10E+08 978.00 0.62 
91 1.41 11.00 1.35E+07 226.00 0.61 
92 1.25 16.00 2.70E+09 276.00 0.83 
93 1.43 21.00 2.04E+09 744.00 0.90 
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Chapter 1 
 

Introduction 

As a dynamic and complex system, changes in the Earth’s climate can disturb 
regional ecosystems and global characteristics in turn affecting human health and 
wildlife.1  Studies involving land and sea surface temperature measurements indicate 
average global temperatures have risen 0.5-1.0°F (0.3-0.6°C) during the last century, and 
have increased more rapidly in the last 25 years than any prior years.2  According to 
many atmospheric and earth scientists, rising atmospheric concentrations of greenhouse 
gases are likely enhancing this warming trend.3, 4, 5   Climate predictions are questionable 
because of the immense complexity of the system, involving processes and interactions 
on a wide range of space- and time-scales.6  However, The Intergovernmental Panel on 
Climate Change (IPCC) projects that average global temperatures will inc rease 2.2-10°F 
(1.4-5.8°C) over the next century if atmospheric concentrations of greenhouse gases continue to increase at 
their current rate.3   

The magnitude of such a climate change will raise sea level, in turn affecting coastlines, increase 
mean global temperatures and alter precipitation rates.1  Currently models are ill-equipped to handle 
localized predictions, but agriculture and water resources in regional areas remain vulnerable.3  Many of the 
world’s nations hope to stabilize the anthropogenic greenhouse gases emitted into the atmosphere as 
countries’ industries continue to grow and develop.  The United States Global Climate Change Initiative 
(GCCI) hopes to reduce greenhouse gas emissions by 18% by 2012.7 

The United States presently emits approximately 6.6 tons of greenhouse gases per person in a 
year, which is the most of any nation.8  The burning of fossil fuels generates approximately 82% of these 
greenhouse gas emissions.8  The United States relies on fossil fuels for providing more than 85% of the 
energy presently consumed,4, 9 and it appears that fossil fuels will continue to be the major source of energy 
production through the next century.4, 10  Reducing fossil fuel consumption within the next century 
currently is not a viable option.  Improving energy efficiency and switching to less carbon-intensive energy 
sources are options being explored to manage greenhouse gas atmospheric concentrations.  Near term 
solutions will rely on technology that allows anthropogenic sources to continue to emit greenhouse gases, 
but prohibits them from entering the atmosphere.   

Atmospheric concentrations of CO2 have increased over 30% since the late 
1800’s before the industrial revolution.11  CO2 accounts for approximately one third of the 
emissions from coal-fired power plants and other large point sources.10  CO2 is the most prevalent 
greenhouse gas attributed to anthropogenic activity,4  Therefore, my research will only address 
anthropogenic CO2 emissions. 

Potential solutions to reducing atmospheric CO2 emissions include capturing and sequestering 
CO2 in geologic formations and oceans, improving the carbon uptake of terrestrial ecosystems and 
advanced chemical and biological approaches.10  Ideally, because each option has its own advantages and 
disadvantages, all technologies that provide effective, long term, environmentally-safe storage will be 
collaboratively utilized until alternative renewable and more efficient energy resources become available 
and affordable.  

Technologically sound solutions used first will be those proven to be cost-efficient.10  Flue gas 
emissions from large point sources typically yield under 15% CO2 by volume.12  Effective sequestration 
requires CO2 to be captured as a relatively pure gas.12  Current capture, storage, transportation and 
sequestration technologies result in costs ranging from $100 to $300 per ton of carbon emissions avoided.10   
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Studies prove that CO2 has a higher affinity to adsorb onto the coal thereby displacing coalbed methane.5  
Recovering coalbed methane creates a valuable by-product to help offset the cost of sequestration efforts.5   
Furthermore, 90% of the coal beds in the United States are not economically feasible to mine because the 
seam is too thin and/or too deep or else are not structurally stable.5, 13  This leaves approximately 54 trillion 
tons of coal available for CO2 storage.5, 13   

In attempts to optimize CO2 storage and maintain economic viability, 
computational models theorize the actual behavior of gas flow and sorption of CO2 
through and by coal.  Underground coal seams incur lithostatic and hydrostatic 
pressure.14  Such realistic conditions affect the permeability15 of a coal seam as well as its 
ability to swell.16  In-situ pressures should be considered when determining sorption 
capacities and rates of CO2 by coal.  Additionally, experimental studies indicate diverse 
porosity and sorption throughout coal.14, 17  Predicting true behavior of CO2 flow and 
sorption within coal should involve the heterogeneous properties of coal.   

The purpose of this study means to provide further analysis on the true behavior 
of gas flow and sorption within coal.  The object of this research is to determine CO2 
sorption isotherms by coal subjected to confining stress and observe diverse migration 
and sorption sites CO2 prefers within coal.  This paper will begin by presenting data 
observed by scientists linking climate change to atmospheric concentrations of 
greenhouse gases and discuss the need for the management of anthropogenic CO2 
emissions.  This paper will also show why CO2 sequestration by coal is one 
technologically and economically efficient solution to stabilizing greenhouse gas 
emissions in the atmosphere.  This paper will discuss the methods used to determine the 
effect of confining stress on CO2 uptake and kinetics by coal.  This paper will also 
present X-ray Computerized Tomography (CT) images showing the heterogeneous 
effects of coal on sorption diversity.  Based on my experimental observations and results, 
I assert that predicting the true behavior of CO2 flow and sorption within coal should 
consider realistic confining stress conditions and involve high resolution observations 
when determining coal properties. 
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Chapter 2 
 

Literature Review 
 

2.1  Climate Change 
 
 Because the Earth’s climate is a complex system driven by many processes and is 
subject to many variables, it difficult to predict on a long term scale.  Many scientists 
claim the Earth is progressing toward a warmer temperature.  Because of its potentially 
adverse effects, global warming is currently an environmental issue subject to much 
investigation.   

Naturally, the sun emits energy that enters the Earth’s atmosphere and heats the 
Earth’s surface and, in part, drives the Earth’s weather and climate system.2  Some of this 
thermal energy radiates from the Earth’s surface back into space.2  Atmospheric gases, 
primarily carbon dioxide, methane and nitrous oxide, build up in the Earth’s atmosphere 
and create a greenhouse effect by retaining some of this radiative energy within the 
Earth’s atmosphere.2  This effect has created a hospitable environment for much of the 
life on Earth.2  However, due to anthropogenic sources, an increase in the concentration 
of greenhouse gases in the Earth’s atmosphere appears to be increasing the average 
global temperature at an accelerated rate.2, 3  Global warming over the past 50 years is the 
fastest in recorded history.2  Since the late 19th century, global mean temperature has 
increased 0.5-1 deg F.1  Unless greenhouse gas concentrations are reduced, global mean 
temperature may rise 2.2-10 deg F over the next century.2 
 This accelerated global warming has the potential to cause global and regional 
scale problems.2, 3  Local regions’ ecosystems may be affected because of the sensitivity 
to the change in air temperature, ocean temperature, and other climatic conditions.2  Such variations 
may adversely affect water resources in areas where evaporation increases more than precipitation.2  Also, 
a rise in mean global temperature would cause the polar caps to melt in turn resulting in a rise in global sea 
level.2 
 Many nations of the world have recognized the global warming problem.  In May 
of 1992, the United Nations adopted the Framework Convention on Climate Change 
hoping to “. . . achieve . . . stabilization of the greenhouse gas concentrations in the 
atmosphere at a level that would prevent dangerous anthropogenic interference with the 
climate system.”4  As a result, in December, 1997 over 160 nations met and established 
the Kyoto Protocol which is an agreement between industrialized nations to reduce the 
anthropogenic emissions of greenhouse gases by 5 % from the emissions recorded in 
1990.4  If ratified, the time frame of the Kyoto Protocol’s goal is to be achieved between 
2008 and 2012.2, 3, 4 
 As one of the world’s leading industrial powers, the United States is the foremost 
contributor of greenhouse gases.2  According to the Kyoto Protocol, the United States 
target greenhouse gas emission reduction is 7% from the recorded 1990 emissions.4  In 
1990, the United States emitted 1,618 million metric tons of greenhouse gases, of which 
83% were carbon emissions from the combustion of energy fuels.4  The United States 
produces 25% of the world’s carbon dioxide emissions.3  Natural processes, such as plant 
respiration and organic decomposition, are responsible for producing the majority amount 
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of carbon dioxide released into the atmosphere, more than 10 times that of human activity 
sources.2  Prior to the industrial revolution, these natural sources have been balanced by 
natural sinks such as adsorption by terrestrial vegetation and oceans.2  Since the 
beginning of the industrial revolution, increased use of fossil fuels increased carbon 
dioxide concentrations by 30%.3  Dr. Charkes David Keeling has observed a consistant 
increase in carbon dioxide concentrations in the atmosphere since the 1950’s and has 
graphed his data as shown in Figure 1.5  It is agreed that the main anthropogenic 
greenhouse gas is carbon dioxide.3, 6  Therefore, carbon dioxide is the only greenhouse 
gas discussed in this research.   
 

 
Figure 1:  The Keeling curve has shown a consistant increase in atmospheric 
carbon dioxide concentrations since the 1950's (Taken from 
http://www.noaa.gov/index.html)5 

 

2.2  Climate Change Solutions  

 
 Limiting the use of fossil fuels will reduce the carbon dioxide concentration in the 
atmosphere.  However, the abundance of fossil fuels and their reliability as an energy 
source currently makes them the only solution to the growing demand for affordable 
energy.  Technology improving the efficiency of fossil fuel technology would also 
decrease the amount of carbon dioxide emitted into the atmosphere, however such 
technology is not currently available at an affordable cost.  Therefore, carbon dioxide 
emissions from use of fossil fuel sources must be prevented from entering the 
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atmosphere.  This can be accomplished using carbon dioxide capture and sequestration 
technology.6  This option would enable continued use of fossil fuels throughout the world 
without the threat of increasing carbon dioxide concentrations in the atmosphere.7 
 

2.2.1  Carbon Dioxide Capture  

 
 The best appropriate sources from which carbon dioxide should be isolated, or 
captured, are the point sources responsible for the majority of the world’s carbon dioxide 
emissions.6  Power stations are responsible for approximately one third of the world’s 
carbon dioxide emissions.6  Other large point sources include oil refineries, 
petrochemical fertilizer and gas processing plants, steel works and pulp and paper mills.6   
Because other gases such as nitrogen, oxygen and water vapor are present in flue gas 
emissions from point sources, that cannot be sequestered efficiently, it is necessary to use 
a method to separate the carbon dioxide.6  Carbon dioxide capture technology can be 
applied at the post-combustion or pre-combustion side of the combustion process.6  
Solvent scrubbing is a well established technology that involves flowing the gas stream 
through a scrubber system utilizing a solvent, such as an amine solution, to isolate the 
carbon dioxide.6  This impregnated solvent solution is then heated to release a high 
carbon dioxide.6  Though the amine can be reused, this is an expensive process because 
the low (15% or less) concentration of carbon dioxide in the flue gas means that large and 
expensive equipment is required to handle the large volume of gas.6  Also, the release of 
carbon dioxide requires a large amount of energy because of the heat requirement.6   
Cryogenics is a technology able to separate carbon dioxide by cooling and condensation 
and more widely used for streams with a high (>90%) concentration of carbon dioxide.6  
This technology requires refrigeration which is also a significant energy cost.6  
Membranes will achieve separation, however not to a very high degree which would 
require multiple stages of recycling the gas stream and more complexity.6  Solid 
adsorption technologies, such as zeolites or activated carbon, is an available technology, 
but because of low capacities and carbon dioxide selectivity, it is not readily available for 
large scale operations and would have to be used in conjunction with other technologies.6 

Capture technologies are limited by additional costs due to energy requirements 
and/or facility upgrades.  Using current carbon dioxide capture technology would cost 
approximately $150/ton of carbon and would increase the cost of energy by 2.4 to 4 
cents/KWh, 40% above current levels, which is too high for carbon emission reduction 
applications.4, 7  Carbon dioxide capture represents ¾ of the total cost of the full carbon 
dioxide capture and sequestration system.4, 7  It is therefore attractive to use sequestration 
technology that would generate income to help offset this cost.7 
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3.2  Carbon Dioxide Sequestration 

 
 Once carbon dioxide is captured as a pure gas, several sequestration options exist.  
The oceans provide a natural carbon dioxide sink having a large storage capacity, as 
much as 80-90% of the carbon dioxide contained in the atmosphere.4  However, the 
natural kinetics of carbon dioxide up-take is too slow to be currently considered as a 
viable option.4  Additionally, this would add increased energy costs for inland carbon 
dioxide point sources due to the storage and transport required to ship carbon dioxide to 
the ocean.6 
 Terrestrial sequestration sinks include vegetation and soils, which naturally 
already accounts for absorbing 2 billion tons of carbon each year on a global scale.4  
Many researchers are investigating ways to protect the existing ecosystems that currently 
store carbon and ways to enhance them to increase carbon sequestration beyond current 
conditions.4 
 Underground geologic sequestration options include deep saline aquifers, 
depleted oil and gas reservoirs and deep unmineable coal beds.7  The chemical absorption 
process gives deep saline aquifers a high capacity for sequestering large amounts of 
carbon dioxide.4  However, the projected cost remains high due to the expensive capture, 
transport and injection systems.  Current technology exists utilizing carbon dioxide to 
enhance oil and gas recovery from geologic reservoirs, but with this current technology, 
the carbon dioxide is subsequently co-produced and reused in other reservoirs.  All are 
attractive options because of the known geology and limited exploration costs,6 and 
ideally, all sequestration locations may be utilized collectively in the future once 
technology improves and the energy cost of these operations is diminished.   
Near term solutions preventing carbon dioxide from entering the atmosphere will most 
likely be those that produce a valuable commodity.7  United States coal resources are 
estimated at six trillion tons, 90 % of which are deep unmineable coal seams which are 
not economically feasible to mine because of their depth, seam thickness or structural 
integrity.7  Enhanced coal bed methane recovery from deep unmineable coal seams is an 
ideal short term sequestration option for carbon dioxide because it uses technology that 
has already been partially developed by industry proprietary research,7 will provide a 
value-added revenue stream to the carbon dioxide sequestration process,7 and will utilize 
the methane as a resource from deep unmineable coal beds which are currently not 
feasible to actively pursue as an energy source.7   
 Though enhanced coal bed methane recovery technology exists, more research is 
required in order to understand and optimize this process, maintain safe sequestration 
operations and do not suffer any adverse environmental impacts.  In order to understand 
the ramifications of this technology, it is necessary to understand the composition and 
structure of coal as well as the processes that occur when carbon dioxide is injected into a 
coal seam.  
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2.3  Coal 

 
Of the elements that exist in the Earth, carbon is a trace element, existing as only 0.1 
percent by volume in the Earth’s crust and only 0.04 percent of the bulk volume of the 
entire Earth8.  It is one of the more important elements because of its use as a fuel and 
fuel source.  Fortunately, it occurs in a sufficiently concentrated form in nature by which 
we can utilize it as an effective energy source.8  Any deposit composed of greater than 
50% by weight or 70% by volume of organic matter may be defined as coal.9  Because 
coal is a sedimentary organic rock formed from many sources of ancient organic 
material8, 9 such as algae and/or micro-organism remnants and a varying degree of 
degraded remnants of higher plant life9, such a general definition does not provide a 
sufficient concept of the composition and structure of coal.  Therefore, a more in depth 
discussion of the origin, formation, classification, composition and structure of coal is 
important to this research. 
 

2.3.1  Origin and Formation 

 
 Environments condusive to coal formation yield a deposition and burial rate 
greater than the rate of decomposition of the parent organic material such as the 
formation and eventual subsidence and sedimentation of a swamp within a geosyncline.8  
Once buried, the parent organic material undergoes a metamorphosis, known as 
humification, whereby humic substances are formed and the carbon content of the fossil 
plant material increases creating a water- logged peat bed.8  This process is driven by 
microbial and chemical changes.9, 10  Aerobic bacteria, actinomyces and fungi are active 
near the surface.9, 10   Eventually the aerobic bacteria is replaced by anaerobic bacteria at 
a depth of 5 meters, and eventually below 10 meters, no microbial life exists leaving only 
chemical changes such as condensation, polymerization and reducing reactions as the 
driving force acting on the peat bed.9, 10  At the same time, as burial depth increases, the 
water content of the peat is forced out due to increasing compressional forces.9, 10  Peat 
may have a moisture content as high as 90%10, but this may decrease as much as 10% 
when at a depth of 100 meters.9   
 The next stage during which peat is transformed into the stages of differing coals 
(lignites or brown coals, sub-bituminous, bituminous and anthracite) is termed 
coalification.8, 10  Immature brown coals are distinguishable from peat typically around 
depths of 200-400 meters.10  Because the peat to coal transition is gradational, 
distinctions between peat and lignite is given by the moisture content, carbon content, 
presence of free cellulose and ease of cutting as shown in Table 1 below: 
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Table 1:  Peat/Lignite Distinction (Taken from Stach, 1982) 10 
 Peat Lignite 

% Moisture >75 <75 
% Carbon <60 >60 

Free Cellulose Present Not Present 
Can Be Cut Yes No 

 
According to Stach (1982), coalification is caused by temperature, pressure and 

time.8, 10  Van Krevelen (1981) explains that pressure is the predominant driving force for 
shallow immature coals and temperature is the driving force of coalification for more 
mature coals.8  Structural changes occur, to a greater degree on immature, brown coals in 
the beginning coalification process.8, 10  The porosity decreases and the optical anisotropy 
increases parallel to the bedding planes due to the high loss of moisture as a result of the 
compaction which increases as overburden pressure is increased with greater burial 
depth.8, 10  In the lignite stage, moisture content decreases by approximately 4% per 100 
meters.9  Such changes in these immature coals are a result of diagenetic processes.10 
The alteration of more mature hard brown coals during coalification is so severe that 
these later coalification processes must be regarded as metamorphism.10      Temperature 
is the predominant cause during the later stages of coalification after a significant amount 
of moisture is lost and a less compressible lignite or sub-bituminous coal is produced on 
which overburden pressure would not have as great an effect.8  The later stages of 
coalification is governed predominantly by chemical changes such as the increase of 
carbon content and the loss of hydrogen and oxygen and volatile matter due to the 
decomposition and eventual loss of hydrophilic functional groups such as hydroxyl (-
OH), carboxyl (-COOH)-, methoxyl (-OCH3)-, carbonyl (>C=O) and ring oxygen.10  
Moisture loss still occurs because of the decomposition and eventual loss of these 
hydrophilic groups.10  Moisture content decreases by approximately 1% per 100 meters at 
the sub-bituminous coal stage.9 

Stach (1982) has established a decrease of porosity, internal surface area and 
moisture content with increasing rank to the medium volatile bituminous stage.10 
 

4.2   Composition 

 
 Because coal formed from various parts of ancient plant material and because the 
various parent material undergoes varying degrees of preservation, coal is a 
heterogeneous substance9  The heterogeneity of coal can be described at a microscopic 
level and larger.9, 10 
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2.3.2.1  Macerals 

 
Coals comprise individually discernable microscopic constituents known as 

macerals11.  Because a wide variety of macerals exist,11 a classification system is a 
helpful tool in regards to understanding them.  Three predominant maceral groups exist to 
classify macerals by their similar origin, as in the liptinite group, or by their differences 
in preservation, as in the huminite/vitrinite and inertinite groups9.  Table 2 below 
summarizes the subgroups, individual macerals and maceral types found in each of the 
three predominant maceral groups. 
 

Table 2:  Classification of Macerals (Taken from Given et. al., ) 11 
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 As seen in Table 2 above, huminite is the maceral group name used in lower rank 
coals parallel to the vitrinite maceral group name for higher rank coals because there is a 
greater variety of distinguishable macerals, submacerals and maceral varieties in lower 
rank coals such as brown coal and lignite9.  Macerals of the liptinite and inertinite groups 
are used for both low and high rank coals9. 
 The huminite/vitrinite group is commonly the most abundant group of macerals 
found in bituminous coals9.  The macerals of this group are derived from several 
polymers that comprise the cell walls of the woody tissue11 and bark of trees,9 which have 
been degraded to differing degrees before burial.11  The macerals of the liptinite group 
are derived from resins, spore exines, cuticles, algae9 and suberin.11  The inertinite group 
contains macerals that are derived from the same or similar parent material as that of the 
huminite/vitrinite group (woody tissue, etc.), but have formed from different processes.9   
 Because of the different parent material and varying processes involved in 
producing the different macerals, each maceral will constitute its own chemical and 
physical properties9.  Table 3 below summarizes the source material, process, appearance 
and a few properties of macerals from the three main maceral groups. 
 
 

Table 3:  Summary of Maceral Source Properties (Taken from Bustin et. al., 
1983)9 
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2.3.2.2  Lithotypes 

 
 Macerals, though very distinguishable in their origin do not occur in isolation.9  
Macerals associate with other like macerals to form macrolithotypes, distinguishable by 
the naked eye as bands within the coal, and microlithotypes, distinguishable only with a 
microscope.9   Vitrain, comprising mainly of vitrinite, is observed as very bright bands or 
lenses and fractures easily.9  Durain, on the other hand consists of mainly macerals of the 
inertinite group and has a very dull luster and is less friable.9  Clarain is a lithotype that 
describes a coal having interbanded vitrain and durain lithotypes.9  It is the most common 
lithotype having a wide variety of macerals from the vitrinite and inertinite groups.9  
Fusain is a fibrous very friable lithotype, consisting mainly of the fusinite maceral of the 
inertinite group9. 

2.3.3  Structure  

It is important to understand that information learned about a coal sample 
represents an average property for a very diverse conglomeration of components.  Even 
microlothitypes, which may occur at a size less than 50 microns thick9, are a quite 
heterogenous mass of microscopic components of varying properties.   
 Conceptually, pore space in coal is the volume fraction of empty space.8, 12  
However, this is not strictly measurable.  An operational definition defines coal porosity 
as the volume fraction of coal that is occupied by a particular fluid.12  As will be 
explained further in a future section regarding sorption, this occupied volume may be 
different depending on the fluids used.12   
 Coal has a dual-porosity nature comprising a macropore structure and a micropore 
structure.8, 13, 14  Both are important in regards to understanding the transport and sorption 
properties of a fluid through a coal seam when extracting a valuable resource such as coal 
bed methane or investigating a coal seam for carbon dioxide sequestration.13 

2.3.3.1  Macro-porosity (Cleats and Fractures) 

 
 The macro-porosity comprises the fractures or cleats of a coal.  Cleats are a 
network of natural fractures in coal seams.1, 14  This fracture network includes face cleats, 
butt cleats, tertiary cleats, fourth order cleats and joints.14  Face cleats are the most 
predominant, occur first and are oriented parallel to bedding add image.1, 14  Butt cleats 
form later and are usually almost perpendicular to the face cleats,1, 14, 15 but are not as 
continuous because they terminate (and perhaps originate) at the face cleat.14  A 
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schematic of this face and butt cleat structure are shown in Figure 2 below.  Tertiary and 
Fourth order cleats both develop later than face and butt cleats and can be oriented 
parallel or approximately 45 degrees to the face and butt cleats.14  Joints, similar to face 
cleats, run parallel to the bedding plane but are spaced much farther apart from each other 
than the face cleats discussion on spacing including data.14 
 
 

 
 
 The apertures of cleats depend on the stresses under which they form and, 
therefore vary in size.13  Aperture size of cleats range from angstroms (Å) to 
millimeters.13  The macropores of coal are generally considered to be greater than 50 
nanometers (nm), or 500 Å.16  Some authors recognize smaller cleats or pores known as 
mesopores which are considered to be between 2 nm and 50 nm.16  However, most 
authors do not acknowledge a transitory pore system between the macropores and the 
micropores.13, 16  Therefore, it is generally understood that coal remains a rock having 
dual porosity cormprising the macropores and the micropores.16  The micropororsity of 
coal will be discussed in the next section. 
 Cleats can be created from compaction, dehydration and/or devolatilization during 
coalification and/or tectonic forces.1, 14, 17  Cleating can result from more than one 
process.1  Because cleats preserve no evidence as to the process that actually caused 
them, a variety of theories explaining cleats’ origins exist.1, 15  Endogenetic cleats are 
thought to have formed from compaction or from dehydration and/or devolatilization 
during coalification.1, 18   Compaction, is not a very prevalent hypothesis because the 
regular spacing of cleats in coal would not be observed from an irregular differential 
compaction of organic sediments.14  Immature, lower ranked coals, such as lignite and 
sub-bituminous coals, as mentioned above, contain large quantities of water (as much as 
30-40% by mass for a lignite coal) that are trapped and compressed by organic sediments 

Figure 2:  Schematic of face and butt 
cleat structure1 
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during the formation of peat.14  As also mentioned above, during coalification, pressure 
and temperature increases causing oxygen containing volatiles to undergo geochemical 
reactions.14  These oxygen molecules, which are able to retain the water, are dissipated 
resulting in a loss of water.  Because of the loss of water and volatiles, the coal matrix 
shrinks initiating cracks.14  Further dehydration and devolatilization of a maturing coal 
propagates theses cracks yielding a natural fracture network as described above.  Such 
cleats that are formed through no offset of shear stress are defined as opening-mode or 
Mode I fractures.1, 15 
 Exogenetic cleats are fractures that are formed as a result of tectonic forces,1, 18 
particularly when the force is applied to a coal after the coalification has dehydrated and 
devolatilized the coal making it prone to fracturing.14   Duogenetic theory is when cleats 
are formed as a result of both endogenetic and exogenetic processes.1  Tectonic stresses 
are able to act on coal during coalification neither validating or disproving either theory 
of cleat origin. 
 The characteristics of the natural cleat network in a coal seam is dependent upon 
the lithotypes, the thickness of the coal and inorganic partings within a coal seam, the 
coal rank and the current and historical burial depths.14   As discussed in the previous 
section, the properties of lithotypes vary according to the macerals of which they are 
composed, thus also varying cleat frequency in coals comprised of different lithptypes.15  
In regards to a cleating network, a more friable lithotype would yield to fracturing more 
easily than a less friable, stronger lithotype under conditions that would cause fracturing.  
Hence, the composition of the coal as well as the conditions under which it formed is 
going to impact the amount of fracturing that is present.14  Typically, vitrain which is a 
coal lithotype containing more amounts of the vitrinite maceral and lesser amounts of the 
liptinite and inertinite macerals will fracture more easily than a lithotype such as clarain, 
which contains less vitrinite and more inertinite and liptinite.14  The make up and origin 
of the macerals comprising the lithype may vary in strength and does not fracture as 
easily when subjected to fracturing conditions.   
 Also, the abundance of cleats per unit volume is inversely proportional to the 
thickness of the coal/inorganic partings and the rank of the coal.1, 14  Inorganic materials 
such as ash or quartz and clay particles tend to bind the coal particles together, decreasing 
the tendency for cleats to occur.14  As the thickness of the coal seem increases the cleat 
spacing decreases,1 likewise with an increase in coal rank.14  However, anthracite coals 
do not have the fracture network that bituminous coals have,14 which has yet to be 
understood.  Additionally, as coal, that is buried deep below the surface, is uplifted, 
overburden pressure is reduced causing a more fractures to occur per unit volume.14  
Therefore, fracturing, as mentioned above, is also dependant on the initial depth at which 
the coal formed and the current depth or future depth to which the coal will rise. 
 The network of fractures found in coal seams an important area of study with 
respect to the coal beds that have an economical value to society.  The fracture networks 
greatly impact the technology used to increase mine safety.  Understanding the 
mechanisms that create a fracture network and understanding the conditions that produce 
the various cleat characteristics can provide much foresight regarding the safety of a 
mining environment. 
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 Moreover, understanding the origin of cleats and the fracturing characteristics of 
individual coals is vital to understanding the ability of fluids to flow through coals,13 and 
thus is important to the part of the economy that is dependant on coal bed methane 
recovery.  The cleat network is the predominant pathway of travel for a fluid flowing 
through coal.1, 17  A continuous coal seam without a macropore structure is relatively 
impermeable to gas and water.13  Because the face cleats are more continuous than the 
butt cleats, permeability is usually anisotropic and is higher along the axis parallel to the 
face cleat.14  Fluid flows through the macropore system following a laminar flow process 
that behaves according to Darcy’s Law and is stored as free gas.1, 13, 16, 19  Darcy’s Law 
states that the flow of gas per unit area is proportional to the density and viscosity of the 
fluid, permeability of the matrix and the pressure gradient, as stated mathematically 
below in equation 1: 
 

q = -(?k/µ)? P        (1) 
   

where: q = mass flow rate 
   ? = density of the fluid 

k = permeability of coal matrix 
µ = dynamic viscosity of the fluid 
P = pressure gradient 
‘-‘ is an indicator of the flow direction 

2.3.3.2  Micro-porosity 

 
 Apart from the cleating system, the coal matrix also comprises micro-pores,13, 14 
which, as mention above, are another component of coal’s dual porosity nature.  The 
microporous structure comprises interconnected pores of different shapes and sizes.20  
The size of these micropores is generally considered to be less than 2 nm in diameter.12, 16  
The aperture of the passageways that interconnect the micropores may be less than 10 
Å.13, 14, 21  Also the micropore distribution is not uniform as in a conventional crystalline 
lattice.22, 23  The microscopic magnitude14, 19 and geometry14 of the micropores and their 
non-uniform distribution restricts the ability of a fluid to enter into a portion of the coal 
matrix depending on the size and shape of its individual molecules,8, 14 as well as the 
magnitude of the interaction forces between the molecules and the coal matrix,8 thus 
affecting fluid flow through the coal. 
 Because of the minute aperture size of the micropores and because of the 
complexity of the porous system, measuring coals’ porosity is difficult.  Further 
complications to measuring techniques are activated diffusion, shrinkage of the pores 
(which will be explained more clearly in the next section) and/or temperature.24  Helium 
is an inert gas and because of its small molecular size, is able to penetrate every coal pore 
to give a precise void volume measurement.12, 24  However, this yields a total void 
volume and accounts for the macropores as well as the micropores.  Mercury is used to 
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evaluate macroporosity because the volume of mercury penetration is a function of 
applied pressure and can be related to pore diameter.24  Some gases such as methane and 
carbon dioxide have an affinity for coal12 and are stored within a coal’s micropores as an 
adsorbed gas.12   This sorption phenomenon does not obey the real gas laws and will be 
discussed further in the next section.   
 Additionally, because the micropore diameters are too small when compared with 
the mean free path of the gas molecules, fluid flow does not obey Darcy’s Law when 
migrating within the micropores,16 as it does within the macropores.  Instead, a fluid 
migrates through the micropores via a diffusion process that follows Fick’s Law.16  This 
law states that the rate of gas flow per unit area is proportional to the concentration 
gradient normal to the direction of flow.16  Mathematically, this is expressed below by 
equation 2: 
 

q = -D? C        (2) 
 

where: q = mass flow rate     
   D = diffusion coefficient 
   C = concentration gradient 
   ‘-‘ represents the flow direction 
 
 No direct correlation currently exists between macerals and microporosity.24  
However, as mentioned above, porosity is dependant on maceral composition.12  Vitrinite 
comprises more micropores than does inertinite, which contains a greater amount of 
macropores.12  More vitrinite yields more void volume12 (this accounts for total micro 
and macro porosity).   Micropores volume also decreases as coal rank increases up to 1% 
Ro and then increases with increasing coal rank.24  
 The microporosity of coal is important because it represents as much as 85% of a 
coal’s total porosity.13  Thus, because of the magnitude of the micropore apertures, the 
micropore structure comprises a vast amount of inner surface area.24  The inner surface 
areas of micropores will retain over 95% of the capacity of an adsorbed gas,16 which 
affects 

2.5  Sorption by Coal 

  
 Currently, the physical, chemical and thermodynamic phenomena of carbon 
dioxide adsorption into coal are not fully understood.  This lack of conceptual and 
fundamental understanding hinders accurate predictions and modeling of what occurs 
when carbon dioxide is injected into a coal seam.  This causes difficulty when attempting 
to make sense of any operational problems and solutions when using carbon dioxide 
sequestration technology.  Sorption is directly affected by the seam permeability (Darcy 
Flow) through the cleat system and the intrinsic permeability (Fickian Diffusion) of the 
coal macrostructure because both processes transport the carbon dioxide through the coal.  
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Other factors such as coal rank and composition, moisture content and inorganic content 
affect the capacity and rate of carbon dioxide up-take as well as methane desorption.   
   Coal, as a macromolecular system transforms from a glass- like state to a rubber-
like state as it imbibes small molecules such as carbon dioxide, because the glass to 
rubber transition temperature is decreased with pressure.  This more plasticized state of 
coal is less brittle because the macromolecular network rearranges to a lower energy and 
moves more freely allowing the coal to be more flexible.  The diffusivity of carbon 
dioxide in coal swollen by high pressure can be described by the free volume theory: 
 

  
M

WM

V
VV

FFV
?

?        (2) 

 
  where  FFV = Fractional Free Volume 
    Vm = Molar volume of the swollen polymer  
    Vw = Estimated van der Waals volume 
 
  dMVM /?         (3) 
 
  where M = Molecular weight 
   d = density 
 
Vm can be estimated by measuring the swelling of the coal at various pressures.  
Diffusivity increases as the free volume increases due to the swelling. As a result guest 
molecules diffuse at a faster rate, especially since the diffusivity of molecules is not as 
size dependant as in the glass- like state.  
 

2.5.4  Swelling 

  
 White (2003) also, discusses the swelling of coal as carbon dioxide is injected 
under pressure into coal.  As carbon dioxide is imbibed into the coal macromolecular 
structure, swelling increases as injection pressure increases and the time required to reach 
equilibrium swelling decreases.  White (2003) hypothesizes that carbon dioxide dissolves 
in the coal.  Also, as a result of the swelling, White hypothesizes that the cleat system 
within the coal bed shrinks and becomes restricted, reducing the Darcian flow through the 
coal matrix.  This would cause Fickian diffusion to be the primary mode of gas transport 
through the coal, which is currently not well understood in coal, but appears to be a 
slower rate of transport.   
 As swelling appears to play a major role is molecular transport and adsorption of 
carbon dioxide into coal, it is important to note that the above observations were made on 
coal that was free to swell.  In-situ conditions of high confining stress may inhibit 
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adsorption because the plasticized state of the coal and swelling may not be as evident as 
carbon dioxide is injected into the coal seam.  Additionally, swelling increases as the 
carbon content of the coal decreases and as rank decreases.(Reucroft and Sethuramman)   
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Chapter 3 

Procedure 

 
 As presented above, implementing carbon dioxide sequestration technology into 
coal seems requires (in part) determining the uptake capacity and kinetics of carbon 
dioxide by coal subjected to confining stress and the dependence of carbon dioxide’s 
migration through lithotypes and inorganic content of the coal.  This section describes the 
procedure used to gain this knowledge.  
 
 

3.1  Volumetric Sorption System 

 

A volumetric adsorption system was constructed using high pressure tubing and 
fittings soldered where appropriate to minimize pressure loss.  The system consists of a 
reference chamber composed of ¼ - inch thin-walled steel tubing soldered on both ends 
to ¼ - inch high pressure tubing coned and threaded to fit high pressure needle valves.  
One end of the reference chamber is connected to a carbon dioxide tank and regulator, via 
a 1/8 – inch high pressure plastic tube and appropriate fittings.  The other end of the 
reference chamber (after the high pressure needle valve) connects to a length of high 
pressure ¼ - inch tubing which leads into the sample chamber.   

The sample chamber is an aluminum vessel made by Temco capable of holding 
pressure up to 20,000 psi.  The ¼ - inch high pressure steel tubing and is connected to a 
flow distributor within the vessel which is an end part of the 1 – inch core holder.  The 
other end of the core holder is also a flow distributor threaded to a solid ¼ - inch steel rod 
such that no gas can flow through the sample core.  The annular space within the sample 
vessel between the core holder and the vessel walls filled with water and pressurized by a 
hand pump connected to the annular space of the sample vessel via 1/8 – inch steel tubing 
and appropriate fittings.  To ensure that water does not infiltrate the sample within the 
core holder, a 1 – inch inside diameter rubber jacket surrounds the sample and extends 
over both flow distributors.  A heat-shrink Teflon sleeve was placed between the sample 
and the rubber jacket so that carbon dioxide gas would not come into contact with the 
rubber jacket to avoid any degradation of the rubber.   
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Abstract 

 This study focuses on the application evaluation of a prototype backscatter 
imaging LDV system (BILS). This non-intrusive instrument has the ability to record 
particle images and two-dimensional velocity data simultaneously. A series of validation 
tests were conducted to verify the operation of the system. These included comparing the 
velocity of a wire, attached to a rotating disc, with known angular frequency (measured 
by digistrobe), with that measured by the instrument. The results were found to be in 
good agreement. The imaging part of BILS was calibrated using a target with known 
dimensions. 
 The terminal velocities and particle sizes of near-spherical, Nu-pareil sugar 
particles were investigated using BILS for five different size cuts. The results were in 
good agreement with the drag curve proposed by Haider and Levenspiel, 1988. The 
images of the particles obtained were used to estimate the sphericity (Φ), which was 
found to be very close to 1 (0.98< Φ < 0.99). A qualitative study on the effect of particle 
loading and drop height on the particle velocity was also carried out. In the course of this 
study, it was observed that the velocity of free falling particles was affected by the solids 
loading in the particle stream. 
 After successful validation of both the imaging and the velocity part of the system, 
it was used to record real-time particle velocity data, near the wall region of a 15 m high 
riser section of a cold-flow circulating fluidized bed (CFCFB) located at NETL, 
Morgantown. The effects of superficial gas velocity and solids circulation rate on the 
particle velocity were studied for nine different operating conditions. The particle 
velocity near the wall was found to increase in the upward direction with increasing 
superficial gas velocity and in the downward direction with increasing solids circulation 
rate. 
 The phenomenon of ‘clustering’ of particles near the wall region was also studied 
for different operating conditions. A criterion was proposed to define a cluster. Although 
a more rigorous analysis is recommended for future work, the preliminary results show 
that the mean velocity of the clusters was between 0.2-1 m/s in the downward direction, 
for most of the operating conditions studied. The average cluster length was found to be 
about 2 to 4 cm. In addition, it was found that the operating parameters, such as solids 
circulation rate and superficial gas velocity, effect the distribution of the cluster velocity 
and cluster length.  
 

 

 

 

 

 

 ii 



Acknowledgements 

 The author would like to take this opportunity to acknowledge the people who 

assisted with this research, specially the considerable assistance and encouragement 

given to him by his advisor, Dr. Richard Turton. The author is also grateful to the other 

committee members, Dr. Paul Yue and Dr. Charter Stinespring. 

 Thanks are extended to Dr. Lawrence Shadle for his guidance and financial 

support through the University/NETL partnership program. Joseph Shakal from TSI Inc. 

MN deserves a special mention for providing the valuable technical help with the 

instrument. The author also expresses his gratitude to his parents and other members of 

the family for their support and encouragement.   

 

  

  

 

 

 

 

 

 

 

 

 

 iii 



Table of Contents 

Application Evaluation of a Prototype Backscatter Imaging LDV System (BILS) ............ i 

Table of Contents............................................................................................................... iv 

List of Figures .................................................................................................................... vi 

List of Tables ...................................................................................................................... x 

Appendices......................................................................................................................... xi 

1. Introduction..................................................................................................................... 1 

2. Literature Survey ............................................................................................................ 3 

2.1 Previous uses of laser Doppler velocimeter............................................................ 3 

2.2 The use of laser Doppler velocimeter and other devices to measure solids 

velocities in a circulating fluidized bed................................................................. 6 

2.3 Studies on particle motion near the wall of a circulating fluidized bed................ 14 

3. Components and Operating Principles of BILS............................................................ 21 

3.1 Main Component of the Instrument...................................................................... 21 

3.2 Basic Operating Principles of the Instrument ....................................................... 26 

3.2.1 Operating Principles of the LDV component .................................................. 26 

3.2.2 Operating Principles of the Imaging component ............................................. 28 

3.3 A summary of the Capabilities and Limitations of BILS ..................................... 30 

4. Instrument Calibration and Validation.......................................................................... 31 

4.1 Velocity validation................................................................................................ 31 

4.2 Imaging calibration ............................................................................................... 35 

4.3 Terminal velocity tests.......................................................................................... 36 

4.4 Safety Considerations ........................................................................................... 38 

 iv 



5. Results and Discussion ................................................................................................. 39 

5.1 Effect of solids loading ......................................................................................... 43 

5.2 Terminal velocity and particle size measurements ............................................... 47 

5.2.1 Sphericity calculations ..................................................................................... 55 

5.3 Tests with cork material........................................................................................ 58 

6. Application to a Cold Flow Circulating Fluidized Bed (CFB) ..................................... 61 

6.1 Circulating Fluidized Bed Facility........................................................................ 62 

6.1.1 Bed Materials and Properties ........................................................................... 66 

6.2 Data reproducibility in the Circulating Fluidized Bed.......................................... 67 

6.3 Effect of solids circulation rate ............................................................................. 70 

6.4 Effect of superficial gas velocity .......................................................................... 73 

7. Conclusions and Significance ....................................................................................... 78 

8. Future Work .................................................................................................................. 81 

9. Nomenclature................................................................................................................ 82 

10. References................................................................................................................... 83 

  

 

 

 

 

 

 v 



List of Figures 

Figure 2.1 Mean particle velocity distribution in the presence of 200 µm particles, Tsuji 

et al., [1984] ................................................................................................................ 7 

Figure 2.2 Velocity profile of local particle velocity for different solid fluxes: Ug=5.5 m/s, 

z=6.2 m, x/X=0, Zhou et al., [1995] ........................................................................... 9 

Figure 2.3 Radial mean velocity profiles Arastoopour et al., [1996] ................................. 9 

Figure 2.4 Particle axial velocity at center of the pipe and Z/H = 0.5, Ug= 1m/s, Van den 

Moortel et al., [1998] ................................................................................................ 11 

Figure 2.5 Comparison of solids velocity profiles of different particles, Wang et al., 

[1998]........................................................................................................................ 11 

Figure 2.6 Radial profiles of particle velocity along axial position, Wei et al., [1998].... 12 

Figure 2.7 A comparison of the particle velocity profiles between low and high flux at 

constant Ug= 8 m/s, Zhu et al., [2001] ...................................................................... 13 

Figure 2.8 A picture of particle swarms and vertical strands near the riser wall, Rhodes et 

al., [1992] .................................................................................................................. 15 

Figure 2.9 Typical cluster velocities and lengths, Soong et al., [1995]............................ 16 

Figure 2.10 Comparison of predicted and experimental cluster velocity, Lim et al., [1996]

................................................................................................................................... 17 

Figure 2.11 Particle cluster length as a function of radial position x, Van den Moortel and 

Tadrist, [2002]........................................................................................................... 18 

Figure 2.12 Comparison of data from various researchers with the correlation suggested, 

Griffith and Louge, [1998]........................................................................................ 20 

 vi 



Figure 3.1 Backscatter Imaging LDV System (BILS), TSI Inc. Manual 

[2000b]…………………………………………………………………………………...22 

Figure 3.2 The BILS instrument set-up at NETL location, Morgantown......................... 24 

Figure 3.3 Basic operating principle of the LDV component of BILS, Dantec Inc. ........ 27 

Figure 3.4 Layout of the Backscatter Imaging System, TSI Inc. Manual [2000b]........... 29 

Figure 4.1 Set-up for instrument’s data validation ........................................................... 31 

Figure 4.2 The effect of the position of wire in the measurement volume, for wire 

diameter = 0.5 mm .................................................................................................... 33 

Figure 4.3 Random runs with different wire diameters .................................................... 34 

Figure 4.4 Target used for image calibration.................................................................... 35 

Figure 4.5 Set-up for terminal velocity measurements..................................................... 36 

Figure 4.6 The sieve-vibrator arrangement....................................................................... 37 

Figure 5.1 Typical velocity vs time data obtained from the DATAVIEW software........ 40 

Figure 5.2 Image of a Nu-Pareil obtained from the camera and its corresponding binary 

image......................................................................................................................... 41 

Figure 5.3 The image of a particle not completely within the field of view of camera.... 41 

Figure 5.4 Variation of velocity with drop height and solids loading .............................. 44 

Figure 5.5 Velocity of 500-600 µm particles as a function of drop height and solids 

loading....................................................................................................................... 45 

Figure 5.6 Velocity of 600-700 µm particles as a function of drop height and solids 

loading....................................................................................................................... 46 

Figure 5.7 Experimental terminal velocity versus particle size........................................ 48 

 vii 



Figure 5.8  Run 1– Experimental dimensionless particle velocity vs dimensionless 

particle diameter........................................................................................................ 51 

Figure 5.9 Run 1- Mean values and error bars (two standard deviations)........................ 52 

Figure 5.10 Run 2– Experimental dimensionless particle velocity vs dimensionless 

particle diameter........................................................................................................ 53 

Figure 5.11 Run 2- Mean values and error bars (two standard deviations)...................... 54 

Figure 5.12 Terminal velocity of cork particles for particle size 1000-1200 µm ............. 59 

Figure 5.13 Velocity variation of cork particle with particle size and solids loading ...... 60 

Figure 5.14 Comparison of velocity with and without glass section for three different 

particle sizes.............................................................................................................. 60 

Figure 6.1 Circulating Fluidized Bed set-up at NETL, Morgantown............................... 64 

Figure 6.2 A sketch of the linear positioning system used in the set-up .......................... 65 

Figure 6.3 Mean velocity as a function of the measurement volume distance from the 

wall of the CFB,........................................................................................................ 68 

Figure 6.4 Mean velocity as a function of the measurement volume distance from the 

wall of the CFB, a    repeat of Run 7, Ug = 4.58 m/s and Ms = 2722 kg/hr .............. 69 

Figure 6.5 Effect of solids circulation rate on the mean velocity near the wall region for 

superficial gas velocity, Ug= 4.58 m/s, Ms= 907 kg/hr (Run 4), Ms= 2722 kg/hr (Run 

7), Ms= 4491 kg/hr (Run 1)....................................................................................... 71 

Figure 6.6 Effect of solids circulation rate on the mean velocity and positive and negative 

components, .............................................................................................................. 72 

 viii 



Figure 6.7 Effect of superficial gas velocity on the mean velocity near the wall region for 

solids circulation rate, Ms= 2722 kg/hr: Ug= 5.4 m/s (Run 2), Ug= 4.58 m/s (Run 7), 

Ug= 3.75 m/s (Run 9) ................................................................................................ 75 

Figure 6.8 Effect of superficial gas velocity on the mean velocity near the wall region for 

solids circulation rate, Ms= 1439 kg/hr: Ug= 5.16 m/s (Run 6), Ug= 3.99 m/s (Run 8)

................................................................................................................................... 76 

Figure 6.9 Effect of superficial gas velocity on the mean velocity near the wall region for 

solids circulation rate, Ms= 4005 kg/hr: Ug= 5.16 m/s (Run 3), Ug= 3.99 m/s (Run 5)

................................................................................................................................... 77 

Figure A3.1 Clustering of particles for the dense and dilute solids loading……………..93 

Figure A3.2 Variation of cluster velocity distribution with radial location for Ms= 6000 

kg/hr, Ug= 5.5 m/s..................................................................................................... 95 

Figure A3.3 Variation of cluster velocity distribution with radial location for Ms= 6000 

kg/hr, Ug= 4.6 m/s..................................................................................................... 96 

Figure A3.4 Variation of cluster length distribution with radial location for Ms= 6000 

kg/hr, Ug= 4.6 m/s..................................................................................................... 98 

Figure A3.5 Variation of cluster velocity distribution with solids circulation rate for Ug= 

4.6 m/s, at the wall of the riser.................................................................................. 99 

Figure A3.6 Variation of cluster velocity distribution with superficial gas velocity for 

Ms= 6000 kg/hr, at the wall of the riser .................................................................. 100 

 ix 



List of Tables 

Table 2.1 Cluster velocities at the wall obtained by various researcher, Griffith and Louge, 

[1998]........................................................................................................................ 20 

Table 5.1 The main contents of the output file of the BackscaPP software ..................... 42 

Table 5.2 Terminal velocity of Nu-Pareils for different particle size-cuts ....................... 48 

Table 5.3 Sphericity values for different particle size for two runs.................................. 57 

Table 5.4 Mean terminal velocities and standard deviations for different particle sizes of 

cork material………………………………………………………………………..59 

Table 6.1 The experimental matrix of superficial gas velocities and solids circulation 

rates used in the CFB…………………………………………………………………….61 

Table A1.1 Velocity data corresponding to Figures 5.4, 5.5 and 5.6…………………....87 

Table A1.2 Experimental data for terminal velocity and particle diameter of Nu-Pareils of 

different particle size-cuts......................................................................................... 88 

Table A2.1 Mean velocities of particles as a function of distance inside the riser wall for 

various operating conditions……………………………………………………………..90 

Table A2.2 Dependence of solids velocity on superficial gas velocity and solids 

circulation rate, at the wall- A statistical study......................................................... 91 

 

  

 

 x 



Appendices 

Appendix I Variation in velocity of Nu-Pareils with drop height, solids loading and 

particle size………………………………………………………………………………87 

Appendix II Solids velocity data near the wall of the CFB riser………………………...89 

Appendix III Results on Solids ‘Clusters’……………………………………………….92 

 xi 



1. Introduction 

 Gas-solid circulating fluidized beds (CFB’s) are used widely in many processes in 

the petroleum and chemical industries and find major application in coal combustors and 

fluidized catalytic cracking units (FCC). Due to the development of highly active 

catalysts, circulating fluidized beds have replaced bubbling beds in the Petroleum 

Industry. Further, circulating fluidized bed combustors are popular because of the 

potential of burning coal with low SO2 and NO2 emissions, Gidaspow [1994]. Due to this 

trend, much attention has been paid to the hydrodynamics and mixing behavior of such 

devices. 

 The presence of a dispersed phase, i.e. solid particles, bubbles and droplets, not 

only has an effect on the flow pattern of the continuous phase (gas in a CFB), but also on 

heat, mass and momentum transfers. Thus characteristics of the dispersed phase, such as 

particle size and velocity, as well as the continuous phase, directly affect the performance 

of the bed, Arastoopour et al. [1996]. Considerable effort has been extended to model 

these systems in order to study parameters such as particle concentration profiles, 

velocity profiles, and size distribution of solids at the walls and inside the bed. This 

information is critical in solving the momentum balance. 

 The particles tend to move in the form of clusters in the near-wall region. To 

estimate the heat transfer occurring at the walls of the CFB, it is important to have a 

complete understanding of the hydrodynamics of clusters. Though some research in this 

area has been done in the past, the issue of defining clusters and their properties is still of 

great interest.  
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 The present study focuses on the application evaluation of a prototype backscatter 

imaging laser Doppler velocimeter (LDV) system (BILS). This instrument was developed 

by TSI Inc., Shoreview, MN. The goal of this study is to measure the particle velocity in 

the riser section of a cold flow circulating fluidized bed facility at NETL, Morgantown. 

The backscatter imaging LDV system (BILS) incorporates and extends the particle 

velocity measurement ability of the LDV with the ability to measure particle size. In this 

sense, the BILS may seem to function like a phase Doppler particle analyzer (PDPA). 

However, this is not the case. Infact, BILS and PDPA serve mutually exclusive 

applications. PDPA requires the particle to be homogenous and smooth (usually spherical) 

in order to obtain a meaningful measurement. On the other hand, BILS requires the 

particles to have rough surfaces in order to obtain non-specular scattering. In addition to 

obtaining particle size and velocity data, BILS provides particle shape information 

(aspect ratio and circularity) along with a digital image, TSI Inc. Manual [2000a]. This is 

an added advantage over a conventional PDPA.  

There is a need for a non-intrusive system to record accurately particle velocities 

near the wall for various operating conditions. This will help to characterize the 

hydrodynamics of the solids near the wall region of the bed. Also, a more detailed and 

involved study is required to characterize clusters of particles near the wall. This 

provided the impetus for the current work.  
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2. Literature Survey 

2.1 Previous uses of laser Doppler velocimeter 

The use of laser Doppler velocimetry (LDV) for flow measurement was first 

demonstrated in 1964. Since that time, it has evolved from a laboratory instrument into a 

practical tool for research and industrial use. The LDV’s obvious advantage is its ability 

to make measurements without perturbing the flow under conditions where other 

instruments provide questionable results or cannot be used. All the flow field 

characteristics are retained and hardly any calibration is required. Flow velocity is 

measured directly and is not strongly dependent on the temperature, density, or 

composition of the flow medium.  

 The LDV made its debut in 1964 with the appearance of the paper by Yeh and 

Cummins. They presented the basic theory for a reference-beam LDV and included 

excellent data obtained for the laminar velocity profile in a circular tube. The instrument 

capabilities increased and commercial devices became available as more applications for 

this instrument were realized. In early investigations, it was often a major 

accomplishment to obtain a reasonably good Doppler signal.  

 For many years the fundamental concept of a frequency shift in radiation received 

from a moving body by a stationary detector has been understood, and used in the 

Communication and Astronomy Industries. The equation relating the measured frequency 

difference, νD, to the instantaneous velocity can be derived from the Doppler-shift of 

scattered radiation, from fringe considerations, or from wave theory. It is of the form: 

                                                         (2.1) PD Vconst *=ν
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and shows a linear relationship between the frequency difference and the instantaneous 

velocity (VP). After the first work by Yeh and Cummins [1964], much progress has been 

made on the subject. The research effort in laser-Doppler anemometry has thus been 

directed towards applying a familiar principle in a new way to coherent light sources. 

Currently, many pre-aligned optical systems are available and they also are adaptable to 

different flow situations, Durst et al. [1981].  

 There are three kinds of optical arrangement modes that are used, reference-beam, 

dual-beam, and the two-scattered beam. The third type is rarely used in commercial 

devices. The earlier LDV’s used the reference beam technique where the reference 

(incident) beam is split into an intense scattering beam and a weak reference beam. The 

frequency of the scattered beam is altered by the Doppler effect, and its combination with 

the reference beam gives rise to a frequency difference, which is proportional to the 

particle velocity, Durst et al. [1981]. The dual-beam mode is the most widespread 

because of its simplicity. The two coherent beams interfere to produce fringes in the 

intersection region. A small particle crossing the fringe pattern scatters light, producing 

intensity fluctuations at a frequency corresponding to the rate at which the fringes are 

crossed. The particle scatters the Doppler-shifted light from each beam into the detector. 

The two optical frequencies are mixed to give a beat note. The frequency of which will 

depend on the fringe spacing and the velocity component, Kaufman [1986]. 

 There are two kinds of scattering modes that are currently used in LDV systems. 

These are the forwardscatter mode and the backscatter mode. In the past, the 

forwardscatter mode was predominantly used, since the signal intensity from the 

backscatter mode were relatively weak. Generally, forward scattering is used when the 
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particles are transparent and the receiver is on the other side of the transmitter. The 

backscatter mode has the receiving probe on the same side. This helps in implementing 

the method when access to the flow is limited to one side. The basic optical principle 

involved in the forwardscatter is refraction and that for the backscatter is reflection.  

The introduction of the dual beam mode, Thompson and Stevenson [1978], has 

increased the use of the backscatter arrangement, so that only a single optical access port 

(window) to the flow is needed. Flow measurements in large wind tunnels, rotating 

machinery and combustion chambers are routinely done in the backscatter mode. BILS is 

also based on the backscatter mode and is an even more advanced version of the 

instrument in the sense that the transmitter and the receiver probes, which are two 

separate entities in a conventional LDV, are combined in a single probe called the 

transceiver. This requires only one optical access port to the flow region. Also, the design 

is very light and compact design. 

The potential applications of the technique range from very low velocity 

measurements, as in blood flow and other biological flows, to measurements in chemical 

reacting flows, hypersonic flows, and flows within blade rows in rotating machinery, 

Menon [1982]. Much research has been done to study the aerodynamic properties of 

aircraft and land vehicles and to design more efficient turbines and internal combustion 

engines. The following section shows how the LDV system has been useful in the area of 

circulating fluidized beds. 
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2.2 The use of laser Doppler velocimeter and other devices to measure 

solids velocities in a circulating fluidized bed 

The application of interest in this study is the use of LDV principles in a BILS 

instrument along with the particle size measurements in a circulating fluidized bed. Some 

research has been done in the analysis of the gas-particle flow using PDPA. The 

differences in PDPA and BILS have already been discussed. The different flow regimes 

obtained in a CFB depend on the operating parameters, e.g., the superficial velocity, 

physical properties of both the phases, solid size distribution, shape and size (diameter) of 

the riser.  

The LDV is able to characterize the velocity profiles in the gas-solid (diphasic) 

flow system in a CFB. Tsuji et al., [1984] used a LDV system to make velocity 

measurements in a vertical pipe having two-phase flow. They used a dual beam forward 

scattering mode with a 15mW He-Ne laser and a 100 mm focal length lens. A typical 

graph for the velocity profile for spherical 200 µm diameter plastic particles, that they 

generated, is shown in Figure 2.1, where m is defined as the particle-to-air-mass-flow-

rate, ūc is the velocity at the pipe center, D is the diameter of the pipe (D= 30 mm), ūm is 

the mean air velocity and r is the radial distance from the center. They measured both air 

and particle velocity. Tracer particles for detecting the airflow were ammonium chloride 

smoke of diameter 0.6 µm. 
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Figure 2.1 Mean particle velocity distribution in the presence of 200 µm 

particles, Tsuji et al., [1984] 

Rhodes and Geldart [1986] observed an exponential decay of the solid 

concentration with height. Monceaux et al. [1985] showed that a characteristic flow 

regime in CFB was a core-annulus configuration in the dilute zone of the riser. The riser 

bed in the dilute region is described as a rapidly-rising dilute suspension core zone 

surrounded by a slower falling suspension near the riser walls.  

Tadrist and Cattiuw [1993] used a phase Doppler particle analyzer (PDPA) in the 

dilute zone of the CFB riser to determine solid size, velocity profiles, and local mass 
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fluxes. Zhou et al., [1995] developed a five-fiber optical particle velocity measuring 

system (intrusive in nature). They measured vertical velocities and the fraction of rising 

and falling particles in a CFB riser section of 146 mm by 146 mm square cross section. 

The particles used were Ottawa sand of mean diameter 213 µm and particle density of 

2640 kg/m3. The effects of superficial gas velocity and solid circulation rate on solids 

velocity were studied. They analyzed these effects on the ascending and descending 

particles separately. A typical graph obtained for different fluxes is shown in Fig. 2.2, 

where Gs is the solid circulation rate and y is the radial distance. They concluded that, for 

the operating conditions they explored, the ascending particle velocity increased in the 

core and decreased near the wall with increasing solid circulation rate and increased with 

superficial gas velocity. The magnitude of descending particle velocity increased with 

solid circulation rate, but was almost unaffected by an increase in superficial gas velocity.  

Arastoopour et al., [1996] used a laser Doppler anemometer (LDA) to obtain 

velocity profiles in a CFB. The solid volume concentration used was below 3%. The riser 

was a 9 ft high, PVC pipe with a 5 cm ID. Figure 2.3 shows the radial distribution of the 

mean velocity at different superficial gas velocities, where Dp is the particle diameter. At 

low gas velocity, the mean particle velocities approached zero between r/R = 0.85 and the 

wall. At the wall boundary an instantaneous reversal of flow was observed. A decrease in 

the wall boundary region with increase in gas velocity was attributed to an increase in the 

number of collisions between the particles at the wall region and particles in the core 

region. In their study the results do not show any reversal in sign of velocity near the wall 

region. 
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Figure 2.2 Velocity profile of local particle velocity for different solid 

fluxes: Ug=5.5 m/s, z=6.2 m, x/X=0, Zhou et al., [1995] 

 

 
 

Figure 2.3 Radial mean velocity profiles Arastoopour et al., [1996]  
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Van den Moortel et al. [1998] used a one dimensional PDPA and measured the 

hydrodynamic characteristics of the solid phase (size, axial and transversal velocities) at 

various heights in the riser. Their study showed a segregation phenomenon and typical 

velocity profiles for the gas-solid flow in a CFB. They used a CFB with a square cross-

section in order to ensure a good quality optical signal for their LDV. Their instrument 

used a transmitter and a receiver as two separate probes and therefore optical alignment 

was difficult (this problem is eliminated in the BILS to be used in the current work). 

Their experiments were carried-out in the dilute zone of the gas-particle flow, where the 

solid volume fraction does not exceed 1.5%. The riser used was 2 m high with a 0.2 X 0.2 

m2 square cross section. The mean size of glass particles (particle density= 2500 kg/m3) 

used was 120 µm. A typical velocity profile from their work is shown in Figure 2.4, 

where Vpax is the particle axial velocity in m/s and N is the number of particles validated 

during the acquisition period. They measured characteristics like size, axial and 

transversal velocities for the solid phase at different heights in the CFB riser. Their 

results confirmed core-annulus flow structure in the riser.  

Wang et al., [1998] used a TSI built LDV system on a riser of 140 mm diameter. 

They compared hydrodynamic differences between conventional FCC catalyst and fine 

catalyst of 36 µm. The average solids fraction they used was below 1.3%. A comparison 

of solids velocity profiles obtained for two different particle sizes is shown in Figure 2.5. 
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Figure 2.4 Particle axial velocity at center of the pipe and Z/H = 0.5, Ug= 

1m/s, Van den Moortel et al., [1998] 

 

           
Figure 2.5 Comparison of solids velocity profiles of different particles, 

Wang et al., [1998] 
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Wei et al, [1998] used a modified TSI LDV system to develop velocity profiles in 

a riser section 8 m in height and 186 mm in diameter. Although the modified LDV lost its 

‘non-intrusive’ nature, it was able to measure higher solids fraction (up to 0.21), which 

would not be possible otherwise. They carried all experiments at ambient temperature 

and pressure with air and FCC catalyst (dp= 54 µm, ρp= 1398 kg/m3). They also showed 

that the shape of the particle velocity profile changes little with changing average solids 

fraction. Their data fits the Boltzmann function given by: 

         
)665.7/10exp(1

22.2
)1(
)1(

−∗+
−=

−
−

Rrε
ε     for 0.68< ε <0.95                              (2.2)                             

where ε is the local solids fraction and ε  is the cross sectional average of voidage. 

An example of the velocity profiles developed is shown in Figure 2.6 where Vp is the 

particle velocity in m/s. 

         

Figure 2.6 Radial profiles of particle velocity along axial position, Wei et 

al., [1998] 
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Zhu et al., [2001] developed a five-fiber optical probe to measure solids velocity. 

Care was taken to minimize the intrusive nature of the probe by giving it an aerodynamic 

shape. The riser used was 10 m tall and 76 mm diameter. They measured the radial and 

axial particle velocity profiles over a wide range of high-flux operating conditions up to 

550 kg/m2s. Figure 2.7 shows a comparison of the velocity profiles between low and high 

flux operating conditions, obtained in their study. Their results show that particle velocity 

near the wall mostly flow upwards in a high flux riser, contrary to most reported results 

from low flux risers. They attribute it to the solids concentration and flux both being high 

in the high-flux riser, thereby impeding the tendency of particles to flow downwards in 

the wall region. They also conclude that the flow development becomes faster on 

increasing Ug or on decreasing solid circulation rate, but little influence is observed for 

circulation rates greater than 300 kg/m2s. The bed material used was FCC catalyst. 

                

Figure 2.7 A comparison of the particle velocity profiles between low 

and high flux at constant Ug= 8 m/s, Zhu et al., [2001] 
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2.3 Studies on particle motion near the wall of a circulating fluidized 

bed 

The flow in a circulating fluidized bed is generally characterized by a rapidly 

rising, relatively dilute suspension in the core that is surrounded by a slow-falling, denser 

suspension towards the wall. It is important to have information on the mechanism of 

heat transfer from the suspension to the wall, if combustion temperatures are to be 

maintained as boiler load varies, Rhodes et al., [1992].  

Gidaspow et al., [1989] used a high-speed camera to study cluster velocity. Glass 

beads of 520 µm diameter were used in a 7.6 cm diameter plexiglass tube at a gas 

velocity of 5 m/s and solid flux of 25 kg/m2-s. They reported the typical wall clusters to 

descend at a velocity of 1.1 m/s with a cluster size of about 2 to 3 cm. They also observed 

that the clusters disappear at velocities greater than 5.5 m/s except at the wall. 

Rhodes et al., [1992] studied the motion of alumina particles of mean size 75 µm 

near the wall of a 305 mm diameter riser using a high-speed video camera. They 

concluded that the predominant direction of particle flow near the wall is downward. 

They termed the particles actually in contact with the wall as ‘swarms’ with typical 

velocities in the range of 0.3-0.4 m/s. They also suggested that, a few mm away from the 

wall, there is a steady bulk downflow of particles, which they termed as ‘particle strands’. 

These were found to be descending at a velocity of ~ 1 m/s for suspension densities 

greater than 5.6 kg/m3. Figure 2.8 shows an image of a ‘swarm’ and a ‘strand’. 
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Figure 2.8 A picture of particle swarms and vertical strands near the 

riser wall, Rhodes et al., [1992] 

 Soong et al., [1995] used a dual-sensor capacitance probe to obtain solid 

concentration measurements in a riser of 7.6 cm diameter operating with 60 µm FCC 

particles. These were used to obtain a criterion to identify ‘clusters’. They concluded that 

smaller clusters move upwards in the riser core and larger clusters move downwards at 

the wall. Figure 2.9 shows typical mean cluster velocities and lengths obtained. 

 Lim et al., [1996] established a theoretical model to predict the descending 

velocity of clusters near the walls of a CFB. The results from the model matched well 

with their experimental measurements obtained by video photography. While they 

reported a wide scatter, the descending velocity varies with cluster size and lies between 

0.5 to 1.7 m/s. Within their operation range they did not observe any variation of the 

velocity with operating parameters like superficial gas velocity and solids circulation rate. 

They reported that the descending particle velocity is higher for sand clusters in 
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comparison to FCC particles. Figure 2.10 shows how the model compares to the 

experimental results, where Er is the aspect ratio. 

 

                   

Figure 2.9 Typical cluster velocities and lengths, Soong et al., [1995] 

 Noymer and Glicksman, [1998] studied the descent velocities of particle clusters 

at the wall of a CFB. The technique used is called ‘thermal image velocimetry’ or TIV. It 

involves heating the cluster of particles at the wall and then using the radiant emission to 

track their movement. The riser used had a diameter, D= 0.159 m (square cross-section). 

The measured cluster velocities were reported to be between 0.9 to 1.2 m/s.  They 

indicated that the velocities seem independent of the operating conditions (solids and gas 

flow rates) but also mentioned that whatever variation they observed falls within the 

range of their experimental uncertainty. They developed a correlation using various 

assumptions and obtained a fairly simple model that shows good agreement with the past 

work done on clusters by various researchers. The correlation developed was: 
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where ucl is the cluster velocity, umf is the minimum fluidization velocity and Ar is the 

Archimedes number of the gas-solid system. 

 

                    

Figure 2.10 Comparison of predicted and experimental cluster velocity, 

Lim et al., [1996] 

 Sharma et al., [2000] studied the effects of particle size and gas velocity on the 

cluster characteristics. They used capacitance-probe measurements of local solids 

concentrations in a 15 cm diameter fast-fluidized bed. They came up with a criterion to 

identify a cluster based on the particle concentration. They concluded that the solids 

volume fraction in clusters was not dependent on particle size but decreased with 

increasing gas velocity. The duration time of a cluster was found to be in the range of 20-
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50 ms for the range of conditions tested. The frequency of cluster occurrence was 

reported to be from 6 to 11 per second.  

 Van den Moortel and Tadrist, [2002] used a PDPA, which they had previously 

used to develop solids velocity profiles in a riser (described in Section 2.2), to study the 

hydrodynamics of particle clusters. Figure 2.11 shows mean particle cluster lengths 

obtained in this study, where Lax is the axial length of the cluster. They concluded that the 

particle cluster sizes are strongly related to the local characteristics of the velocity field.  

 

                  

Figure 2.11 Particle cluster length as a function of radial position x, Van 

den Moortel and Tadrist, [2002] 

Griffith and Louge, [1998] provided an extensive summary of the studies done on 

cluster velocities over the past several years and this is shown in Table 2.1. They suggest 

a very simple correlation relating the cluster velocity (ucl) and particle diameter (dp): 

                                              pgdcl 36≈u                      (2.4) 

Figure 2.12 indicates that this trend is relatively robust considering the vast range of 

operating conditions, riser geometries and measurement techniques that different 
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researchers had. They also stated that most observers have found that cluster velocity 

very near the wall is relatively insensitive to the solid flux and superficial gas velocity.  

It is clear from the literature survey that considerable amount of work has been 

done in trying to measure velocity profiles in the riser section of a circulating fluidized 

bed using various techniques. There is still a lot of interest in trying to measure velocities 

in a non-intrusive way. This study is an effort to evaluate a BILS system and to apply this 

system to understand the particle behavior near the wall region of a cold flow circulating 

fluidized bed system. 
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Table 2.1 Cluster velocities at the wall obtained by various researcher, 

Griffith and Louge, [1998] 

 
 

                          

Figure 2.12 Comparison of data from various researchers with the 

correlation suggested, Griffith and Louge, [1998] 

 20 



3. Components and Operating Principles of BILS 

3.1 Main Component of the Instrument 

BILS consists of two main components: the LDV system and the imaging system. 

The LDV used here is different from a conventional LDV in the sense that it has both the 

probes (transmitter and the receiver) combined into a single probe forming a transceiver. 

An overview of the various optical and electronic hardware components in our 

system is illustrated in Figure 3.1. The first component is the argon ion laser that is the 

source of the beam. The laser used in this work is a Class IV argon ion laser. It is an air-

cooled, continuous laser and has a peak output power of 750 mW. Proper safety 

precautions must be taken to deal with a Class IV laser and these are addressed in Section 

4.5. The laser beam is directed to a 2-D fiber drive. The fiber drive manipulates the laser 

beam before directing the beams into single-mode fibers, TSI Inc. Manual [2000b]. The 

fiber drive thus provides beam splitting, frequency shifting, and color separation. The 

laser beam is split into four beams- two green and two blue beams. A Bragg cell is used 

to split the incoming beam into two beams of equal intensity. Two dispersion prisms that 

separate the beams into individual colors further manipulate these beams. These are then 

directed into the optical fibers for transmission. The 40 MHz reference frequency, used to 

modulate the Bragg cell, is received from the signal processor. The beams directed 

through the fiber optic cables go to the main transceiver. The transceiver contains all the 

optics necessary to create the sampling volume for particle velocity measurements. 
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Figure 3.1 Backscatter Imaging LDV System (BILS), TSI Inc. Manual 

[2000b] 
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The transceiver is linked to the rest of the system only by optical fibers, thus providing a 

convenient, compact, and robust LDV probe for a wide range of applications (Figure 

3.2). Because the probe is a transceiver, it has all the optics required to receive the 

backscattered signals and it uses a series of optical fibers and lenses to transmit laser 

light. The beam pairs intersect and create a measurement volume at the focal spot. The 

receiver fiber directs the light away from the probe head, back through the fiberoptic 

cable and to the receiver module (RCM) for separation and photodetection, TSI Inc. 

Manual [2000b].  

The function of the RCM is to convert phase-Doppler light signals from the 

receiver optics into electronic signals. The RCM box contains the photomultiplier tubes 

(PMTs) and the optomechanical hardware for separating the receiver light (by 

wavelength) and steering it into the PMTs. High voltage setting for the PMT is software 

controlled and the signals from PMTs are processed in the real-time analyzers (RSAs). 

There are two RSAs for a two-dimensional velocity system. The BNC terminal labeled 

RAW is used to monitor the raw signal being sent from the receiver module to the RSA. 

The terminal labeled COMPUTER is used for connecting the RSA to the controlling 

computer. Both the RSAs are also interconnected with each other. The RSA is capable of 

taking precise measurements in test situations where the signal-to-noise ratio is beyond 

the capability of other processors. The RSA External Input accepts up to 16 channels of 

data that can be tagged to incoming velocity and/or size measurements. Operation of this 

external input box is controlled through the RSA software, DataVIEW. The input to the 

‘external input’ is measured at the end of the Doppler Burst from any of the active RSAs.
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                                     Figure 3.2 The BILS instrument set-up at NETL location, Morgantown 
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If a velocity measurement comes from channel 2 and not from channel 1, the external 

input will measure the input. If both channels give a signal at the same time, the input is 

also recorded. DataVIEW compares the time for the different RSA channels. If they 

overlap then the measurements are assumed to be from the same particle and they are 

linked to the external input measurement at that time. If they don’t match then the 

measurement on the display as well as the external input measurement is removed. The 

external input is connected directly to the RSA I/O card inside the computer.  

The BILS imaging system consists of three main components: the backscatter 

imaging receiver, the backscatter imaging transmitter, and the backscatter imaging 

controller. The RSA processors and RSA external input are shared with the LDV 

component. The backscatter probe volume, a region well under 1 square mm in size must 

be aligned both with the backscatter transmitter and receiver as well as the LDV probe 

volume. Essentially all three probes are ‘looking’ at the same point in space, through 

which the measured particles must pass. The transmitter is mounted on the same base 

plate as the other probes. It contains a diode laser with a wavelength 905 nm and pulse 

width 15ns and a maximum repetition rate of 5 kHz. The focal length of the front lens is 

750 mm, TSI Inc. Manual [2000a]. This diode laser illuminates the particle for imaging.  
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3.2 Basic Operating Principles of the Instrument 

3.2.1 Operating Principles of the LDV component 

An interference pattern is setup in the plane where the two phase-shifted laser 

beams intersect. The interference pattern is an area of bright and dark fringes. As a 

particle passes through the bright fringes, it scatters pulses of light, as shown in Figure 

3.3. The frequency of the pulses of scattered radiation is proportional to the speed of the 

particle in the fluid. The interference pattern can be imagined as a picket fence. The 

bright fringes correspond to the slats, while the dark fringes are the spacing between the 

slats. If one drags a stick across the slats, a certain frequency of sound is produced. The 

faster one drags the stick, the higher the frequency. If one imagines the particle in the 

fluid to be the stick, it is easy to visualize how a faster moving particle would produce a 

higher frequency signal while a slower moving particle would produce a lower frequency 

signal. When a particle passes through the fringes, the photomultipliers produce uniform 

Doppler bursts. These are proportional to the particle velocity component perpendicular 

to the plane of the fringes. These velocities are calculated using the following equation: 

 DP FV
)2/sin(2

0

Γ
=

λ                                                   (3.1) 

where λ0 is the wavelength of the laser beam, FD is the Doppler frequency, VP is the 

particle velocity and Γ is the beam-crossing angle. The beam-crossing angle for this 

instrument is about 8 degrees. The fringe spacing can be obtained from the expression:  

                                  
)2/sin(2

0

Γ
=

λ
d                                                                  (3.2)   

where d is the fringe spacing. The blue laser has a wavelength of 488 nm and the green 

one has a wavelength of 514 nm. The fringe spacing is of the order of 3.6 µm. 

 26 
 



  Velocity = distance/time 

 

Flow with particles Doppler Signal

t (measured) 

backscattered light

d (3.6 um)

Time

LaserFiber drive 

Photo-  
Detector 

750 mm 

RSA 

measurement       
volume

Figure 3.3 Basic operating principle of the LDV component of BILS, Dantec Inc. 
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3.2.2 Operating Principles of the Imaging component 

The measurement of particle size is based on the backscatter imaging technique. 

The diode laser from the transmitting probe illuminates the particle. The CCD camera 

that resides in the receiver probe images the particle onto a CCD camera using a 750 mm 

front lens as shown in Figure 3.4. A long pass filter is used to block the Ar-ion laser beam 

and other light sources. The maximum speed of the camera is 955 frames per second.  

The backscatter controller receives a trigger signal from the processor and then it 

activates the pixels to ‘expose’ mode. The controller fires the diode laser 50 ns later and 

175 ns later the controller stops exposure and begins an image readout sequence by 

triggering the frame grabber to acquire the image data.  

The backscatter imaging system has no ‘stand-alone’ operating mode, although 

the LDV system is able to take the data whether the backscatter controller is connected or 

not. The backscatter system operates in total synchronization with the RSA processors. 

The RSA acts as the ‘master’ to the backscatter controller and the controller doesn’t 

trigger the laser diode unless the particle has been detected and validated by the RSA 

Fourier transform burst detector. The Backscatter software used is ‘BackscaPP’ and is 

supported by Windows NT application. It can analyze single as well as a series of 

images. These lenses provide approximately 1:1 imaging. An image of the particle is 

captured and sent to the computer via an interface board. Timing is controlled by the 

backscatter imaging controller. Generally, several thousands of images are grabbed in a 

single run and upon completion, both LDV and imaging data are saved on the hard drive. 

Statistical analysis of this data is done by post-processing software. 
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Figure 3.4 Layout of the Backscatter Imaging System, TSI Inc. Manual 
[2000b]  
 

 

 

 

 29



3.3 A summary of the Capabilities and Limitations of BILS 

BILS has the following features: 

• Non-invasive and simultaneous measurement of two component velocity 

• Imaging capability of nearly 1000 frames per second 

• Measurement of particle circularity and aspect ratio 

• Needs just one optical window access to the flow 

• Provide frozen pictures and simultaneous velocity data, even if particles are moving 

at several hundred meters per second. 

 

The limitations include:  

• Doesn’t work well on smooth surfaces as the glare spots spoil the information 

• Particle size resolution and accuracy are limited by CCD pixel dimensions. Currently 

the lower size limit is 3 µm 

• Particle shape information can be misleading since it is based on 2-D images, 

especially for particles having rod-like shape. 

 

In summary, the BILS system can capture particle velocity and image data 

simultaneously. The high framing and capture rate will allow characterization of bursts or 

clusters of particles, which is important in the measurement of solids flux at the walls of 

CFBs.  
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4. Instrument Calibration and Validation 

4.1 Velocity validation 

To validate the instrument’s method of velocity measurement, the following set-

up was used. A stiff wire was attached to the rim of a rotating wheel whose rotation speed 

was known. The rate of rotation of the wheel was measured using a digistrobe. The 

velocity of the wire was calculated by knowing the radial distance of the wire from the 

center (v = r ω) and the rotation rate. The wire was attached perpendicular to the plane of 

the rotating wheel as shown in Figure 4.1. Each time the wire passed through the 

measurement volume, formed by the intersection of the lasers, the BILS measured and 

recorded a velocity datum point. This value was then compared to the theoretical value to 

validate the measurement method.  

ω

 

wire

Measurement 
volume 

Laser  

r

Front view Side view
Wheel rotating at a known RPM 

 

Figure 4.1 Set-up for instrument’s data validation 
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The first set of experiments was performed to study the effect of certain 

parameters on the velocity measured by the instrument. The parameters that were 

investigated were:  

• The wire diameter – representative of the particle size  

• Position of the wire in the measurement volume 

• The rotation speed of the wheel 

The experimental and the theoretical values were compared and a good match was 

observed, as shown in Figures 4.2 and 4.3. It was found that the position of the wire in 

the measurement volume did not have a significant effect on data obtained by the 

instrument, as shown in Figure 4.2. On comparison of the two data sets for different sizes 

of wire, it was observed that the wire diameter did not have any significant influence on 

the readings. This is illustrated in Figure 4.3. The runs were carried out in a random order 

to gauge the reproducibility of the instrument. The maximum difference between any two 

sets of values for the same rotation rate was 9% and in most cases was below 5%. These 

tests validate the instrument’s velocity measuring capacity and show that the 

measurements are reproducible.  
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Figure 4.2 The effect of the position of wire in the measurement volume, for wire diameter = 0.5 mm 
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Figure 4.3 Random runs with different wire diameters 
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4.2 Imaging calibration 

The imaging component is ready to use after aligning the imaging probe’s 

measurement volume with the LDV measurement volume. The alignment has to be done 

with great accuracy to ensure that the camera takes simultaneous image of the particle 

whose velocity the LDV is recording. This was done using the previously described 

rotating disc to make sure that synchronized data were obtained for both the velocity and 

the imaging channels. The system was aligned and the camera focused when valid 

velocity data was obtained simultaneously with sharp images of the wire on the rotating 

disc. The calibration of the imaging component was required before accurate size 

information could be obtained. For this, the image of a known scale (1 division= 0 1 mm), 

was used to provide the conversion factor from pixels to length in the BackscaPP imaging 

software. The image of the scale used is shown in Figure 4.4. 

 

                              

 

Figure 4.4 Target used for image calibration 
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4.3 Terminal velocity tests 

Further validation of the BILS system was made by measuring the terminal 

velocities and particle sizes and shapes of Nu-Pareil sugar spheres in air. The set up for 

these experiments is shown in Figure 4.5.  
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Figure 4.5 Set-up for terminal velocity measurements 
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The Nu-pareil particles were metered using sieves with holes one size larger than the 

particles. A pneumatic vibrator was attached to the sieve to facilitate the flow of particles 

through the sieve as shown in Figure 4.6. The particles were dropped from different 

heights, as shown in Figure 4.5, until they reached their terminal velocity. The particles 

used for this study were Nu-Pareil sugar spheres with a particle density of 1.2 g/cc. The 

diameter of particles used ranged from 500 to 1200 microns. The reason for selecting this 

size range was that the size of the cork particles, used in the Circulating Fluidized Bed 

facility to be tested, was in this size range. In addition, the near-spherical shape of these 

particles allowed the comparison of the experimental results with predictions from the 

standard drag curve.  

 

 

Sieve 

Nu-Pareil 

Pneumatic 
Vibrator 

 

           

Figure 4.6 The sieve-vibrator arrangement 
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4.4 Safety Considerations 

The laser beam used in BILS is a class IV Ar ion laser with a peak power output 

of 750 mW. Strict safety measures must be taken when operating a class IV laser because 

even the reflections of the beam from secondary surfaces can be harmful to the eyes. 

Direct exposure of the beam to the eyes can cause permanent blindness even when it is 

for a very short duration. A safety analysis was done at NETL, Morgantown, where the 

instrument was installed. The hazards associated with the operation were identified and 

proper mitigation steps were taken. The area where the instrument was set-up was 

enclosed, using appropriate safety curtains, to avoid any exposure to the beam reflections 

to those outside the work area. Safety goggles, appropriate for this class and type of laser, 

were required for the operator of the unit. 

An interlocking device was also installed in such a way so that if the laser curtain 

is opened when the instrument is ‘ON’, then the circuit breaks and a beam shutter in front 

of the laser beam is activated cutting the beam off. To get a beam from the probes and to 

record any readings, the laser curtains must be closed. The whole set-up for processing 

the data was placed outside this curtain-enclosed area. A warning light displaying three 

different modes of operation: ‘SAFE’, ‘CAUTION’ and ‘DANGER’ was placed outside 

the working area to indicate whether the laser is off, on standby or in use. 
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5. Results and Discussion 

 A series of tests were conducted to measure the terminal velocities and the size of 

Nu-Pareil sugar spheres (ρs=1.2 g/cc) with the set-up described in Section 4.3. The effect 

of solids loading and particle size on the velocity of particles was studied. A typical 

velocity versus time graph generated during the runs is shown in Figure 5.1. Each point 

on the graph denotes a particle passing through the measurement volume. The images of 

the particles, as shown in Figure 5.2, were also stored. The BackscaPP software converts 

the particle image to a binary image, which is then used for the image analysis.  

 The LDV records real time velocity data if individual particles but the 

corresponding pictures of the particles grabbed by the camera are not always in focus. 

After completing a run, the data was analyzed and the out-of-focus images and images 

not entirely within the camera frame were discarded (shown in Figure 5.3). The 

remaining in-focus images and the corresponding velocity values were stored for further 

analysis.  

 The DATAVIEW software stored the velocity-time data. These data were then 

exported to the BackscaPP software that matched them with the corresponding images. 

The output file of the BackscaPP software contained information for each particle, as 

shown in Table 5.1. Thus simultaneous velocity and sizing information for each particle 

that passed through the measurement volume was obtained. 
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Figure 5.1 Typical velocity vs time data obtained from the DATAVIEW 

software 
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Figure 5.2 Image of a Nu-Pareil obtained from the camera and its 

corresponding binary image 

 
 
 

                                    
 

Figure 5.3 The image of a particle not completely within the field of 

view of camera 
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Mean length of all vertical chords (µm) Height 

Mean length of all horizontal chords (µm) Width 

Perimeter of particle (µm) Perimeter 

Horizontal component of velocity (m/s) Velocity Ch 2 
Vertical component of velocity (m/s) Velocity Ch 1 

Ratio of measured perimeter to the perimeter of 
equivalent circle Circularity 

Diameter of circle with the same area as that of 
particle (µm) 

Equivalent 
Diameter 

Area of particle (µm2) Area 

 
 

Table 5.1 The main contents of the output file of the BackscaPP 

software 
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5.1 Effect of solids loading  

The first set of experiments was performed in order to study the variation in 

particle velocities as a function of the drop height and solids loading for different particle 

sizes, as shown in Figure 5.4. The solids loading was characterized qualitatively in terms 

of low and medium loading. The particle size cuts of Nu-Pareils used for this experiment 

were 500-600 µm and 600-700 µm. It was observed that the 500-600 µm size cut reached 

its terminal velocity for low loadings around a drop-height of 1 m, as shown in Figure 

5.4. The medium loadings had higher velocities than the low loadings. This was 

attributed to the fact that particles tend to agglomerate when the loading is increased and 

hence have an effective particle diameter greater than a single particle. Thus the height 

required to reach the terminal velocity was greater than that for a single particle. The 

particles tend to agglomerate to minimize the drag acting on them. It can be observed 

from the graph that a change in the solids loading caused a bigger shift in the curves in 

comparison to a change in the particle size.   

 Similar tests were conducted with four different solids loadings for two different 

particle sizes. The loadings were classified as low, medium, medium-high and high. The 

low loading case corresponds to essentially very dilute flow and no particle 

agglomeration. The use of the sieves to feed the particles helped to keep the particles 

separated. The high-loading case consisted of dumping a group of particles without using 

the sieve. The results for the 500-600 µm and 600-700 µm particle size cuts are shown in 

Figures 5.5 and 5.6. The figures clearly indicate that the mean velocity of particles 

increases with an increase in solids loading. The raw data is shown in Table A1.1 of 

Appendix I.          
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                   Figure 5.4 Variation of velocity with drop height and solids loading 
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          Figure 5.5 Velocity of 500-600 µm particles as a function of drop height and solids loading 
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                     Figure 5.6 Velocity of 600-700 µm particles as a function of drop height and solids loading
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5.2 Terminal velocity and particle size measurements 

A series of tests was conducted to measure the terminal velocities and particle 

sizes of the Nu-Pareils particles. These velocity values were then compared to those 

obtained from theory. The sizing information from the images was used to estimate the 

circularity of the particles. A statistical analysis of the data obtained is shown in Table 

5.2. The runs were carried out at very low solids loading to minimize the effect of 

particle-particle interaction. This was verified from the images obtained. Two runs were 

conducted for each case. The bulk average stands for all the data points recorded by the 

LDV system whereas the mean velocity is the mean of only those particles that had 

images in focus. Thus, for the latter particles, both velocity and size information data 

were available. The values in the table indicate that the bulk and the mean velocity were 

very close to each other with a variability of less than 0.7 %. The standard deviations of 

the mean velocity are also tabulated. These are very low for the narrow size-cuts that 

have been used, thereby demonstrating the reproducibility of measurement by the 

instrument.  

Figure 5.7 shows velocity versus particle diameter data for a particle size cut of 

850-100 µm. Some variation was observed in the terminal velocity values obtained 

within a size cut, but for all cases the variation was less than 3%. This can be attributed to 

the fact that even though care was taken to maintain a very dilute flow, there was still 

some particle to particle interaction. The diameter values, obtained from the image 

analysis, were in good agreement with the values obtained from sieve analysis of the 

particles.  
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Particle 
size (µm) 

 
Run # 

 

 
Bulk average 

(m/s) 
 

 
Mean 

velocity 
(m/s) 

 
Difference     

(%) 
 

Standard 
deviation 
of mean 

velocity (m/s) 

1000-1200 1 4.59 4.62 0.65 0.193 
 2 4.60 4.59 0.11 0.275 

850-1000 1 4.45 4.47 0.45 0.305 
 2 4.47 4.45 0.45 0.284 

700-850 1 3.80 3.81 0.26 0.270 
 2 3.77 3.78 0.27 0.237 

600-700 1 3.35 3.37 0.60 0.264 
 2 3.33 3.33 0.00 0.201 

500-600 1 3.06 3.08 0.65 0.315 
 2 3.09 3.08 0.32 0.315 
      

Table 5.2 Terminal velocity of Nu-Pareils for different particle size-cuts 
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               Figure 5.7 Experimental terminal velocity versus particle size 
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Haider and Levenspiel [1989] developed terminal velocity correlations for 

spherical and non-spherical particles. These were used to compute the theoretical 

terminal velocities of particles, which were then compared to those obtained from BILS. 

They defined two dimensionless numbers in their study: u*, the dimensionless terminal 

velocity and d*, the dimensionless particle diameter. They developed a correlation for 

dimensionless terminal velocity as a function of dimensionless particle diameter and the 

sphericity of the particle (Φ), Equations (5.1) and (5.2). 

 

                   1
5.0
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2
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* ])7439.13348.2(18[ −Φ−
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dd
u      for  0.5 # Φ #1                           (5.1) 
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where dsph is the equivalent particle diameter, ρf (= 1.17 kg/m3) is the density of fluid (air 

in our case), ρs (= 1200 kg/m3) is the particle density, and µf (= 1.85x10-5 kg/m-s) is the 

air viscosity. 

 Equation (5.2) is used to estimate the dimensionless particle diameter, which is 

then used to estimate the theoretical dimensionless terminal velocity. The terminal 

velocity measured by BILS was converted to the experimental dimensionless terminal 

velocity using Equation (5.3). 
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Figure 5.8 shows the experimental dimensionless terminal velocity (u*) plotted against 

the experimental dimensionless diameter (d*). Each point on the graph denotes an 

individual measurement. The average values for velocity and diameter were calculated 

and plotted in Figure 5.9. Also shown are the error bars corresponding to two standard 

deviations about the mean value, which would cover a 95% confidence interval region. A 

repeat of the test is shown in Figure 5.10 and 5.11. The graph also suggests that there was 

little variation in the value of u* within a size cut. This can be attributed to the fact that 

even though care was taken to make the flow very dilute, there was still some particle to 

particle interaction. An ideal case experiment (not very practical in this case) would be to 

drop individual particles one by one inside the measurement volume from a certain height. 

The experimental data for the current setup has been shown in Table A1.2 of Appendix. 

 The results obtained were in good agreement with the drag curve from Haider and 

Levenspiel [1989]. The theoretical curves shown on the graph are for sphericity value of 

1 and 0.9 respectively. The data falls nearer to the curve with sphericity of 1 indicating 

that particles used have sphericity closer to 1. The sphericity of the particles can be 

estimated using the imaging data and this is discussed in the next section.  
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 Figure 5.8  Run 1– Experimental dimensionless particle velocity vs dimensionless particle diameter 
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Figure 5.9 Run 1- Mean values and error bars (two standard deviations) 
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Figure 5.10 Run 2– Experimental dimensionless particle velocity vs dimensionless particle diameter 
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Figure 5.11 Run 2- Mean values and error bars (two standard deviations) 
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5.2.1 Sphericity calculations 

 The sphericity of a particle (Φ) is given by Equation (5.4), where s is the surface 

area of a sphere having the same volume as the particle and S is the actual surface area of 

the particle.  

S
s

=Φ             (5.4) 

The imaging analysis software measures the projected area of the particle (Aproj). 

Assuming that the particle is an ellipsoid, the actual surface area of the particle (S) can be 

calculated by Equations (5.5) (for an oblate ellipsoid) and (5.6) (for a prolate ellipsoid). 

An oblate ellipsoid is generated by an ellipse rotating around its minor axis (b) whereas a 

prolate ellipsoid is generated by an ellipse rotating around its major axis (a).  The values 

of the major and minor axis were obtained from Equations (5.9) and (5.10). 

]/)tanh()1(1[2 22 eeaeaSo −+= π          (5.5) 

]/)tanh()/(1[2 22 eeaabbS p += π          (5.6) 

where e is the eccentricity and is given by )/1( 22 abe −=  

 The imaging software evaluates the projected area (Aproj) and the ellipsivity (ε) of 

the particle. These were used to calculate the minor and major axis using the following 

equations.  

   abAproj π=                                                    (5.7) 

          100×=
a
bε             (5.8) 
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Combining Equations (5.7) and (5.8): 

   
πε

projA100
=a           (5.9) 

   
π
ε

100
projA

b =          (5.10) 

   

The surface area of a sphere with the same volume as that of the particle (s) was 

obtained by equating the volume of the ellipsoid to that of a sphere. An equivalent 

diameter (dequv) thus obtained was used to evaluate s. The results are summarized in 

Equations (5.11) and (5.12). 

Volume of oblate spheroid = (4/3)πa2b       (5.11) 

Volume of equivalent sphere = (π/6)dequv
3       (5.12)  

Equations (5.11) and (5.12) combine to give: 

3/12 )(2 badequv =                                     

 The equivalent surface area s = πdequv
2       (5.13) 

Similar calculations were done assuming the particle to be a prolate ellipsoid, where 

 Volume of prolate ellipsoid = (4/3)πab2 

For this case the equivalent diameter is given by: 

3/12 )(2 abdequv =         (5.14) 

Using these equations both oblate and prolate sphericities were evaluated. These results 

have been tabulated in Table 5.3 for the runs given in Table 5.2. The results confirm that 

the sphericity of the particles used was close to 1 (0.98 < Φ < 0.99). 
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Run 
# 

Particle 
diameter 

(µm) 

Oblate 
Sphericity, Φ 

Prolate 
Sphericity, Φ 

1 1000-1200 0.989 0.988 
2  0.989 0.989 
1 850-1000 0.993 0.993 
2  0.992 0.992 
1 700-850 0.991 0.991 
2  0.992 0.992 
1 600-700 0.989 0.989 
2  0.991 0.991 
1 500-600 0.984 0.984 
2  0.984 0.985 

 

 

Table 5.3 Sphericity values for different particle size for two runs 
 

 

 

 

 

 

 

 

 

 

 57



5.3 Tests with cork material 

 Using the set-up shown in Figure 4.5, some tests were carried out using cork 

material. This material is currently used in the cold flow circulating fluidized bed at 

NETL. The cork material was sieved to obtain different size cuts and terminal velocity 

tests were conducted for each cut. A typical graph obtained for a test run is shown in 

Figure 5.12. A much larger spread of data was observed in comparison to a similar graph 

for Nu-Pareils (Figure 5.7) and can be attributed to the non-uniform shape and density of 

the cork particles. The terminal velocity values, along with the standard deviations, for 

different size cuts of cork particles, are shown in Table 5.4. The mean velocity and the 

standard deviations were obtained for a sample of more than 50 data points.  

 The effect of solids loading on the velocity was tested on cork material for 3 

different size cuts (Figure 5.13). Higher velocities were obtained as the particle size was 

increased. There was a significant change in the velocity data between the low and the 

high loadings. This was attributed to the clustering of cork particles.  

 Prior to moving the equipment to the CFB, an experiment was conducted to 

investigate the effect of the presence of a curved glass surface placed between the BILS 

and the falling particle. This was accomplished by enclosing the set-up shown in Figure 

4.7 in a glass section with the same curvature as that of the CFB. Cork material was 

dropped from the same height with and without the glass section. The results are shown 

in Figure 5.14 and indicated that there was no significant effect of the curvature of the 

glass surface on the velocity data obtained. Moreover, the vertical component of the 

velocity should not be affected by the curvature since the laser beam is incident at the 

center line of the riser wall.  
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Figure 5.12 Terminal velocity of cork particles for particle size 1000-

1200 µm 

 

 

Size (µm) Mean Terminal velocity 
(m/s) 

Standard deviation 
(m/s) 

700-850 0.86 0.70 
850-1000 0.95 0.70 
1000-1200 1.38 0.85 

 

Table 5.4 Mean terminal velocities and standard deviations for different 

particle sizes of cork material
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Figure 5.13 Velocity variation of cork particle with particle size and 

solids loading 
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Figure 5.14 Comparison of velocity with and without glass section for 

three different particle sizes 
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6. Application to a Cold Flow Circulating Fluidized Bed (CFB) 

The results of the validation and calibration of the instrument showed that the 

instrument gives very repeatable and reliable measurements. As an application test of the 

instrument, it was then used to measure velocities of solid particles in the circulating 

fluidized bed. A test matrix was designed to ensure that a wide range of operating 

conditions, above the fast fluidized bed regime, Shadle et al., [2002], was covered. This 

matrix is shown in Table 6.1. A few runs were replicated to check the repeatability of the 

measurements. A spiral device, developed at NETL (National Energy Technology 

Laboratories, Morgantown), was used to measure the solids circulation rate, Ludlow et al., 

[2002]. All measurements were taken at steady state conditions. 

 

 

Run # Superficial gas 
velocity (m/s) 

Solids circulation rate 
(kg/hr) 

1 4.58 4491 
2 5.40 2722 
3 5.16 4005 
4 4.58 907 
5 3.99 4005 
6 5.16 1439 
7 4.58 2722 
8 3.99 1439 
9 3.75 2722 

 

Table 6.1 The experimental matrix of superficial gas velocities and 

solids circulation rates used in the CFB 
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6.1 Circulating Fluidized Bed Facility 

 The experimental test facility used in this study is a Cold Flow Circulating 

Fluidized Bed (CFCFB), located at the National Energy Technology Laboratory (NETL), 

US Department of Energy, Morgantown. This system is described by Monazam et al., 

[2001]. A schematic diagram of this facility is shown in Figure 6.1. This unit is an 

atmospheric, cold-flow model of a CFB combustor. The riser is 30.5 cm I.D. and 15.2 m 

in height with a standpipe I.D. of 25.4 cm. The CFB is instrumented with aeration flow 

control loops, differential pressure transmitters, load cells and a spiral device to measure 

the solids circulation rate. Solids are transported from the standpipe to the riser through a 

fully fluidized non-mechanical valve (loop-seal). Two staged cyclones capture the 

particles leaving the riser, which are then returned to the standpipe.  The CFB walls are 

essentially made of metal with some sections made of plexiglass to allow for visual 

observation and provide clear optical access to instruments such as BILS.  

The BILS instrument is set-up to take velocity measurements at a distance of 9 m 

from the bottom of the riser section. A vibration isolation system is used to prevent the 

vibrations caused by the CFB facility from influencing the system alignment. This is 

important for an optical set-up like BILS, where the laser power decreases significantly if 

the system is misaligned. A check on the laser power was done occasionally, using a 

power meter, to ensure that misalignment did not occur. A linear slide was set-up on this 

vibration isolation system. The optical table carrying the BILS instrument was placed on 

this linear slide. This system is shown in Figure 6.2. The linear slide enabled the BILS 

system to move radially in and out of the fluidized bed. It consists of a hand crank that 

rotates the screw, which in turn guides the movement of the slide. By knowing the pitch 
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of the screw a measure of the linear distance moved can be found from the number of 

turns of the hand crank. A pre-calibrated counter is attached to the screw that converts the 

screw rotation value to a linear distance. The counter has an accuracy of two decimal 

places when displaying the distance in mm. This set-up defines the radial position of the 

measurement volume in the bed. The BILS system sits on a platform resting on the 

supporting blocks. 
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Figure 6.1 Circulating Fluidized Bed set-up at NETL, Morgantown 
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Figure 6.2 A sketch of the linear positioning system used in the set-up 
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6.1.1 Bed Materials and Properties 

The solid material used for circulation was cork with a nominal diameter of 1000 

µm. The size distribution of the cork material used is described by Shadle et al., [2002]. 

This material behaves as a Geldart type B particles for the operating conditions of this 

study, Gidaspow [1994]. Its bulk density is in the range of 88.1-107 kg/m3
 with a particle 

density of 189 kg/m3. Solids volume fractions under vibrated and fluffed conditions were 

measured as 0.515 and 0.423, respectively. The minimum fluidization velocity is 16.67 

cm/sec. The internal angle of friction of the material has been estimated to be 74.30. 
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6.2 Data reproducibility in the Circulating Fluidized Bed 

The LDV velocity data were recorded at different radial locations in the bed. The 

data were recorded until the mean velocity was found to be relatively stable. The 

acceptable data rate reduced as the LDV measurement volume was moved inside the bed. 

This phenomenon was attributed to the fact that the particles obstruct the path of the laser 

beam. For low solids circulation rates, the LDV was able to ‘see’ deeper into the CFB, in 

the sense that velocity data could be obtained. However, the velocity data were obtained 

for all the operating conditions under consideration near the wall. Runs 4 and 7, in Table 

6.1, were repeated and the results are shown in Figures 6.3 and 6.4, respectively. The 

mean velocity values are plotted as a function of the measurement location, which is 

reported as the distance from the wall of the CFB.  

Figure 6.3 indicates that for Run 4, which had a very dilute solids flow, the 

particles on the average were moving upwards even close to the wall. This result will be 

discussed in more detail in the next section. In Figure 6.4, the mean velocities were 

separated into negative and positive components, representing particles moving upwards 

and downwards, respectively. The graph shows that very close to the wall, the mean 

velocity was negative, indicating that the particles, in general, were moving downwards. 

The data demonstrated that the instrument’s readings were reproducible. The raw data is 

tabulated in Table A2.1 of Appendix II. 
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Figure 6.3 Mean velocity as a function of the measurement volume distance from the wall of the CFB,  

Duplicate tests for the condition of Run 4, Ug= 4.58 m/s, Ms = 907 kg/hr 
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Figure 6.4 Mean velocity as a function of the measurement volume distance from the wall of the CFB, a    

repeat of Run 7, Ug = 4.58 m/s and Ms = 2722 kg/hr  

 

 69 
 
 



6.3 Effect of solids circulation rate 

To study the effect of operating conditions on the solids velocity, either the solids 

circulation rate or superficial gas velocity was kept constant while the other was varied. 

Figure 6.5 shows the effect of solids circulation rate on the solids velocity profile, near 

the wall region. Here, the superficial gas velocity was kept constant at 4.58 m/s (Run 1, 4 

and 7). The graph shows that the mean velocity of solids shifted towards the negative 

direction with increasing circulation rates, indicating that more and more solids near the 

wall were moving downward. This is consistent with the core annular flow pattern 

expected in a riser and was confirmed by observation. At very high solids flow rate, 

nearly all particles seemed to be moving down near the wall region. For Run 4, which 

was the most dilute condition, there was no mean down-flow of particles, thus the core-

annulus type of flow was not observed for this particular case. The maximum distance 

inside the bed, for which data could be recorded was about 2.5 cm for Run 4 (most dilute 

operating condition), 1.7 cm for Run 7, and 1.3 cm for Run 1 (the most dense case in the 

experimental matrix). In trying to take measurements further inside the bed the data rate 

became very low. This was caused by the particles obstructing the laser beam path. Some 

information may be obtained further inside the bed if the LDV is allowed longer sample 

times. This may be of interest in future studies with this instrument.   

A similar analysis was carried out at a different superficial gas velocity for two 

different solids loading (Run 3 and Run 6). These results are shown in Figure 6.6. Again, 

for the very dilute case, the mean velocity near the wall was found to be always positive. 
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Figure 6.5 Effect of solids circulation rate on the mean velocity near the wall region for superficial gas 

velocity, Ug= 4.58 m/s, Ms= 907 kg/hr (Run 4), Ms= 2722 kg/hr (Run 7), Ms= 4491 kg/hr (Run 1) 
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Figure 6.6 Effect of solids circulation rate on the mean velocity and positive and negative components, 

   near the wall region for Ug= 5.16 m/s: Ms= 4005 kg/hr (Run 3), Ms= 1439 kg/hr (Run 6)  
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The mean velocities of the particles moving up and down have been plotted separately. 

The graph shows that the upward solids velocity decreases and the downward solids 

velocity increases with increasing solids circulation rate. This was consistent with the 

result of Tadrist and Cattiuw [1993]. These results were attributed to the fact that an 

increase in the solids circulation rate caused the gas velocity near the walls to decrease. 

As seen in the Figure 6.6, the mean velocity of particles for Run 6 was downwards for the 

region very close to the wall. In addition, there were very few particles moving 

downwards for the more dilute case (Run 6), in comparison to the ones moving up. This 

is reflected by the fact that the solid mean velocity data almost overlaps that for the 

upward moving particles. As the LDV measuring volume was moved deeper inside the 

bed (radially), there were virtually no particles moving downwards for Run 6. The mean 

negative velocity was found to be relatively insensitive to changes in solids circulation 

rate and superficial gas velocity. 

 

6.4 Effect of superficial gas velocity 

To study the effect of superficial gas velocity on the solids velocity profile near 

the wall, the solids circulation rate was kept constant. Figure 6.7 shows velocity profiles 

for three superficial gas velocities (Run 2, 7 and 9) at constant solids circulation rate. The 

results show that the mean solids velocity increased with increasing superficial gas 

velocity. For all of these cases, the mean solids velocity was downwards near the wall. 

Similar tests were conducted for a different solids circulation rate and data recorded for 

different superficial gas velocities. The results are shown in Figure 6.8. It can be seen 

from the graph that the velocities of the upward and downward moving particles increase 
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with increasing superficial gas velocity. A similar test was carried out with the same 

superficial velocities but with a higher solids circulation rate. The mean velocity of 

particles was found to increase with increasing superficial gas velocity.  The results are 

shown in Figure 6.9.  

A statistical analysis of the data was done to study the significance of the 

operating variables (Ug and Ms) on the mean velocity of solids at the wall. It is shown in 

Table A2.2. The results show that the mean solids velocity at the wall was affected by 

both by solids circulation rate and superficial gas velocity.  
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Figure 6.7 Effect of superficial gas velocity on the mean velocity near the wall region for solids circulation 

rate, Ms= 2722 kg/hr: Ug= 5.4 m/s (Run 2), Ug= 4.58 m/s (Run 7), Ug= 3.75 m/s (Run 9) 
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Figure 6.8 Effect of superficial gas velocity on the mean velocity near the wall region for solids circulation 

rate, Ms= 1439 kg/hr: Ug= 5.16 m/s (Run 6), Ug= 3.99 m/s (Run 8) 
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Figure 6.9 Effect of superficial gas velocity on the mean velocity near the wall region for solids circulation 

rate, Ms= 4005 kg/hr: Ug= 5.16 m/s (Run 3), Ug= 3.99 m/s (Run 5) 
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7. Conclusions and Significance 

 It was important to test the ability of this prototype instrument to record velocity 

and images of particles before using it on a large scale fluidized bed, where a lot more 

noise in the signal was expected. A series of validation tests were carried out for that 

objective. The results from the first set of experiments showed that the velocity data 

obtained from BILS were successfully validated. This validation was achieved using a 

disc, rotating at a known angular frequency (measured by a digistrobe). The velocity was 

found to be very reproducible and was independent of the location of the wire inside the 

measurement volume. It was also found to be independent of the wire diameter. After 

calibration of the imaging part, using a target of known dimensions, experiments were 

conducted to record simultaneous terminal velocity and size of near-spherical, Nu-pareil 

sugar particles. The results were in good agreement with the drag curve, proposed by 

Haider and Levenspiel, 1988. Thus the operation of both the velocity and the imaging 

part of the system was successfully calibrated and validated.  

 The variation of particle velocity with drop height, as a function of particle size 

and solids loading, was also studied, qualitatively. The mean particle velocity was found 

to increase with increasing particle size and solids loading. The particles in the 500-600 

µm size-cut were found to reach their terminal velocity, for very dilute flow, at a drop 

height of 1 m. The sphericity of Nu-pareil particles was estimated using the images 

obtained. The particles were assumed to be ellipsoidal in shape and their calculated 

sphericity (Φ) was very close to 1 (0.98< Φ < 0.99).  
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 The instrument’s ability to record particle size and velocity near the wall region of 

the CFB facility at NETL, Morgantown, was tested, as a potential application for such a 

system. The particle velocity was measured successfully up to 3 cm inside the wall of the 

riser section, for a set of nine operating conditions, all of which were above the fast-

fluidized regime. Duplicates were carried out for two cases to test the reproducibility of 

the velocity data and the results showed very good repeatability. The results from the 

nine operating conditions show that the particle velocity, near the wall region, increases 

in the upward direction with increasing superficial gas velocity and in the downward 

direction with increasing solids circulation rate. The mean flow of particles adjacent to 

the wall was, in most cases, found to be downward. However, for the very dilute solids 

loading the mean flow was found to be upward, with only a few particles moving in the 

downward direction. This was consistent with visual observations. No meaningful 

particle images could be obtained due to the optical quality of the plexi-glass section of 

the CFB riser. A set of experiments was conducted to demonstrate that there was 

insignificant effect of the curvature of the window on the velocity measurements in the 

axial direction.  

 It was observed that the velocity data near the wall region could also be used to 

study the “clustering” phenomenon. To classify the “clusters” from the raw velocity-time 

data, there was a need to define a “cluster”. Results obtained using certain criteria 

(discussed in Appendix III), show that the distribution of cluster velocity and cluster 

length was a function of the operating parameters of the CFB. An increased proportion of 

clusters were found to be moving in the downward direction with increasing solids 

circulation rate and with decreasing superficial gas velocity. The typical cluster velocity, 
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at the wall, was in the range of 0.2-1 m/s in the downward direction, for most of the 

operating conditions. The average cluster size was found to be about 2 to 4 cm. Larger 

clusters were found near the wall in comparison to other radial locations. A more 

rigorous study needs to be done to determine the most appropriate criteria defining a 

cluster. 

 The particle velocities were obtained near the wall region in a non-intrusive way. 

The significance of this work lies in obtaining a solids flux profile across the entire cross 

section of the riser, using a momentum balance. To make such an analysis possible, the 

measurements from this study need to be coupled with some solids momentum pressure 

measurements. Also, the study on clustering will be of great significance in estimating 

the heat transfer at the walls of the riser.  
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8. Future Work 

 In this study BILS was used to obtain particle velocity near the wall region of a 

CFB riser. The data was obtained up to 3 cm inside the wall. On moving further inside 

the bed, radially, the backscatter signal became weak and no meaningful data could be 

obtained. This signal can possibly be made stronger by replacing the current LDV lens by 

a shorter focal length lens. Presently, the focal length of the lens used is 750 mm and it 

appears that the curvature of the plexi-glass weakens the backscattered signal. By 

bringing the probe closer to the wall, the signal will be stronger when it reaches the probe.  

 For the current work, no particle images could be obtained inside the CFB riser 

because of the quality of optical window used at the riser wall. Replacement of the plexi-

glass used in this study by an optical-quality glass may enable the instrument to record 

particle images along with the velocity data. This can also help in understanding the 

‘clustering’ phenomenon better. 

  The curvature effect of the plexi-glass section of the riser reduces the signal to 

noise ratio (S/N). This can be improved by having a flat window (2cm X 2 cm) allowing 

optical access to the flow at the measurement location. The current work shows the utility 

of the BILS in understanding the ‘clustering’ phenomenon at the walls. Although only 

preliminary results have been shown, a more rigorous analysis needs to be carried out. A 

computer code would be useful in order to study the effect of changes in the criteria on 

the cluster information obtained from the raw data.  
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9. Nomenclature 

BILS     Backscatter Imaging LDV System 

CCD     Charged Coupled Devices 

CFB     Circulating Fluidized Bed 

CFCFB    Cold flow Circulating Fluidized Bed 

FCC     Fluidized Catalyst Cracker 

LDV     Laser Doppler Velocimeter 

Ms     solids circulation rate, kg/hr 

NETL     National Energy Technology Laboratory 

PDPA     Phase Doppler Particle Analyzer 

PMT     Photo Multiplier Tube 

RCM     Receiver Module 

RSA     Real-time System Analyzer 

Ug     superficial Gas velocity, m/s 

ρs     solids density, kg/m3 

ρf     density of fluid, kg/m3 

ρp     particle density, kg/m3 

Φ     sphericity 

µf     viscosity of fluid, kg/m-s 

dsph     equivalent particle diameter 

d*     dimensionless particle diameter 

g     acceleration due to gravity, kg-m/s2 

u*     dimensionless terminal velocity 
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Appendix I 

Variation in velocity of Nu-Pareils with drop height, solids loading and 

particle size 

 

Mean velocity (m/s) Size cut 
(µm) 

Drop 
Height (m) 

Low 
loading 

Medium 
Loading 

Medium-High 
Loading 

High  
Loading 

500-600 0.3 2.1 2.29 2.32 2.52 
 0.6 2.77 3.33 3.4 3.5 
 0.9 3.1 3.78 3.96 3.99 
 1.2 3.1 - - - 

600-700 0.3 2.17 2.29 2.32 2.37 
 0.6 2.86 3.24 3.4 3.45 
 0.9 3.18 3.54 3.9 4.1 
 1.2 3.37 - - - 

 

Table A1.1 Velocity data corresponding to Figures 5.4, 5.5 and 5.6 

 The difference in solids loading in the above experiment is brought about by 

using a sieve of different size and also by altering the vibration rate of the pneumatic 

vibrator. 
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Run # Particle size (µm)
(sieve analysis) 

Mean terminal 
velocity (m/s) 

(experimental) 

Mean particle 
diameter (µm) 
(experimental) 

1 1000-1200 4.62 1064.7 
2  4.59 1072.4 
1 850-1000 4.47 894.9 
2  4.45 885.2 
1 700-850 3.81 791.3 
2  3.78 793.9 
1 600-700 3.37 699.1 
2  3.33 700.8 
1 500-600 308 566.7 
2  3.08 586.2 

 

Table A1.2 Experimental data for terminal velocity and particle 

diameter of Nu-Pareils of different particle size-cuts  
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Appendix II 
Solids velocity data near the wall of the CFB riser 

Mean velocity (m/s) 
Run # * 

Distance 
from wall 

(mm) 
Negative velocity 

(Downward) 
Positive velocity 

(Upward) 

Mean 
velocity 

(m/s) 
(weighted)  

1 1 -1.43 1.46         -0.58 
 4 -1.37 1.50         -0.71 
 6 -1.32 1.66         -0.16 
 12 -1.15 1.55  0.01 
2 1 -1.10 1.32 -0.21 
 4 -1.24 1.73  0.63 
 7 -1.13 1.95 1.19 
 11 -1.13 2.38 1.93 
 19 -1.25 2.44 2.25 
 21 -1.57 2.47 2.31 
3 1 -1.16 1.30         -0.26 
 4 -1.27 1.67 0.08 
 8 -1.10 1.90 0.87 
 12 -1.29 2.00 1.17 
 16 -1.19 2.07 1.15 
 21 -1.01 2.05 1.48 
4 1 -0.70 1.58 1.17 
 5 -0.90 1.66 1.21 
 10 -0.80 2.42 2.39 
 15 -0.64 2.32 2.26 
 21 ** 2.62 2.62 
 25 ** 2.67 2.67 
 31 ** 2.78 2.78 
5 1 -1.22 1.13         -0.96 
 5 -1.53 1.84         -0.81 
 9 -1.27 1.74         -0.14 
 13 -1.12 1.81          0.22 
6 1 -0.87 1.56          1.07 
 3 -0.74 1.91          1.72 
 7 -0.88 2.19  2.06 
 12 -1.11 2.48  2.46 
 16 ** 2.46  2.45 
 21 ** 2.99  2.99 
 26 ** 3.06  3.06 
 31 ** 3.10  3.10 
 36 ** 3.16  3.16 
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Mean velocity (m/s) 
Run # * 

Distance 
from wall 

(mm) 
Negative 
velocity 

(Downward) 

Positive 
velocity 

(Upward) 

Mean 
velocity 

(m/s) 
(weighted)  

7 1 -1.23 1.40 -0.35 
 4 -1.44 1.58 -0.28 
 8 -1.36 2.12  0.42 
 13 -1.21 1.82  0.60 
 16 -1.16 1.87  1.22 

Repeat (run 7) 1 -1.24 1.47 -0.32 
 4 -1.30 1.52 -0.10 
 8 -1.35 1.78  0.35 
 13 -1.05 1.64  0.53 
 16 -1.33 2.15  0.96 
8 1 -1.10 1.13 -0.51 
 8 -1.43 1.68 -0.01 
 13 -1.34 1.77  0.32 
 17 -1.32 2.16  0.99 
 22 -1.20 2.23  1.18 
 27 -1.23 2.31  1.57 
 36 -1.25 2.60  1.39 
9 1 -1.11 1.07 -0.87 
 3 -1.40 1.42 -0.97 
 6 -1.44 1.48 -0.42 
 9 -1.40 1.80  0.03 
 14 -1.18 1.51  0.24 
 18 -1.18 1.84  0.54 
 22 -1.28 2.14  0.82 
 26 -0.79 2.24  1.81 

 
* For the corresponding operating conditions refer to Table 6.1 

** Insignificant number of particles moving in this direction relative to the whole data set 

Table A2.1 Mean velocities of particles as a function of distance inside 

the riser wall for various operating conditions 
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 A statistical analysis was done to examine the dependence of solids circulation 

rate (Ms) and superficial gas velocity (Ug) on the mean velocity of solids at the wall. The 

significance values indicate that the mean velocity was affected both by solids circulation 

rate and superficial gas velocity at the wall. A significance value less than 0.05 indicate 

strong dependence.  

 
 

Tests of Between-Subjects Effects  
Dependent Variable: Mean solids velocity at wall 

Source Type I Sum of Squares df Mean Square F Sig. 

Corrected Model 4.503(a) 5 .901 12.376 .015

Intercept .331 1 .331 4.552 .100

Ug 1.291 1 1.291 17.736 .014

Ms 2.263 1 2.263 31.097 .005

Ug * Ug .332 1 .332 4.565 .099

Ms * Ms .424 1 .424 5.820 .073

Ug * Ms .194 1 .194 2.660 .178

Error .291 4 7.277E-02   

Total 5.125 10    

Corrected Total 4.794 9    

a R Squared = .939 (Adjusted R Squared = .863) 

 

Table A2.2 Dependence of solids velocity on superficial gas velocity and 

solids circulation rate, at the wall- A statistical study 
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Appendix III 

Results on Solids ‘Clusters’ 

 It was observed that from the data collected for the various operating regimes, 

some useful information could be obtained regarding the cluster formation near the walls 

of the riser. This information is useful in characterizing the ‘clusters’ and understanding 

the mechanics of heat transfer at the walls of the bed.  

 Figure A3.1 shows the velocity versus time graph obtained at the wall for two sets 

of operating conditions. Cluster behavior was seen to occur when a large amount of data 

occurs over a very narrow time period indicating that a ‘swarm’ of particles passed 

through the LDV measuring volume. It is clear from the graph that particles tend to form 

more clusters during dense flow. The main question posed in such a study is “How to 

define a cluster?”. A set of criteria was required to distinguish the presence of clusters 

within the raw velocity data. Although a more rigorous analysis needs to be done, the 

results from a preliminary analysis are discussed here. These have shown good agreement 

with the kind of behavior expected near the wall of the bed.  

A cluster in the raw data, was identified when all of the following criteria were satisfied: 

• The difference in time between two successive particle measurements was less than 

20 ms and greater than 0.1 ms 

• The direction of the flow of particles does not change within a cluster 

• There were at least 4 and at the maximum 15 particle measurements obtained for a 

cluster 

• The length of a cluster was greater than 0.5 cm 
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Figure A3.1 Clustering of particles for the dense and dilute solids 

loading 
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These criteria were developed based on the results obtained by varying the criteria and 

comparing the results with work done in the past, and accounting for changes due to the 

CFB material and the measurement method used in this study. 

 Using the above criteria, the raw data was analyzed, and the mean cluster velocity 

and length of clusters were derived. The cluster velocity was defined to be the mean 

velocity of the particles in a cluster. The length of a cluster was obtained by multiplying 

the cluster velocity with the time for which that cluster was present in the measurement 

volume of the LDV.  Figure A3.2 shows the velocity of clusters at two radial locations, 

at the wall and 3 mm inside the wall for Ms= 6000 kg/hr and Ug= 5.5 m/s. The 

frequency distribution shows that at the wall, the proportion of the clusters moving 

down was much more than those moving up. On moving 3 mm inside the bed, the 

proportion of clusters moving down decreases. This is consistent with the fact that the 

flow is core annular and more particles tend to move down at the wall in comparison to 

any other location. Also, for the same run time, more clusters were obtained at the wall 

in comparison to the location 3 mm inside the wall. A similar comparison is shown in 

Figure A3.3 for a different operating condition. A similar change in the velocity 

distribution was obtained for that case. The average velocity of the clusters, for the 

various operating conditions studied, was found to lie in the range of 0.2-1 m/s, with 

most of them around the 1 m/s value. This is consistent with the results of previous 

researchers, which are summarized in Table 2.1. 
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Figure A3.2 Variation of cluster velocity distribution with radial 

location for Ms= 6000 kg/hr, Ug= 5.5 m/s 
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Figure A3.3 Variation of cluster velocity distribution with radial 

location for Ms= 6000 kg/hr, Ug= 4.6 m/s 
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Figure A3.4 shows the variation in cluster length distribution with the change in 

radial location, for two radial locations, at the wall and 3 mm inside the wall. It was 

observed that the proportion of bigger clusters was greater at the wall in comparison to 3 

mm inside the wall. The majority of clusters, for the various operating conditions studied, 

were 0.5-4 cm in length with the average cluster size ranging between 2-4 cm. The 

average cluster size is consistent with the results reported in Soong et al., [1995] and 

Gidaspow et al., [1989].    

 The effect of operating variables on the cluster velocity distributions was also 

studied. Figure A3.5 shows a comparison of the three different solids circulation rates at 

the wall. It was observed that the clusters have a tendency to move in the downward 

direction with an increase in the solids circulation rate.  This is consistent with the core 

annular kind of flow expected in the CFB riser. The number of clusters, for the same 

amount of time, was found to increase with an increase in the solids circulation rate. 

Figure A3.6 shows the variation with superficial gas velocity at the wall. The solids 

circulation rate was kept constant at 6000 kg/hr for this study. As seen from the graph, 

the clusters had a tendency to move in the downward direction with decreasing 

superficial gas velocity. For the lowest superficial gas velocity, Ug= 3.8 m/s, almost all 

the clusters were found to be moving in the downward direction. The variation of the 

cluster velocity distribution with solids circulation rate was studied by keeping the 

superficial gas velocity and other operating parameters constant.  
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Figure A3.4 Variation of cluster length distribution with radial location 

for Ms= 6000 kg/hr, Ug= 4.6 m/s 
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Figure A3.5 Variation of cluster velocity distribution with solids 

circulation rate for Ug= 4.6 m/s, at the wall of the riser 
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Figure A3.6 Variation of cluster velocity distribution with superficial 

gas velocity for Ms= 6000 kg/hr, at the wall of the riser 
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ABSTRACT 
 

Geophysical Investigations of the T and T Mine Complex, Preston County, West 
Virginia 

 
Jennifer S. Mabie 

 
The U.S. Department of Energy National Energy and Technology Laboratory have utilized 
an airborne platform with remote sensing technologies consisting of a multi-spectral scanner 
and airborne electromagnetic conductivity technologies to provide a rapid reconnaissance of 
watershed areas.  Airborne surveys were flown over the T&T Mine Complex, located in 
Preston County, West Virginia.  The electromagnetic and thermal anomalies observed in the 
airborne data were compared to mine maps to correlate anomalous features with mine pools 
and ground water discharge points that may represent acid mine drainage (AMD).  Surface 
geophysical studies were performed to delineate the conductivity anomalies observed in the 
airborne data.  The geophysical surveys were not able to resolve the mine pool at a depth of 
90 meters; however, there was resolution between airborne and ground survey results up to a 
depth of 40 meters. The thermal data was not able to resolve groundwater discharge points 
that may represent AMD.  
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CHAPTER 1 – Introduction 
 
 
1.1. Statement of Problem 
 

 The production of acid mine drainage (AMD) from coal mining sites in the 

Appalachian area of the United States is a major environmental issue that receives much 

attention in affected communities. Remedial procedures are often initiated in response to the 

need to be in compliance with Surface Mining Control and Reclamation Act water quality 

standards.  However, reclamation efforts are usually based on very little subsurface 

information.  In most cases, geophysical assessment of the area is not available.  Lack of 

site-specific subsurface information often limits the effectiveness and increases the cost of 

remedial action.  

Acid mine drainage is generally associated with an increase in concentration of heavy 

metals and other ionic species that increase specific conductance of ground and surface 

waters.  This increase in conductance makes mapping of AMD ground water contamination 

using geophysical methods a low cost alternative to collecting subsurface data.  Acid mine 

drainage has had a significant impact on water quality in the Appalachian region for decades 

and will continue to adversely affect these areas unless effective and comprehensive 

remedial actions can be designed and applied.  

The U. S. Department of Energy National Energy Technology Lab's (NETL) Clean 

Water Team utilizes an airborne platform with four different technologies consisting of a 

multi-spectral scanner (MSS) equipped with dual infrared sensors, and three geophysical 

technologies: terrain conductivity, very low frequency, and magnetometry (Ackman et al., 

2000).  The airborne approach identifies potential problem areas over whole watershed areas 
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in a short period of time and helps identify possible relationships between polluted areas that 

might otherwise be missed by limited surface investigations.   

1.2. Previous Research 
 
 Traditionally, airborne geophysical surveys have been used for the detection of 

conductive ore bodies and geologic mapping.  However, in recent years, studies have 

demonstrated the effectiveness of airborne geophysics and remote sensing for environmental 

purposes. 

  King and Hynes (1994) used geophysical methods to monitor acid mine drainage at 

the Sudbury Igneous Complex.  High quality airborne geophysical data was acquired with a 

multi-coil, multi-frequency helicopter electromagnetic system over tailings areas, which are 

thought to be source areas of AMD seeps.  The airborne data results indicated that 

anomalous areas coincided with the tailings.  The airborne surveys were verified by ground-

based geophysical surveys performed with Geonics EM-31 and EM-34 terrain conductivity 

instruments.  Additionally, borehole electromagnetic surveys were conducted to locate the 

source of the anomalous conductivity within the tailings piles.  The electromagnetic 

conductivity data was correlated with previously acquired resistivity data.  The study showed 

that the combination of airborne and ground-based geophysical investigations characterize 

the three-dimensional distribution of acid-producing materials within the tailings piles.  

 Torgerson, et al. (2001) was successful in monitoring stream and river temperature 

using an airborne thermal infrared platform developed to measure spatially continuous 

patterns of water temperature in streams.  High-resolution imagery was recorded for the 

streams and adjacent areas from a helicopter platform.  The geo-referenced images made it 

possible to map large-scale changes in the stream temperatures and to identify fine details, 
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which contribute to the stream’s overall temperature.  Thermal stratification in the stream 

and reflective long wave radiation are causes for erroneous measurements in remote sensing 

data.  Ground surveys were performed to verify the results of the airborne remote sensing 

data.  The airborne data were consistently within ±0.5°C when compared to the ground-

based results. 

 The US Department of Energy has used airborne and ground geophysical surveys to 

identify and map groundwater flow paths and recharge and discharge locations that may be 

related to acid mine drainage (AMD).  Airborne surveys have been completed over the 

Yellow Creek Watershed Area, Sulphur Bank Mercury Mine, and Kettle Creek Basin.   

 The Yellow Creek watershed area is located in Hammondsville, OH.  Thermal 

infrared data was collected over the Yellow Creek watershed area where an AMD “blowout” 

occurred in the stream (Mabie et al., 2001).  The study used nighttime thermal infrared 

imagery to identify areas where groundwater discharges to the surface as mine discharges, 

seeps, and springs.  A terrain conductivity survey was employed to map a contaminated 

surface and groundwater plume between a known mine adit, or mine shaft,  and the North 

Fork of Yellow Creek to ensure that the AMD discharging from the adit was not the source 

of the “blowout” in the stream. The EM survey showed that the adit was probably not the 

source of contaminated water at the “blowout” area because both the surface water and 

groundwater from this mine entered the North Fork of Yellow Creek below the impacted 

area (Mabie, Hammack, Veloski, 2001). 

 Another study focused on the Sulphur Bank Mercury Mine, located in Clear Lake, 

California (Hammack and Mabie, 2002).  Areas of high conductivity identified in the 

airborne electromagnetic conductivity survey results were corroborated with ground-based 
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geophysical surveys.  Anomalies identified in the waste rock dam were interpreted as flow 

paths for conductive, mercury-bearing water from the Herman Impoundment, a flooded open 

pit mine, into Clear Lake.  Additionally, the airborne geophysical results were used to map 

fault zones, which may also act as conduits for groundwater flow (Hammack and Mabie, 

2002). 

 Nighttime high-resolution airborne thermal infrared imagery data were collected over 

the Kettle Creek and Cooks Run watersheds, tributaries of the West Branch of the 

Susquehanna River. The purpose of this investigation was to evaluate the effectiveness of 

thermal infrared (TIR) data for identifying sources of acid mine drainage (AMD) from 

abandoned coal mines.  Coal mining from the late 1800’s resulted in many AMD sources 

from abandoned coal mines in the Lower Kettle Creek and Cooks Run Basin. Potential AMD 

sources were identified from airborne TIR data employing custom image processing 

algorithms and GIS data analysis. Based on field reconnaissance of TIR anomalies, 51 % 

were classified as AMD (Sams, J. and Veloski, G, 2003, unpublished data).    

1.3. Purpose and Objectives 
 

 The United States Department of Energy National Energy and Technology 

Laboratory’s (NETL) Clean Water Team has conducted several airborne surveys of 

watersheds in northern West Virginia to detect potential pollution sources.  The airborne 

approach provides a rapid reconnaissance of the geophysical characteristics of potential 

contamination sites (Ackman and Cohen, 1994).  The airborne surveys are followed by 

surface geophysical surveys to better delineate the conductivity anomalies observed in the 

airborne data.  The various ground-based geophysical methods that are used at ground survey 

locations include terrain conductivity, borehole geophysical surveys, and resistivity. 
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 The purpose of this research project is to investigate the significance of 

electromagnetic and thermal infrared anomalies observed in airborne surveys of the T and T 

Mine Complex located in Preston County, West Virginia (Figure 1).  The airborne 

conductivity surveys were acquired using an electromagnetic system that utilizes five sets of 

horizontal coplanar coil-pairs with frequencies ranging from 390 Hz to 102,680 Hz.  Two 

bands of nighttime airborne thermal infrared imagery were acquired with spectral sensitivity 

range of 3-5µm and 8.5-12µm, respectively.  Electromagnetic and  thermal anomalies 

observed in these data will be compared to mine maps in order to correlate the anomalous 

features with mine pools and  ground water discharge points, which may represent acid mine 

drainage. 

 The study will use surface and borehole geophysics to corroborate the results of the 

airborne surveys and to provide higher resolution mapping of the areal extents of 

electromagnetic anomalies.  While airborne surveys can provide a rapid reconnaissance of an 

area, ground-based surveys can provide high-resolution views of the anomalous features.  

The results of this study should help design efficient ground-based geophysical 

investigations to quickly survey areas and compare results between airborne and ground-

based surveys.   

Data manipulation includes a combination of forward and inverse modeling of results 

obtained from both the airborne and ground geophysical surveys and analysis of the thermal 

infrared data.  The purpose of the modeling is to resolve the underground mine pool and the 

possible extent of acid mine waters. 
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T&T Mine Complex 
Preston County, West Virginia 

 

Figure 1:  Location map of the T&T Mine Complex, Preston County, WV.  The mine complex is 
comprised of three underground room and pillar mines: T&T #1, T&T #2,  and Ruthbell  The 

underground mines are outlined in a solid black line overlain on a USGS Digital Raster Graphic. 
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1.4. Site Description 
 

The T&T Mine Complex is located in near Albright, Preston County, West Virginia  

(Figure 1).  The complex is comprised of three underground, room and pillar mines: T&T #1, 

T&T #2, and the Ruthbell Mine. The mines are situated in the Pennsylvanian Conemaugh 

Group and Allegheny Formation, and are located at a depth approximately 85-90 meters 

below the surface.  The target coal seam was the Upper Freeport Coal, a multiple-bedded 

coal seam ranging in thickness from 0 to 3 meters, and marks the boundary between the 

Conemaugh Group and Allegheny Formation.  A generalized stratigraphic column for the 

mine complex is shown in Figure 2.  Figure 3 is a geologic map of Preston County and 

shows that the mine complex is situated on the southeast limb of the Preston Anticline.  The 

Preston Anticline strikes northeast-southwest and plunges to the northeast.  The overburden 

consists of massive sandstones, interbeds of limestone and shale, and two significant coal 

beds, the Harlem Coal and the Bakerstown Coal. 

Three coal beds were surface mined within the study area.  The Upper Freeport Coal 

was surface mined near the northern study area boundary.  The Bakerstown Coal, a 1.5 meter 

thick coal seam within the Conemaugh Group that occurs about 54 meters above the Upper 

Freeport Coal, was surface mined along the upper reaches of Sypolt Run and along the 

northern boundary of the study area.  The Harlem Coal, which is about 0.6 meters thick and 

occurs about 15 meters above the Bakerstown Coal, may have been surface mined in limited 

areas. 

 Once the underground mining was complete, the mines were allowed to flood with 

water.   Figure 4 depicts the flooded portions of the mine (orange polygons) and the surface 

mined areas (red polygons) within the study area.  Effluent AMD discharge from the mine 
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complex has a pH <3.0.  Presently, the AMD effluent is being treated by the West Virginia 

Department of Environmental Protection. 
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Figure 2:  A generalized stratigraphic column for the T&T Mine Complex.  
The mine is situated in the Upper Freeport Coal. Data compiled from well 

borings in the study area. 
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Figure 3: Geologic map of study area.  The mine complex is situated on the southeast limb of the Preston 
anticline. 
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Figure 4:  Well locations available for borehole geophysical surveys displayed on a false color digital orthophoto 
quarter quadrangle (DOQQ).  The well data provided control for ground-based surveys.   

Well 2 
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CHAPTER 2 – Review of Geophysical and Remote Sensing Methods for 
Environmental Applications 

 
2.1. Terrain Conductivity 

Conductivity varies within the earth and is controlled by the rocks and soil that make 

up the subsurface.  Factors controlling the conductivity of a given area are: porosity, 

moisture content, dissolved electrolyte content, temperature and phase state of pore water, 

and the amount and composition of colloids (McNeill, 1980-a). 

The terrain conductivity method uses a transmitter coil that produces a primary 

electromagnetic wave that travels through the ground.  The alternating electric current 

produces an alternating magnetic field that induces current flow through the earth. Current 

flow in the receiver coil is induced in response to the electromagnetic fields generated by the 

transmitter and the induced secondary ground currents.   

The strength of the secondary field is dependent on intercoil spacing, frequency of 

the primary field, and ground conductivity.  As described by McNeill, there is a simple 

relationship between the primary and secondary fields when the operation frequency of the 

terrain conductivity meter is confined to the constraints of a low induction number.  The 

terrain conductivity has a linear relationship with the ratio of the primary and secondary 

magnetic fields.  McNeill (1980-b) gives the relationship: 

 

Hs  =  iωµ0σs2  (1) 

Hp              4 

 

Where Hs is the secondary magnetic field at the receiver coil 

 Hp is the primary magnetic field at the receiver coil 

 ω is equal to 2πf 
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 f is the frequency of alternating current in transmitter coil 

 µ0 is permeability of free space 

 σ is ground conductivity 

 s is the intercoil spacing 

 i is square root of -1. 

The instrument directly measures the primary and secondary fields and the ratio is known; 

therefore, the apparent conductivity is also known (McNeill, 1980-b). 

A low induction number makes the general relationship between the ratio of the 

primary and secondary and terrain conductivity possible.  The induction number, B, is 

dependent on the intercoil spacing and the skin depth: 

B = s  (2) 
      δ 

Where s is the intercoil spacing and δ is the skin depth (McNeill, 1980-b).  The skin depth is 

described as the depth at which the amplitude of the electromagnetic field drops to 1/e of the 

source amplitude (e being the natural base).   Skin depth is a function of the operating 

frequency and the ground conductivity (McNeill, 1980).   The skin depth is given by the 

following relationship: 

(3) 
δ = 500(1/σf)1/2

As implied by this relationship, increases in ground conductivity and frequency will decrease 

the skin depth, and therefore, decrease the depth of investigation.  

 The average conductivity, as calculated from the induction logs at the mine complex, 

is approximately 20 millimhos per meter (mmhos/m).  Using equation 3, the skin depths for 

the various airborne frequencies were calculated (Table 1). 
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Frequency 
(Hz) Skin Depth (m) 

102680 11.03 
25800 22.01 
6254 44.71 
1555 89.66 
390 179.03 

Table 1: Skin depths for various frequencies used in the airborne EM survey. 

 

 

In general, the relationship of the peak amplitude of an oscillating electromagnetic 

field at a distance r from the source will drop off is given by: 

(4) Ar = Ase -αr

Where Ar is the peak amplitude and α is the absorption coefficient (McNeill, 1980-b).   

The absorption coefficient varies in proportion to the frequency of the 

electromagnetic wave such that higher frequencies are attenuated more than lower 

frequencies over the same distance.  Therefore, to obtain a greater exploration depth, a lower 

frequency must be used.  

  The EM34 allows three different coil spacings and frequencies.  The larger the 

intercoil spacing and lower operating frequencies allow for a greater depth of penetration.  

Generally, the effective depth of exploration is greater when the instrument operates in the 

vertical dipole field (Figure 5).  The three different coil spacings and operating frequencies 

are 10 meters, 20 meters, and 40 meters, and 6400 Hz, 1600 Hz, and 400Hz, respectively.  

The effective exploration depth in the horizontal dipole field is 7.5 m, 15 m, and 30 m, 

respectively; the effective exploration depth in the vertical dipole field is 15 m, 30 m, and 60 

m, respectively (McNeill, 1980-b).  For this survey, the 10-m, 20 m and 40-m intercoil 

spacings were used for EM-34 soundings. 
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Figure 5:  The vertical and horizontal dipole orientations determine the effective exploration depth
The apparent conductivity measured at the surface by the conductivity meter is a 

posite response of the contributions from the entire subsurface medium.  The relative 

ribution of a given interval at arbitrary depths to measure terrain conductivity is defined 

he relative response function Φ(z), where z is the depth divided by the intercoil spacing 

Φ(z) quantifies the relative contribution to the secondary magnetic field arising from a 

layer at any depth z (McNeill, 1980-b).  Figure 6 depicts the relative response function 

he vertical and horizontal dipole modes of operation.  Note how each dipole responds to 

rials at depth.  The horizontal dipole is much more sensitive to near surface materials 

drops off significantly at depth.  The vertical dipole exhibits little or no response to near 

ce materials, peaks at z = 0.5, and is more responsive to materials at depth. 

 

 

Figure 6: A comparison of the relative response for the vertical and horizontal dipoles 
(McNeill, 1980-b)  
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 The relative response function describes the relative sensitivity of the horizontal or 

vertical coil configurations to materials at various depths.  From the relative response 

function, the cumulative response function can be derived, which defines the relative 

contribution of the apparent conductivity from all material below a depth of z (McNeill, 

1980-b), given by: 
(5) 

RV(z) = ∫z4 ΦV(z)dz 
 
 
 Figure 7 illustrates the cumulative response versus depth for the horizontal and 

vertical dipoles.  The apparent conductivity is given by the relationship in which the 

dependence of the apparent conductivity on intercoil spacing is imbedded in the values of z 

(McNeill, 1980-b): 

(6) σ a = σ1[1-R(z1)] + σ 2R(z2) 

 

  

 
 
 
 
 
 

 

Figure 7: The cumulative response versus depth for each dipole (McNeill, 1980-b)
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 Figure 8 depicts a layered-earth model in which equation 6 would be used to 

eterm

Equation 6 can be used to determine the apparent conductivity. 

.2. Airborne Electromagnetic System 

ed the helicopter electromagnetic survey (HEM) 

d ine the apparent conductivity.  The apparent conductivity is the sum total of all 

contributions from all layers; therefore, the areas under the relative response curves can be 

expressed as a difference between cumulative response functions. 

 

Figure 8:  Layered-earth model. Rx  represents the receiving coil and Tx  represents the transmitting coil.  

s 

Rx Tx 

z1

z2

σ 1

σ 2

 

2

 Fugro Airborne Surveys perform

survey of the T&T Mine Complex on November 4, 1999 using the DIGHEMVRES 

electromagnetic data acquisition system.  The pilot and Bell 412 helicopter were provided by 

DOE’s Remote Sensing Laboratory, which is operated by Bechtel, Nevada.  The 

DIGHEMVRES system consists of five coplanar coil pairs operating at frequencies of 390 Hz, 

1,555 Hz, 6,254 Hz, 25,800 Hz, and 102,680 Hz (Figure 9).  The coil separation for all 

frequencies was 7.86 meters.  The system yields in-phase and quadrature data (Fugro, 2000). 
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A complete description of the DIGHEMVRES system specifications and applications can be 

accessed at http://www.fugroairborne.com/ProductsServices/airborne/em/dighem/dighem.shtml.  

Figure 9:  A schematic of the DighemVRES coil configuration.  The coil configuration consists 
of 5 pairs of coplanar coils ranging in frequency from 390 Hz to 102,680 Hz. 

 

rvey of the T&T Mine Complex was flown on east-west traverse lines with a 

lin

y methods require that a direct current be injected into the ground 

 

The HEM su

e separation of 100 meters.  The average sensor to ground height was about 55 meters, 25 

meters higher than the desired sensor height of 30 meters. The high sensor height was the 

result of an inexperienced pilot, moderately rugged terrain, and the need to clear power lines.  

The excessive sensor height decreased the amplitude of secondary signals from the ground 

and resulted in noisy data.   

2.3. Resistivity Methods 

 Electrical resistivit

and the ground resistivity is measured as a potential difference between two electrodes.  In 

comparison, terrain conductivity methods (the inverse of resistivity) use induced current flow 

to measure electrical properties of the subsurface.  The resistivity of the ground will 
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correspond to true resistivity if the ground is homogenous and isotropic (Yazicigil and 

Sendlein, 1982).  However, this is seldom the case.  The measured resistivity is apparent 

resistivity, given by the equation (Burger, 1992): 

ρ = 2πV (1 – 1 – 1 + 1)-1

                                                                i     d1    d 2   d 3    d 4   (7) 
 

In an electrical resistivity survey, a direct current of intensity, I, is injected into the  

ground via a pair of current electrodes.  The potential drop, ∆V, is measured across the 

potential electrodes.  Several electrode array configurations are used for resistivity 

measurements (Stoller and Roux, 1975).  For the purpose of this study, the dipole-dipole 

array (Figure 10) and the Wenner array (Figure 11) were used to perform horizontal profiling 

and soundings over areas adjacent to well locations using the Super Sting R8/IP, by 

Advanced Geosciences, Inc.   

 A B

a ana

M N

Figure 10:  Dipole-dipole array is arranged such that two dipoles are formed 
by AB and MN, respectively.  The electrode spacing is 4 meters 

 

 

 

 

 

 

a a a 

A M N B 

Figure 11: The Wenner array.  The electrodes are equally spaced at 4 
meters. 
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 The dipole-dipole is a common geometry for resistivity surveys.  The potential 

ectrod

can be studied in two ways: electrical soundings and horizontal 

 the subsurface.  A fixed 

tic Induction Methods 

methods have been traditionally 

used f

el es and rovide good lateral 

resolution.  In a survey, the potential electrodes are placed relative to the current electrodes.  

The Wenner array places all electrodes at an equal distance from each other.  In a survey, all 

of the electrodes are moved along a profile, but the spacing between the electrodes remains 

the same (Burger, 1992).    

 Apparent resistivity 

current electrodes function independently as dipoles to p

profiling.  The aim of an electrical sounding is to attempt to map the underground electrical 

resistivity by means of surface measurements.  A deduction of variation of electrical 

resistivity with depth at any given point on the earth’s surface can be made, regardless of the 

configuration.  The further away from a current source the measurement is made, the greater 

the depth of electrical penetration (Yazicigil and Sendlein, 1982). 

 Horizontal profiling is used to detect lateral variations in

electrode spacing is chosen and the whole array is moved along a profile as each 

measurement is made (Yazicigil and Sendlein, 1982).  The combined methods repeat the 

horizontal profiling method at wider electrode spacings to obtain a series of profiles that can 

be presented as a pseudo-section. 

2.4. Time Domain Electromagne

Time domain electromagnetic (TDEM) induction 

or geothermal exploration and deep structural mapping.  More recently, TDEM 

methods have been used for mining exploration, engineering, and environmental purposes 

(Tasci and Jordan, no date).   
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TDEM methods are those in which time-dependent magnetic fields are created by 

inducing square waves of current through a grounded wire source.  Passing a step current 

through the cable generates an electromagnetic field.   There are two parts to this magnetic 

field; one from the current flowing through the cable, and the other from the return currents 

flowing through the Earth (Keller, 1997).   

The time-varying electromagnetic field generated by the transmitter coil induces a 

secondary time-varying eddy current and magnetic field in subsurface intervals (Figure 12).  

This secondary magnetic field is measured at the site.  Its intensity and phase provide 

information about subsurface resistivity variations beneath the coil (Keller, 1997).  For this 

study, the PROTEM-47, manufactured by Geonics Limited, was used with a 40x40 meter 

transmitter coil. 

 

 
 

 

2.5. Bo
 
 

a cased

along 

 

Figure 12:  Square waves are induced into the ground and the energy creates eddies.  This, in
turn, creates a secondary magnetic field, which is measured at the earth’s surface. Source: 
Northwest Geophysical Associates ( www.nga.com). 
rehole Geophysics 

Borehole geophysical logging includes all methods for lowering a sensing device into 

 or uncased borehole to record a physical, chemical, electrical, or radioactive property 

the well bore.  Traditionally used by the petroleum industry, the properties useful for 
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determining oil and gas prospects can also be used in environmental and hydrological 

investigations associated with ground water pollution.   

 Three wells on the study site were available for borehole geophysics (see Figure 4).  

Each well was drilled into a known mine void by Coastal Coal Company in order to inject a 

neutralizing lime slurry into the flooded portion of the underground mine.  The mine is 

situated on the east limb of a plunging anticline; the wells were drilled up-gradient of 

inferred mine pools for the lime slurry injection.  Each well was drilled to an approximate 

depth of 80 meters below the surface.  The suite of geophysical logs completed in each well 

includes an induction log to measure electrical conductivity, and neutron, natural gamma, 

and gamma-gamma logs. 

 Neutron logs use a radioactive source that releases neutrons into a formation.  The 

neutrons cause formations to emit gamma rays which are proportional to hydrogen content.  

The gamma radiation is recorded by the logging instrument. Neutron logs are often used to 

determine porosity, water content, and moisture content within a formation (Keys, 1988). 

 Natural gamma logs record the amount of naturally occurring gamma radiation in the 

borehole vicinity.  Clay-bearing rocks naturally emit a high amount of gamma radiation due 

the abundance of potassium in clays and micas (Keys, 1988). 

 The gamma-gamma log, or density log, measures density through gamma radiation.  

The logging tool emits gamma radiation and records the amount of gamma radiation that 

returns from the formation surrounding the borehole area (Keys, 1988).  The logs are 

calibrated such that bulk density is calculated. 
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2.6. Thermal Infrared Imagery 

 Temperature can be described two ways: kinetic temperature or radiant 

temperature.  Kinetic temperature is the internal manifestation of the average energy of the 

molecules which make up the body.  Radiant temperature can be described as an object’s 

external manifestation of molecular energy states.  It is the external manifestation of an 

object’s energy state that is remotely sensed (Lillesand and Kiefer, 2000).    

 There are spectral regions where the atmosphere conditions such as the 

amount of water vapor, carbon dioxide, and ozone can absorb solar radiation and limit 

remote sensing data acquisition (Figure 13).  The wavelength ranges where the atmosphere is 

particularly transmissive of energy are referred to as atmospheric windows (Lillesand and 

Kiefer, 2000).  Note that these windows occur at 3-5 µm and 8-14 µm. 

  The warmer an objects is, the shorter the dominant emissive radiation wavelength.  

For this reason, the 3-5µm atmospheric window is often used for mapping very hot objects 

such as forest fires.  On the other hand, the 8.5-12.5µm range is interesting because it not 

only occurs in an atmospheric window, but also at the peak of energy emissions for most 

surface features.  The average ambient temperature of the surface features occurs at 

approximately 9.7µm, making the 8.5-12.5µm very useful mapping earth surfaces (Lillesand 

and Kiefer, 2000).   
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Figure 14:  Generalized diurnal radiant temperature variation (Lillesand and Kiefer, 2000). 

 

 
Figure 13:  Atmospheric absorption of the wavelength range 0-15 µm.  Note the atmospheric windows at 

3-5µm and 8-14 µm (Lillesand and Kiefer, 2000). 

It should be noted that for most mapping situations where thermal imagery is utilized, 

such as the T&T Mine Complex survey, the TIR data qualitative in nature.  The calibration 

of the imagery to kinetic temperatures is not necessary, but rather it is the relative difference 

in temperature between objects that are of interest.  
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Diurnal variations must be considered when acquiring thermal data.  The comparison 

between the diurnal temperatures of water with that of soils and rock is shown in Figure 14.  

Note that the highest contrast between the ground and water occurs a few hours past solar 

noon and cooling takes place thereafter.  Nighttime imagery is preferred because daylight 

data is dominated by variations in solar heating due to topography.  The temperature curve 

for water is quite distinctive because the diurnal temperature range of water is very small 

compared to the ground temperature range, and water reaches its maximum temperature at a 

delayed time compared to the other materials.  It can be concluded from the graph that the 

ground surface temperature is higher during the day and lower during the night than water 

temperature.  The two points where the line crosses are called crossovers and they indicate 

no difference between the ground surface temperature and the water temperatures (Lillesand 

and Kiefer, 2000).   

Two channels of nighttime thermal infrared imagery (TIR) were acquired at the T&T 

Mine Complex as part of a survey of the Muddy Creek/Roaring Creek Watershed.  The 

thermal sensor was a Daedalus AADS 1268 multi-spectral line scanner (MSS) coupled to a 

position and orientation system (POS). The MSS was configured for nighttime thermal 

operation with a spectral sensitivity range of 3-5µm (band 1) and 8.5-12.5µm (band 2).  A 

GPS navigation system was used to plot the planned survey route.  A minimum 30% overlap 

was specified between adjacent flight lines.  The POS consisted of a Litton LN-200 inertial 

measurement unit (IMU), which provided trajectory data that was used to record orientation 

of the sensor head on the MSS. This instrument configuration allows data to be geo-rectified 

for distortions brought about by aircraft attitude (pitch, roll, and yaw) (Brewster, 1999).  The 

data is corrected for geometric distortion using a combination of inertial measurements and 
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Differential Global Positioning System (DGPS) navigation data collected in the air. The final 

corrected positional accuracy was found to be approximately ± 1 meter.  The data were also 

radiometrically corrected.  

The thermal data were acquired between 3:00 am and 6:00 am to ensure optimal 

thermal contrast between cold surface water and warmer ground water from mine discharges, 

seeps, and springs.  This time window allows objects heated by sunlight during the day to 

reach temperature equilibrium with the surroundings.   
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CHAPTER 3 – Modeling Results and Discussion 

3.1. Borehole Geophysics 

 Three wells were available to perform borehole geophysical surveys.  The suite of 

geophysical logs completed in each well included induction, gamma-gamma, natural gamma, 

and neutron.  The results of the induction logs are shown in Figure 15.   In order to determine 

a starting model for the terrain conductivity modeling, the induction logs were averaged into 

geoelectric layers, which are not necessarily geologic layers (Keller and Frischknecht, 1966).  

As defined by Keller and Frischknecht (1966), a geoelectric layer is bounded by changes in 

electrical properties of the rocks and can contain many geologic layers or reside inside a 

single geologic layer. The geoelectric layered models contain layers of relatively similar 

electrical conductivity, not constant geology as the geology is more complicated than models 

in this project can represent.   

 The results of the induction logs are blocked into intervals of similar conductivity.  In 

order to determine where boundaries should be placed to make a multi-layered conductivity 

model, the cumulative conductance is calculated and plotted against depth for each well 

(Stoyer, 1998).  Cumulative conductance is calculated by summing the longitudinal 

conductance of each of the many thin layers from the well log and is calculated by dividing 

resistance (ρ) of each layer by layer thickness (h):  

(8)                            S cum = ∑ hi/ρi
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Figure 15 A, B, C:  The induction logs for Wells 1-01, 2-01, 3-01 at the T&T Mine Complex.  Each well 
was logged to an approximate depth of 80 meters. 

  

 Figure 16 shows the plots of the cumulative conductance versus depth for each of the 

three wells.  The shallow slopes indicate areas of high conductivity, while steep slopes are 

indicative of areas of low conductivity.  A change in the slope of the lines indicates a 

geoelectric boundary. 

 

 28



Cumulative Conductance
0.00 0.50 1.00 1.50 2.00

D
ep

th
 (m

et
er

s)
0

10

20

30

40

50

60

70

80

Well 1-01
Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

A.

 

Cumulative Conductance
0.00 0.50 1.00 1.50 2.00

D
ep

th
 (m

et
er

s)

0

10

20

30

40

50

60

70

80

Well 2-01

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

B.

 

 29



Cumulative Conductance
0.00 0.50 1.00 1.50 2.00

D
ep

th
(m

et
er

s)
0

10

20

30

40

50

60

70

80

Well 3-01C.
Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Layer 6

 

 

Figure 16 A, B, C: Plots of cumulative conductance versus depth for each well.  A change 
in the slope of the line changes indicated changes in geoelectric layers. 

 

 

  

 The model layers are easily determined by the changes in slope.  Well 1-01 and Well 

2-01 can be divided into 5 layers, with breaks at 7 m, 40 m, 56 m, 67m, and 8.9m, 42m, 54m, 

71m, respectively.  Well 3-01 is divided into 6 layers: 2.98m, 15m, 37.5m, 54.5m, and 

66.3m.  The conductivity values for the model layers were chosen in order to be 

representative of the conductivity observed in the wells and were used to produce a starting 

block diagram.  Figure 17 shows the layered models overlain on the original induction log 

data, represented by the red line.   
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Figure 17 A, B, C:  The geoelectric model layers for each well.  The layered models were derived 
from the cumulative conductance and are indicated with the heavy red line.   

 

3.2. Terrain Conductivity 

 Terrain conductivity soundings were conducted at wells 1-01, 2-01, and 3-01 using 

the 10m, 20m, and 40m coil separation of the Geonics EM-34 XL terrain conductivity meter.  

Data was collected using both horizontal and vertical dipole measurements.  The borehole 

induction logs were divided into geoelectric layers and were used to define a starting model 

which, in turn, was used to predict the terrain conductivity responses (Figure 18).  Using 

Interpex’s EMIX-34 Plus modeling software, inverse models were created using the Inman-

style ridge regression approach of nonlinear least squares curve fitting (Interpex Limited, 

1989). 
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 Figure 18 is a graphical representation of the field observations and calculated 

conductivities from the starting model for three intercoil spacings.  These three-point 

soundings consist of measurements made at the 10, 20, and 40 meter intercoil spacings.  For 

each sounding, the calculated and observed data show similar increasing values at the 10 m 

and 20 m coil separation; however, at the 40 m intercoil spacing, the match between the 

observed and calculated data drops off significantly.  Models were generated in order to 

investigate possible ways in which these differences could be explained and to minimize the 

great disparity between the calculated and observed data.   

 The simplified induction logs (Figure 17) served as starting models for the forward 

and inverse modeling process.  In the modeling effort, the thickness of layers observed in the 

borehole remained fixed during the inversion; only layer conductivity was allowed to vary, 

meaning that the values of layer conductivity parameters could be varied during the 

inversion process to minimize differences between the calculated response and field 

observations.  Inverse models are shown in Figure 19 A-C.  Notice that the general 

conductivities derived by modeling are similar to the conductivities portrayed in the initial 

starting models. However, the layer conductivities derived by inversion are lower than those 

observed in the wells logs.  The calculated and observed conductivities for the inverse model 

are shown in Figure 20.  The anomalously low apparent conductivity observed at the 40-

meter coil separation suggests the presence of a real difference between the conductivity in 

the immediate vicinity of the borehole and the associated larger volume of surrounding strata 

which define the surface measurements.  One reason could be lateral variations in the strata.  

The differences could also be attributed to the dewatering of strata overlying the mine pool 

 33



as a result of fractures propagating upwards through the overlying rock from the mine void, 

resulting in anomalously low conductivity in the strata immediately above the mine void. 
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Figure 18: The observed and calculated conductivities at each well. 
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Figure 19. A, B, C:  Conductivity log, starting model, and inverse model.  Note that the shape of the inverse curve is 
similar to the starting curve, but the conductivity is less suggesting a real difference in surrounding strata.  The %RMS 
for each inversion is 30%, 18%, and 24%, respectively. 
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Figure 20 A, B, C:  The calculated and observed conductivity values at each well after the inversion process.  Note 
that the great disparity between the two values at the 40-m separation value, which may be indicative of variations 
in local strata.   

 The mine void was added as a high-conductivity layer to the input model and an 

inverse model was generated.  The calculated conductivities were then used as an input 

model with the mine void as an air-filled layer with no conductivity.  The purpose of this 

exercise was to determine if there was a resolvable difference between a low conductivity 

air-filled void and a highly conductive mine pool.  A comparison of the calculated and 

observed conductivities between an air-filled void and AMD-filled mine workings is shown 

in Figure 21.  The RMS difference is 2.09%.  With such a small difference between the two 

situations, one can conclude that it would be impossible to differentiate between AMD or 

air-filled mine workings using terrain conductivity soundings.  The difference is significantly 

smaller than the error observed in the foregoing comparison between the inverse model 
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calculations and observations.  The chances that such a small difference could be uniquely 

associated with the presence or absence of mine contamination is miniscule. 
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 Figure 21:  The calculated difference between the mine void as an air-filled layer and as a conductive layer.  

The percent difference is 2.09%.    
 
3.3. Resistivity 
 
 Field studies also included acquisition of resistivity soundings in areas adjacent to 

Wells 1-01 and 2-01.  Dipole-dipole and Wenner soundings were surveyed using AGI’s 

resistivity meter, Super Sting R8/IP.  In the Super Sting, survey all electrodes are set out 

initially along the profile lines.  For this survey, a total of 56 electrodes were driven into the 

ground at 4 meter intervals along the profile.  Resistivity measurements are controlled by 

internal software.  The algorithm selects combinations of current and potential electrodes 

along the length of the electrode array.  The measurement process takes about 45 minutes for 
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the dipole-dipole survey and 2 hours for the Wenner survey.  Data from the resistivity 

soundings are then imported into Microsoft’s Excel to extract individual soundings.  The 

soundings were imported into RES2DINV (www.geoelectrical.com), a program which 

generates a 2-D inverse resistivity model using a smoothness-constrained least-squared 

method.  The model is displayed as a psuedosection.  Figures 22 and 23 depict the 2-D 

inverse models calculated for the dipole-dipole and Wenner surveys.   Note in both images 

the highly resistive unit at the top of the section.  This unit corresponds to the Grafton 

Sandstone, a resistive sand, which crops out in the survey area.  The resistivity in the model 

decreases with depth.   

 Soundings were extracted from the Wenner array profile data and modeled using 

Interpex’s IX1D (www.interpex.com).  Figure 24 depicts the results obtained from the 

inverse modeling of one sounding along the profile.    The inverse models obtained by IX1D 

are very similar to those shown in the psuedosections (Figures 22 and 23).  The model 

reveals a highly resistive unit near the surface that extends from about 0.3 meters to 4 meters 

beneath the surface.  The interval correlates to the Grafton Sandstone (first sandstone 

interval, Figure 2) mentioned above and may also include some of the underlying strata.  In 

order to match the observed and calculated data, a highly thick, highly resistive unit near the 

top of the section must be present, and as observed in the 2-D inversion, the resistivity 

decreases with depth.  
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Figure 22:  The inverse model for the dipole-dipole array displayed as a psuedosection.  Note the highly 
resistive layer at the top. 

 Figure 23:  The inverse model of the Wenner array survey displayed as a psuedosection.  Note the high resistivity 
layer near the top of the section. 
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Figure 24:  The graph on the left is the observed and calculated resistivity data from the sounding performed in 
areas adjacent to Wells 1-01 and 2-01. Note the high data point has been masked and not included in the 
calculations.  The graph on the right is layered inversion of the resistivity data.  The high resistivity interval 
correlated with the Grafton Sandstone. The RMS difference between the calculated and observed resistivity data is 
16.77%. 

 The results of resistivity modeling indicate that the highly resistive layer near the top 

of the section serves as a barrier to current flow into the deeper section.  A high resistivity 

interval (low conductivity) also appears in each of the terrain conductivity models.  

However, in the case of terrain conductivity surveys, the propagation of transmitted 

electromagnetic waves is not impeded by the presence of a low conductivity interval.  
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Problems in resistivity surveys can arise when highly resistive units are present in the 

subsurface.  The resistivity response at target depths cannot be measured in when overlying 

highly resistive zones inhibit current flow to the target interval (Merkel, 1972).  The high 

resistive near surface layer observed in this study prevents measurements of meaningful 

apparent resistivity from depths below approximately 10 meters.  Layers in the models 

appearing below a depth of a few meters appear to have a lower resistivity and  are most 

likely due to limited current flow through deeper intervals.  

 

3.4. Time Domain Electromagnetic Methods 

 Two time domain electromagnetic (TDEM) surveys were completed in areas adjacent 

to Wells 1-01, 2-01, and 3-01.  Due to improper instrument configuration and possible 

instrument failure, no useful data was collected.  Another survey with proper instrument 

configuration would be useful as TDEM soundings are able to resolve conductors at depths 

greater than those obtained with terrain conductivity soundings.  Other methods, such as 

controlled-source audio frequency magneto-telluric (CSAMT), which have been used for 

groundwater exploration and monitoring, are being investigated by the US Department of 

Energy in order to determine if such technology is applicable in an environmental 

application. 
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Chapter 4 - Airborne Analysis Results and Discussion 

4.1. Airborne Electromagnetic Conductivity 

 Five frequencies of airborne electromagnetic data were collected over the T&T Mine 

Complex as part of the Muddy Creek/Roaring Creek Watershed airborne survey.  The data 

were collected using Fugro’s DIGHEMVRES electromagnetic data acquisition system.  The 

frequencies ranged from 390 Hz to 102,680 Hz.  The flight lines over the T&T mine site 

were extracted and imported into EM Flow, an airborne electromagnetic (EM) modeling 

program (Macnae, 2001).  

 EM Flow, developed by CRCAMET, an Australian minerals exploration research 

organization, uses theoretically defined EM system waveforms to deconvolve measured EM 

multi-component, multi-channel line data.  The software is designed to operate on large EM 

datasets such as the T&T data set and provide conductivity-depth images (CDI), plus 

anomaly identification and modeling tools (Macnae, 2001).  

 Conversion of observed EM data to time constant (Tau) domain is achieved by 

deconvolving the input data with a pre-computed ideal waveform (Macnae, 2001).  A typical 

modeling operation involves analysis of one or a select group of traverse lines and their 

acquired EM data. The appropriate Tau analysis range is defined, the controlling parameters 

are selected, and then the deconvolution and the CDI creation process can be applied to the 

selected dataset and allowed to operate in a batch style of operation (Macnae, 2001).  

Topography is taken into account for depth solutions and will form the upper surface of the 

CDI’s.  All flight lines for the T&T Mine Complex were processed, but for the purpose of 

this study, only the flight lines that corresponded with well location are considered.   
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 Figures 25, 26, and 27 are conductivity-depth images (CDI) for flight lines 10780, 

1790, and 10850, which are in close proximity to wells 1-01, 2-01, and 3-01 from the T&T 

Mine Complex.  A digital orthophoto quarter quadrangle (DOQQ) is coupled with each CDI 

in order to indicate the flight line location, shown by a heavy red line, in relation to the wells.  

Portions of these flight lines overlie approximately 90-m deep, partially flooded, mine 

workings indicated in orange on Figures 25-27. The water in the flooded mine is known to 

be conductive (>500 mS/m).  The elevation (in meters) is indicated on the side of the CDI 

and represents topography.  Information included on each CDI are the corresponding flooded 

mine areas (orange shading), the power line locations (vertical red lines), and well locations 

(vertical orange lines). 

  Figure 25 is the CDI and DOQQ for flight line 10780.  The feature marked “A” 

represents an unknown anomaly of high conductivity.  The depth of this conductive area is 

about 160 meters below the surface – too deep in the section to be considered for the flooded 

mine.  The feature marked “B” is an anomaly associated with the power line.  The deep 

anomaly in the vicinity of the power line is the result of interference.  The area marked “C” 

is a topographic low.  In this area, the bird height greatly exceeded the optimum bird height 

of 30 meters, resulting in a signal dropout.  No useful data can be obtained from this low 

area.  Additionally, the flying height of the bird exceeded 30 meters at the end of each flight 

line, making data obtained at flight line ends of no value. There are several deep, conductive 

features that were identified below the exploration depth for the frequencies used and also 

below the depth of the mine pool.  These conductors are believed to be artifacts of data 

processing and have no geological relevance.  The feature marked “D” is a near-surface 

conductor (appears as a thin, yellow band) that could represent the water table; it is more 

 45



conductive in areas that underlie surface mines.  This layer is too shallow in the section to 

represent the underground mine.  Because the thin conductor follows topography, it could 

also be an artifact of processing.  There are no significant anomalies in areas adjacent to 

Well 2-01.   
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Figure 25:  The CDI for flight line 10780.  Feature A is an anomoly in the mine pool area, but is below the 
depth of the mine pool and is thought to be an artifact of data processing and have no geologic relevance.   Area
B is a conductor in the vicinity of the power line is a result of power line interference.  Area C is a result of 
signal dropout as the bird exceeded the optimum height of 30 meters.  The near- surface conductor is believed 
to represent the water table in the area.
Figure 26 is the CDI, bird height graph, and DOQQ for flight line 10790.  There are 

o anomalous features that may be associated with the flooded underground mine.   The 

eature marked “A” is a conductive high associated with the power line.  The area marked 
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“B” represents the signal dropout.  Generally, the blue areas in the CDI beneath valleys 

indicate that the sensor was too high to obtain adequate response from low frequencies.  The 

anomaly at depth in the areas adjacent to “B” is interpreted as an artifact resulting from the 

combination of noisy data and the inversion processes of EM Flow.  Other deep anomalies 

are conductors that are too deep to be the associated with the mine, and are assumed to be 

processing artifacts.  The conductive layer relatively close to the surface “C” is thought to be 

representative on the regional water table, though it also could be an artifact of processing.  

There are no anomalous features in the vicinity of Well 1-01.  
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Figure 26:  The CDI for flight line 10790.  There are no significant anomalies associated with the mine pool, 
indicated by the orange shading.  “A” indicated the powerline signature from processing the data.  “B” indicates a
topographic low in which the sensor was too high to obtain adequate response from low frequencies.  “C” 
indicates a thin, near-surface conductor which may represent the regional water table.  There are several deep 
conductors which are thought to be processing artifacts. 
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 Figure 27 is the CDI, bird height graph, and DOQQ of flight line 10850.   The sensor 

height during the acquisition of flight line 10850 was excessive and resulted in broad areas 

where the CDI process could not achieve an adequate solution (blue areas).  The high 

conductivity feature marked “A” is a result of the power line.  The area marked “B” is an 

anomaly that may be an artifact from the deconvolution process.  The area marked C is a 

thin, continuous conductor that could be interpreted as the regional water table, or as 

processing artifacts.  There are no significant anomalies in the flooded portion of the mine.  

The anomalous regions present are too deep in the subsurface to be associated with 

underground mine and anticipated mine pool. 

Well 3-01Power Line

A B

C

Mine PoolWell 3-01Power Line

A B

C

Mine Pool

Figure 27: The sensor height during the acquisition of flight line 10850 was excessive and resulted in broad  
areas where the CDI process could not achieve an adequate solution (blue areas).  However, the near-surface  
conductor is present in most of the CDI profile. 
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 No CDI indicated a conductive anomaly at the depth and location of the mine pool.  

The average depth to the mine pool is about 90 m along the flight lines, which is near the 

calculated exploration depth for the 390-Hz frequency.  However, the 390 Hz data could not 

be used in the construction of CDI profiles because of excessive noise.  Some of the noise 

can be attributed to the high-voltage power line that extends across the site perpendicular to 

flight lines, and was therefore unavoidable. Additional noise occurred as a result of excessive 

sensor height and the swinging of the bird, which can be attributed to an inexperienced pilot. 

 Figure 28 is a generalized model generated by Furgo (2001).  Figure 28 A is a simple 

model section with the mine pool having a conductivity of  500 mS/m and a thickness of 2-3 

meters and an average overburden conductivity of 20 mS/m (Fugro, 2001).  Figure 28 B is 

the forward model results.  Figure 28 C is the inverse model results. The model results 

indicate that one would possibly be able to resolve a mine pool at the approximate depth of 

50 meters, under the best conditions (Fugro, 2001).  At depths greater than 50 meters, the 

noise is greatly increased resulting in questionable inversion results.  A conductive mine pool 

at a depth of 90 meters, as is the case at T&T, would not be detected, given the model 

parameters.  Without the 390 Hz data, the ability to detect a conductive mine pool at depth is 

greatly reduced.  
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Figure 28 A, B, C, D:  Forward model constructed using a 2-m thick mine pool by Fugro (2001).  Figure A is the 
odel frequency data.  All five frequencies were used and noise was introduced into the data.  Figure B is a simple 
odel section with the mine pool having a conductivity of  500 mS/m and an average overburden conductivity of 

0 mS/m (Fugro, 2001).  Figure C is

m
m
2  the forward model results.  Figure D is the inverse model results. 

Figure 28 A, B, C: Forward model constructed using a 2-m thick mine pool by Fugro (2001).  Figure 
A is a simple model section with the mine pool having a conductivity of 500 mS/m and an average 
overburden conductivity of 20 mS/m (Fugro, 2001).  Figure B is the forward model result.  Figure C 
is the inverse model result.   

D. C. 

C. B. 

B. A. 
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 Figure 29, 30, 31 are a comparison of the CDI’s of flight lines 10780, 10790, and 

10850 with the down-hole conductivity log and inversion EM-34 data.  The depth interval 

for each graph is 80 meters.  The CDI is cropped to include only areas immediately adjacent 

to well locations.  The actual well location is denoted with the heavy, dashed line.    As 

discussed previously, the forward model of the airborne survey data suggests that detection 

of conductors to a depth of 50 meters under the best survey conditions using all 5 frequencies 

is possible (Fugro, 2001).  At this survey location, with sub-optimal survey conditions, the 

airborne survey results reveal subsurface information up to an approximate depth of 40 

meters.  The graphs portray details of the vertical distribution of conductivity up to depths of 

approximately 40 m.  However after 40 meters, the resolution of the airborne data in 

comparison to the ground data is poor.  The high conductivity layer in the CDI’s in the 

figures corresponds to the thin, laterally extensive conductor near the surface noted on the 

CDI’s in figures 25, 26, and 27.  This could represent the water table in the area.  This thin 

conductor could also be an artifact of the deconvolving process of EM Flow.   

 

 

 51



Well 1-01 

 

 

 

 

 

 

 

 

 

CDI Induction Log Inversion Model A. B. C. 

Figure 29 A, B, C:  A comparison of the airborne, borehole induction log, and the inverse model for Well 
1-01.  The well location is denoted with a black dashed line on Figure A.  The elevation is located on the 
left of figure A, the conductivity (mS/m) is denoted with the color bar on the right of Figure A.  Figure B 
is the conductivity log.  Figure C is the starting model (green line) and the inverse model (red, dashed 
line) for the EM-34 soundings at Well 1.   
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Well 2-01 

Induction Log  CDI Inversion Model 

Figure 30 A, B, C:  A comparison of the airborne, borehole induction log, and the inverse model for Well 
2-01.  The well location is denoted with a black dashed line on Figure A.  The elevation is located on the 
left of figure A, the conductivity (mS/m) is denoted with the color bar on the right of Figure A.  Figure B 
is the conductivity log.  Figure C is the starting model (green line) and the inverse model (red, dashed 
line) for the EM-34 soundings at Well 2.   
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Well 3-01 

CDI Induction Log Inversion Model 

 

Figure 31A, B, C:  A comparison of the airborne, borehole induction log, and the inverse model for Well 
3-01.  The well location is denoted with a black dashed line on Figure A.  The elevation is located on the 
left of figure A, the conductivity (mS/m) is denoted with the color bar on the right of Figure A.  Figure B 
is the conductivity log.  Figure C is the starting model (green line) and the inverse model (red, dashed 
line) for the EM-34 soundings at Well 3.   
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4.2. Thermal Infrared Imagery 

ermal infrared imagery lines acquired during the nighttime 

saicking was used to combine the individual flight lines to generate a 

mpo

tanding of the site, as well as site characterization and analysis of data, 

 comp

frared imagery includes 

 the 

r to 

ludes 

rence 

 Figure 32 depicts seven th

flight over the T&T Mine Complex. The TIR images have been overlain on a USGS false 

color (DOQQ).   

  Image mo

co site image.  Mosaicking is the process of joining georeferenced images together to 

form a larger image or set of images.  The Erdas Imagine mosaicking module was used to 

generate the mosaic. 

 For full unders

a rehensive geographical information systems (GIS) project was assembled.  Table 2 

lists the significant layers used in this project for analysis.  

 Typically, data processing procedures for thermal in

separating land features from water features, particularly ground water that comes to

surface as springs or seeps.  Mine drainage should have temperature characteristics simila

local ground water flow systems.  Ground water is warmer than surface water, such as 

streams, which are in turn warmer than land during November.  Processing typically inc

reclassifying an image to distinguish land surface, surface water, and ground water.  

However, the thermal infrared images used in this study displayed no consistent diffe

between land, surface water, and ground water that could represent mine drainage.   
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Figure 32:  Mosaic of several nighttime TIR flight lines overlain on a false color DOQQ. 
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Table 2:  Significant layers used in GIS analysis for the T&T Mine Complex.  

Theme Type Description 
TIR_image (lines 

3-10) raster Thermal Infrared Image by Line 
Study_Area_DEM raster Study Area, USGS Digital Elevation Model 
Study_Area_DRG raster Study Area, USGS Digital Raster Graphic 
Study_Area_DOQ raster Study Area, USGS Digital Ortho Quarter Quad 

Upper Freeport 
Struct raster 

Study Area, Structure contours of Upper 
Freeport Coal 

Con_102K raster Apparent Conductivity Map, 102680 Hz 
Con_25K raster Apparent Conductivity Map, 25800 Hz 
Con_6200 raster Apparent Conductivity Map, 6254 Hz 
Con_1500 raster Apparent Conductivity Map,1555 Hz 
Con_380 raster Apparent Conductivity Map, 380 Hz 

Mine Boundary polygon Extent of Underground Mine 
Mine_Pools polygon Extent of Mine Pools 

Surface_Mined polygon Extent of Surface Mined Areas 
Preston County polygon Boundary of Preston County 

Preston Anticine line Preston Anticline 
Kingwood Syncline line Kingwood Syncline 

Mine_streams line Streams near mining area 
Well_location point Well locations in mine area  

 

 A pseudocolor scheme was applied to the TIR data to emphasize features of interest 

(Figure 33).  Pseudocolor operations do not alter the integrity of the data.  Pseudocolor 

delivers a normal transition through the color spectrum such that higher DN values are 

represented by warmer colors, which makes interpretation more intuitive.  A predefined 

color lookup table was applied to the dataset to implement the pseudocoloring of the image.  

Unfortunately, there was no emphasis of any particular feature of interest as the thermal data 

is poor in quality. 
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Figure 33:  A pseudocolor image of the thermal data.  Pseudocoloring was applied in order to highlig
possible areas of interest.  The applied color scheme is intuitive in nature; red colors are the warmes
colors are coolest. 

 Erdas Imagine has a swipe tool, which allows the user to view two overlain i

a single viewer at the same time. Using this tool, thermal anomalies were located an

interpreted.  Figure 34 depicts a cluster of thermal anomalies that appear to be livest

 
 

 

 

ht 
t, blue 

mages in 

d 

ock. 
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Figure 34:  TIR imagery depicting a thermal anomaly that may be interpreted as livestock in the field. 

 

 Figure 35 depicts a strip mine area, which has been reclaimed. Note the regular 

pattern of the conifer trees in the DOQQ. The same pattern is exhibited in the thermal 

imagery; the rows of the trees are warmer than the immediate surroundings. Coal refuse 

piles, which are relatively cool when compared to the forested area, can be observed. 
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Figure 35 A and B:  The TIR imagery compared to a DOQQ.  Figure A is a false color DOQQ.  Figure B is 
the TIR imagery of the same area.  The reclaimed area is recognizable due to the pattern of the conifer 
trees.  The conifer trees represent a thermal anomaly. 
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Although TIR has been found to be successful in locating AMD in previous studies (Sams 

and Velsoski, 2003), several environmental conditions can limit the effectiveness of using 

thermal infrared as a method for locating potential mine drainage source areas.  First, the 

path between the source and the airborne sensor must be unobstructed.  In forested areas, a 

leaf-off period is usually selected for data collection.  Under normal circumstances in the 

deciduous temperate forested areas of the same latitude (39°N) and elevation range (950-

2000 feet) of this study, this period ranges from late October to early April.  However, the 

T&T Mine Complex survey was performed at the beginning of a leaf-off period (November), 

and it is possible that some trees had not yet lost all of their leaves.  In addition, even areas 

heavily forested with deciduous trees may be obstructed by tree trunks and branches.  

Furthermore, evergreen species were a problem for this study, particulary those species 

planted in the reclamation of the T&T mine site.  In most instances, the coniferous trees 

obscured thermal emissions from the ground, precluding the possibility of locating features 

that would otherwise be expected to exhibit strong thermal responses such as a possible mine 

drainage seep.  Additionally, the leaves of coniferous trees exhibit a relatively high radiant 

temperature due to the thermal storage and emissive properties of the leaves.  These warm 

temperatures associated with conifer trees can be confused with the warm temperatures of 

the mine drainage.   
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Chapter 5 – Conclusions and Significance 

5.1. Key Findings 

Ground Surveys 

 Terrain conductivity and resistivity soundings were acquired at the T&T mine 

complex to determine whether they might prove useful for detecting and mapping 

underground mine pools.  The inverse modeling of the terrain conductivity soundings 

indicates that the mine pool could not be resolved at it’s depth of 90 meters.  The differences 

between the observed conductivities and the calculated conductivities could be attributed to 

local variations in the strata.  Another explanation for the differences between the observed 

and calculated conductivities could be a result of dewatering of upper aquifers via fractures 

propagating upward from the mine.  As the overlying strata subside into the mine void, 

extension fractures develop.  These fractures extend upward into the shallower strata and 

may penetrate aquifers, allowing for dewatering of the aquifer into lower strata. 

 Forward conductivity models show that at the depth of 90 meters, the anomaly 

produced by the mine interval is too small to be detected.  Useful information was obtained 

from the terrain conductivity surveys on the properties of strata in the upper 40 meters.  

 The resistivity surveys were also unable to resolve resistivity variations associated 

with the mine workings.   Observation of layer resistivities at depths below approximately 10 

meters was obscured by the presence of the near-surface highly resistive Grafton Sandstone.  

This high resistivity layer inhibits electric current flow into deeper formations, making the 

resistivity survey ineffective.  Resistivity models derived from the individual resistivity 

sounding yielded results similar to those obtained from 2-D inversion of the entire profile.   
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Airborne Surveys 

  An airborne electromagnetic and thermal infrared imaging survey was conducted 

over the T&T Mine Complex to detect potential pollution sources in the Roaring 

Creek/Muddy Creek watershed area.  Another objective of the airborne EM survey was to 

determine whether these airborne surveys could be used to characterize the near-surface 

hydrology in coal mining areas.  The ability to detect abandoned flooded mine workings in 

the vicinity of active mines would help avoid accidental breakthrough into the old mine 

systems.  

  The airborne conductivity data was deconvolved using EM Flow (Macnae, 2001).  

CDI’s were generated for all the flight lines over the T&T mining area, but for the purpose 

of the study, only flight lines that corresponded to well locations were presented.  When 

computing models for the airborne data, the 390 Hz data had to be excluded due to excessive 

power line noise.  The comparison of airborne CDI’s with down-hole induction logs and EM 

34 soundings show some agreement.  The thin, near-surface conductor could be a result of 

the deconvolving process.  However, the airborne data results do not corroborate ground 

survey results.   

  As projected by the forward model of the airborne conductivity data, a conductive 

mine pool may be detected under optimal conditions at depth of approximately 40 meters. 

Therefore, there was little chance that the survey at the T&T Mine Complex could detect 

conductive mine pools at 90-m depth.  Furthermore, the execution of this survey was sub-

optimal.  Should the airborne survey be conducted such that the bird maintained the optimal 

height above ground (30m) and the study area had minimal powerline and cultural 
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interference, the HEM survey results may have detected mine pools up to a depth of 

approximately 40 meters.  

The CDI’s do not indicate a conductive anomaly at the depth and location of the 

known conductive mine pool.  There is a conductive layer near the surface that roughly 

follows topography.  This conductive layer is thought to correspond with the highly 

conductive layer observed in the well logs, and could be the local water table.  The 

conductive anomalous regions observed at depth are much deeper than the mine pools and 

are thought to be a result of noise.  Distinctive anomalous regions at depth are associated 

with power line location and areas in which the maximum sensor height was greatly 

exceeded.    

 The average depth to the mine pool is about 90 m along the flight lines, which is 

much greater than the depth limit for detection under optimal conditions.  However, 

correctable problems with this survey may have been responsible for the non-detection of the 

mine pool.  The 390 Hz data could not be used in forward modeling calculations due to noisy 

data because the external noise precluded the depth advantage. Some noise can be attributed 

to the high-voltage power line that extends across the site and is unavoidable.   Rugged 

topography, an inexperienced helicopter pilot, excessive sensor height, swinging of the bird, 

and interference from power lines resulted in sub-optimal survey execution and noisy data.  

The mine pools were not detected. 

  Thermal imagery has been successfully used to detect groundwater discharging at the 

surface in mining areas in the Appalachian region in order to further characterize 

watersheds.  However, the thermal infrared imagery collected at the T&T Mine Complex 

was not useful in determining potential acid mine drainage discharge points.  The survey 
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was undertaken during the leaf-off period, however, the numerous coniferous trees obscured 

the ground thermal patterns.  Anomalies present in the TIR images of the T and T Mine 

Complex are not associated with groundwater discharge, but rather cultural features and 

forested areas, including both natural forestlands and reclaimed areas. 

5.2. Significance of Findings 

 This study provided an opportunity to evaluate the use of airborne and ground 

geophysical and remote sensing techniques to detect mine pools and possible acid mine 

drainage source areas in an area with both underground and surface mine sites.  This study 

served as a benchmark for the potential of geophysical methods for mine site evaluation.  

Though the surveys did not successfully delineate the mined areas, they should serve as a 

starting point for further investigations for the use of geophysical methods in an 

environmental application.  Previous studies have shown that airborne and ground-based 

geophysics and remote sensing can be successfully employed to delineate vertical and 

horizontal extents of mined areas.  This study shows the potential and limitations of 

geophysical survey methods conducted to resolve near surface conductivity and resistivity 

variations over underground mine complexes.   

5.3. Suggestions for Future Work 

 Future geophysical efforts at such sites should utilize modeling efforts before 

geophysical surveys are planned in order to determine if areas of interest can be detected 

using this methodology.   

 For airborne geophysical surveys, planners should if possible avoid areas with 

significant sources of cultural interferences such as power lines, towns, and pipelines.  A 

pilot who is comfortable and experienced flying a sling load in rugged terrain should be 
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employed for such survey endeavors.  When considering a nighttime thermal infrared survey, 

planners should ensure that the flight takes place in a leaf-off period and in an area that is not 

dominated with coniferous trees. 

 Ground surveys should be strategically located to minimize depth to the target 

intervals.  Mine pool depth at the T&T Mine Complex exceeded 80 meters at ground survey 

locations, a depth too great to be accurately sensed using the geophysical methods employed 

in this study.  
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Introduction to Carbon Sequestration 

Since the occurrence of the Industrial Revolution in England (1750-1830) and 

later industrial revolutions in Russia and Japan (early 20th century) the burning of fossil 

fuels has increased global atmospheric carbon dioxide (CO2) levels (Figure 1-3, historic 

CO2 levels).  Currently, the burning of fossil fuel accounts for 85% of the world’s total 

energy needs (Jepma, 1998).  The two primary gases that have been shown to cause a 

greenhouse effect (Figure, greenhouse gas model) are carbon dioxide and methane (CH4) 

(Bryant, 1997).  The greenhouse effect is a rise in global temperature that the Earth 

experiences because of certain blanketing gases in the atmosphere.  These gases include 

water vapor, carbon dioxide, nitrous oxide and methane, which trap energy from the sun. 

Carbon dioxide is responsible for 64% of the proposed greenhouse effect (Bryant, 1997).  

Because of CO2’s increase and abundance relative to the other proposed greenhouse 

gases, it has become the focus of greenhouse gas mitigation efforts.   There is still some 

debate about the relationship between increases in atmospheric CO2 from the burning of 

fossil fuels, and global temperature increases.  However, it is generally accepted that the 

global atmospheric temperature has risen 0.4-0.6°C over the past one hundred years 

(Bryant, 1997).   

One possibility to aid in lowering the greenhouse effect is to capture and 

sequester carbon dioxide.  Carbon sequestration is defined as: the removal of CO2, either 

directly from anthropogenic sources, or from the atmosphere, and disposing of it either 

permanently or for geologically significant time periods (Bachu, 1999).  The most 

prevalent anthropogenic source is fossil fuel burning power plants.  It is hoped that 

capturing these gases as they are produced and storing them by various means will lower 
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the Earth’s global carbon dioxide levels.  Several means of carbon sequestration exist, 

including: biomass, oceanic, geologic, and other non-terrestrial sequestration methods.  

The utilization of these methods relies solely on environmental, economical, and socio-

political factors tied to methodology and location.  

 

Biomass Sequestration 

The use of forests as a carbon dioxide sink has many positive environmental and 

economical aspects.  Forests represent a passive carbon dioxide sink, in which CO2 does 

not have to be captured before being sequestered.  Vegetation naturally removes CO2 

from the atmosphere to aid in the process of photosynthesis.  This is a very low-risk 

method of sequestration and, again, can have again many environmental and economic 

benefits.  The inherent problem with forestation as a means of sequestering carbon 

dioxide is the time that must be invested.   It is estimated that a large forestry plantation 

would require 40-50 years to sequester considerable amounts of CO2.  Another factor that 

prevents the use of this type of sequestration is that forests are not permanent objects (in 

the projected required time for sequestration to be a success).  The competition of land-

use and lumber versus sequestration creates an unstable socio-political environment 

(Bachu, 1999).  

 

Oceanic Sequestration 

 The world’s oceans are the most prevalent CO2 sinks for carbon sequestration.  

Below depths of 3,000 meters, the density of carbon dioxide is greater than that of sea 

water (Bachu, 1999).  Because of this physical characteristic, CO2 can be stored on the 
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ocean floor as plumes or hydrates.   This entails that carbon dioxide could be stored on 

any passive shelf or abyssal plain worldwide, as long as the 3,000 meter depth is 

surpassed.   

 Though the ocean holds the greatest potential worldwide for sequestration there 

are a host of considerations that must be taken into account.  Currently, there are not 

enough power plants near the ocean to make it an attractive method of sequestration 

(Bachu, 1999). The first consideration is that the technology to transport immense 

volumes of CO2 through pipelines or ships to offshore sites deeper than 3,000 meter is 

not currently in place.  This infrastructure will create a large economic toll.  Another 

consideration is how the CO2 plume or hydrate will affect marine organisms.  In order for 

oceanic sequestration to be accepted it must be economically and environmentally sound.   

There are also many uncertainties about the deep ocean floors concerning 

chemistry and exactly how the CO2 plume will behave in nature, rather than in the 

laboratory.  Once the CO2 is stored in the ocean environment it must stay there for 

significant periods of time (>100,000 years).  There are also problems that occur because 

any particular country does not possess the open oceans. Therefore, if problems were to 

occur, who would be responsible or affected?  This uncertainty of CO2 behavior is the 

most damning aspect of oceanic sequestration.  When the compounding ambiguities of 

environmental and socio-political factors are considered, the short-term need for carbon 

sequestration is not met (Herzog, 1997). 
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Geologic Sequestration 

Long-term storage of CO2 in underground geologic formations has the potential to 

be viable in the short-term. Power plants are inherently located near sedimentary basins, 

which provide fossil fuels such as coal, oil, and natural gas for burning.  Power plants 

offer a large point source of CO2 emissions that can be captured and stored before being 

released back into the environment. This relationship of power plants and sedimentary 

basins also lowers the cost of initiating sequestration efforts.   

Geologic sequestration can be further divided into mined salt caverns, unminable 

coal seams, brine aquifers, and oil and gas reservoirs (Bachu, 1999).  Mined salt caverns 

have been investigated as possible sinks for CO2.  The technology for CO2 injection into 

salt caverns is already in place from the storage of other substances such as petroleum, 

natural gas, and compressed air (Tek, 1989).  Salt caverns have large storage capability, 

but the costs and environmental risks are too high. 

Coal seams also are possible targets for future sequestration activities.  The search 

will focus on deep unminable coal seams.  Unminable coal seams are those that are too 

deep and thin to economically promote mining.  These coal seams are natural sources for 

natural gas.  Injection of CO2 into the unminable coal seam will enhance coalbed 

methane production.  Carbon dioxide has a natural attraction to coal. This affinity is twice 

the absorption of methane into the coal matrix; therefore, the CO2 will drive out twice its 

volume of methane.  Methane is also a greenhouse gas, but it can be captured and used as 

a cleaner alternative to coal.  

Coal bed sequestration will require the least infrastructure.  Power plants are 

almost always located near active coal mining activities.  This is not always the case for 
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hydrocarbon reservoirs and oceans.  For this reason, coal bed sequestration is a very 

appealing venture.  The only drawback to coal bed sequestration is the amount of CO2 

that could be trapped.  Coal beds inherently have low permeability depending on 

interconnected fractures and cleats, and can have low storage potential.   

Brine aquifers are also a possible target for sequestration (Figure 4).  Most of the 

free fracture and pore space in the Earth’s subsurface contains deep saline water, or 

connate water.  Saline aquifers offer the available large sequestration volume of oceanic 

sequestration with the proven technology of in place infrastructure.  Currently in the 

United States, hazardous materials are being stored in deep saline aquifers.  The depth of 

the aquifers is not affected by the added stress of injection pressures from carbon dioxide.  

Carbon dioxide has the ability of to dissolve in connate water, up to 29% by volume.  The 

remains of the CO2 will not dissolve into the saline water and will rise as a plume 

because of buoyancy over the water (Bachu, 1994).  Carbon dioxide will remain proximal 

to the injection site during injection because the flow velocity of deep saline aquifers is 

very slow, on the order of 0.1m/year.  Because this flow velocity is so slow, the potential 

for near-future escape is minimal (Law, 1996).  Though saline aquifers offer the best 

future for carbon sequestration, because of their large volume, duration, economics, and 

minimum environmental impact, I will focus my study on the added benefits of 

hydrocarbon reservoir sequestration.     

Reservoir geologic sequestration is the storage of a substance, in this case carbon 

dioxide, into a structural or stratigraphic trap (Figure5).  The trap is dependent on the 

three-dimensional geometry of lithologic units and their ability to hold either 

hydrocarbons or man-made substances for geologic periods of time.  The volume of fluid 

 8



or gas that can be sequestered depends on the presence of formation water.  If the 

reservoir is under-pressured, not invaded by formation water, the amount of CO2 that can 

be injected is much greater.  If the formation has been invaded by formation water, 

available pore space is decreased.  Injection pressures have the force to displace or push 

back formation water, but over-pressuring the reservoir can be harmful to the trap 

integrity.  

The premise behind the use of geologic traps is that these traps have stored 

hydrocarbons (crude oil and natural gas) for geologically significant periods of time, in 

the order of millions of years.  In the area near Hobbs, New Mexico, the Shattuck 

sandstone seems to have the structure, porosity, and other properties that make them ideal 

CO2 storage sites.  

The prospect of reservoir carbon dioxide sequestration offers promising potential 

for reducing the concentration of this global green house gas.  Energy and utility 

companies have already mapped the distribution, extent, and physical properties of 

numerous oil and gas reservoirs through exploration.  This infrastructure, which is 

already in place, makes geologic sequestration of CO2 a highly viable approach. 

Activities associated with carbon sequestration in geologic formations are 

accompanied by value added benefits in the form of increased production.  Injection of 

CO2 into depleted oil reservoirs, for example, has been used as a tertiary recovery method 

for many years.  Thus large scale CO2 storage in depleted oil reservoirs will bring with it 

production of additional resources that might otherwise remain trapped, therefore, 

extending economic life of a well.   The term “depleted” is a loose reference because not 

all of the hydrocarbons are ever totally extracted.  The term is given to reservoirs that can 
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no longer produce enough hydrocarbons to be economical in the current market.  Future 

economic trends and technological advances can cause a depleted reservoir to be 

reclassified as a producing reservoir (Bachu, 1999).  As a reservoir is depleted the 

hydrostatic pressure within the unit decreases and residual hydrocarbons cannot be 

extracted without treatment.  The primary effect of CO2 on a depleted oil reservoir is that 

it is miscible in oil.  This makes the oil more viscous and more mobile so that it may be 

extracted.   

The use of CO2 to enhance oil and gas recovery is a common industrial practice. 

In the year 2000 in the United States, 34 million tons of CO2 were injected underground 

as a part of enhanced oil recovery (EOR) and coal bed methane recovery (E-CBM) 

operations. Within organic compounds, carbon dioxide acts as a solvent, which is the 

case in oil reservoirs (Department of Energy, 1999 Report, chapter 5).  The CO2 lowers 

the viscosity of the oil and the interfacial tension, or capillary pressure, and allows it to 

flow more freely within the interconnected porosity (Blunt, 1993).  The use of CO2 as an 

oil solvent is only possible for hydrocarbons with an API, American Petroleum Institute, 

value of 25º or higher.  The gas displaces up to 40% of the residual oil left in the active 

reservoir (Bachu, 1999).  This practice does not meet the definition of sequestration 

though.  A larger percentage of carbon dioxide will remain trapped within the target 

interval, but considerable amount will escape back to the surface though producing wells 

(Herzog, 1997).  As oil is recovered at the producing well, the CO2 will have to be 

recaptured and injected back into the subsurface.   

Geological sequestration appears to be the best approach for dealing with excess 

carbon dioxide at this time.  Structural and stratigraphic traps already exist that have held 
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hydrocarbons for geologically significant periods of time.  Therefore these traps should 

be able to sequester carbon dioxide so long as no escape paths to adjacent formations or 

the surface are created by over pressuring the reservoir, thus creating fractures that might 

permit escape of CO2 back into the earth’s atmosphere. In addition, it is also possible for 

CO2 as well as other injected gases to leak to the surface through fractures along the well 

casings.   

Another appealing aspect to geologic sequestration is that a lot of data has 

previously been collected by the oil and gas industry.  Through development of 

production wells the oil and gas industry has already extensively characterized and 

completed most of the work into investigating sequestration pilot sites.  This will 

significantly reduce the costs of starting CO2 sequestration projects (Department of 

Energy, 1999 Report, chapter 5). 

 

Purpose and Objectives 

Introduction 

My thesis research is being conducted as a part of a U.S. Department of Energy 

National Energy Technology Laboratory pilot carbon sequestration test.  The Department 

of Energy National Energy Technology Lab initiated a carbon sequestration pilot study in 

the West Pearl Queen field in 2001. Twenty one hundred tons of CO2 were injected into 

the Shattuck Sandstone to evaluate the effectiveness of the reservoir for long-term 

sequestration of CO2 and to stimulate oil recovery. The sands of the Queen Formation are 

significant oil producers in the Permian Basin of New Mexico and West Texas and the 
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added value of enhanced oil recovery makes the area a prime candidate for more 

extensive carbon sequestration activities in the future.  

The primary work done in evaluating a possible CO2 sequestration site involves 

looking at the region as a whole.  The first step is to look at the basins origin, tectonic 

setting, and structure (Bachu, 1999).  The tectonic regime of a basin is the first factor that 

must be resolved prior to initiating carbon sequestration activities.  Basins that exhibit 

active tectonism should be disregarded as possible sequestration sites.  Significant 

tectonic activity such as earthquakes, volcanism, and faulting can provide rapid escape 

routes for CO2.  These possible escape routes not only make carbon sequestration a null 

effort, but also can be harmful.  The Permian Basin of New Mexico and West Texas is 

located within convergent basin on a stable continental platform, which makes it very 

attractive for sequestration efforts.   

Once a suitable sedimentary basin is located, the next step is to identify permeable 

and porous formations in the subsurface.  In the scope of my research, the Shattuck sand 

located at the top of the Queen formation is the target interval.  The Shattuck is a highly 

permeable stratal unit, which is very well suited for injection efforts.  Rock permeability 

is the most important variable for injection of CO2.  Highly fractured rocks can quickly 

dissipate the highly pressurized CO2 without creating more fractures that may act as 

possible escape paths to the surface.   

The first goal is to make regional geological interpretations of the Permian Basin, 

in particular, the Queen Formation.  This includes making regional cross-sections, 

porosity and density distribution maps, and interpreting the path that CO2 may take in the 

subsurface.  This study not only includes the Queen Sand, but also the overlying strata.  It 

 12



will be important to look at the properties of the overlying strata as well to locate any 

possible escape paths to the surface. This will help to evaluate site integrity as well as 

serve as the basis for larger-scale injection efforts within the Queen Formation.  Any 

leaks in the reservoir would make CO2 sequestration a moot effort. By looking at the 

subsurface geology, structural and stratigraphic traps can be located for future 

sequestration activities.  The premise behind the study is that geologic traps have stored 

hydrocarbons for millions of years, or other geologically significant periods of time.  

By doing this study, much knowledge will be gained particularly about the Queen 

Sand and its overlying intervals.  This gained information will further help other 

geologists and engineers make predictions about the subsurface characteristics of stratal 

units. The results will provide input data for future flow simulations and geomechanical 

modeling related to escape of injected CO2 back to the surface.  

The goal of my research is to take the information obtained from the Department 

of Energy’s CO2 injection pilot site and try to make region predictions of future sites for 

sequestration within the region.  If carbon sequestration becomes a viable method of 

enhancing oil recovery and reducing global CO2 levels, then prior gained knowledge of 

the area will be very beneficial for future efforts. 

Completing this study will also create a pre-packaged database for future wildcat 

drilling in the region, especially into the Queen Sand.  This will benefit particularly those 

smaller oil and gas companies that cannot afford to conduct regional studies.  It is felt 

that the bias of the study will be greatly reduced because of the lack of experience in the 

basin.   

 13



Another possible benefit to this research may be the ability to attempt to make 

some sort of prediction concerning the amount of carbon dioxide that can be sequestered 

in the upper Queen Sand (Shattuck Sandstone). This objective would be completed by 

mapping the thickness, porosity, and aerially extent of the Shattuck Sand and subtracting 

the water saturation. 

The basic data for the study consists of scout cards, driller’s logs and borehole 

geophysical logs from all the wells penetrating the Shattuck within a 400 square mile area 

surrounding the pilot sequestration site.  Driller’s logs and Scout cards provide very 

useful information about each well such as datum elevations, total depth, and available 

formation tops.  Borehole geophysical logs provide useful information about the 

subsurface rock properties such as lithology, density, porosity, and many other physical 

properties. Obtaining scout cards was the first step in beginning my research.  To date, I 

have received in an excess of 500 scout cards.  It is important to have ample amounts of 

wells because the Queen Sand is part of an ancient reef complex, of which, can contain 

many subtle stratigraphic traps.  It is envisioned that the more scout cards imported, the 

higher the resolution of the study.   

Databases 

Subsurface data has been compiled in a Landmark GeoGraphix Discovery 

database.  The subsurface data will be integrated into a georeference and landgrid data set 

for the field area.  Geographix provides log interpretation and correlation tools which will 

help to characterize all aspects of the Queen Formation and overlying intervals.  This will 

help to evaluate site integrity as well as serve as the basis for larger-scale injection efforts 

within the Queen Formation.  I plan to create structure contour maps showing the three-
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dimensional trapping geometries of the stratal units, and to create figures that exhibit the 

subsurface properties of the Queen Sand and its overlying stratal units.  Detailed 

stratigraphic and structure maps will help define reservoir continuity and identify 

potential faults or other structures that might breach the reservoir and allow injected CO2 

to escape back into Earth’s atmosphere.  

Geographix Discovery contains several useful applications for interpreting and 

storing data.  The primary computer applications that are being used are Wellbase, 

XSection, IsoMap, and GeoAtlas.  Wellbase is the application in which all the well data 

is stored, including well names, well identification numbers, operators, location, datums, 

formation data, spud dates, formations at depth, and much more (Figure 6).   Other 

applications use Wellbase as the default storage location to reference information.   

XSection is the GeoGraphix application for creating, editing, displaying, and 

printing geologic cross sections (Figure 7). In XSection you can quickly define 

stratigraphic and structural cross sections using data from other GeoGraphix applications 

like WellBase, PRIZM, IsoMap and others.  XSection has the ability to illustrate well 

logs in LAS or TIFF format and project them on to the created cross section.  An 

application that I have found useful in Xsection is IsoMap.  IsoMap is Geographix’s 

comprehensive surface gridding and contouring module (Figure 8).  XSection can take 

slices from an isopach map and display them on the cross section, which can aid in 

interpreting formation tops and thicknesses.   With IsoMap you can create a variety of 

isopach/contour maps, grids and color renderings including faults.  

Prizm is an application used to interpret well log information (Figure 9).  A 

drawback though, is that Prizm cannot display TIFF files, which are the majority of my 
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well logs.  For picking formation tops this can be accomplished by displaying the logs in 

Xsection and annotating formation tops.  GeoAtlas is the mapping application within 

Geographix Discovery (Figure 10).  Here, maps and three-dimensional renderings, like 

those of Earthvision, can be created and displayed (Figure 11).  GeoAtlas also has a 

module to create cross sections by simply picking a well-to-well path.   

The results of this study will provide the basis for estimating the benefits 

associated with CO2 enhanced oil recovery operations and will also target areas where 

appropriate monitoring for CO2 leakage should be undertaken.  Elimination of significant 

CO2 leakage is a requirement for successful deployment of geologic sequestration 

technology.  By evaluating the entire surrounding region it may be also possible to locate 

future sites for sequestration activities. 

 

Description of Study Area 

Location 

The area of interest that I am studying focuses on a nine township and range 

(approximately 400 square mile) region. This area was chosen because it provides ample 

coverage around the West Pearl Queen Field.  The larger range will also provide a solid 

background for other future carbon sequestration activities in the region. 
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The field area is located in Lea County in southeast New Mexico, southwest of 

Hobbs (Figure 12).   The West Pearl Queen field is located geologically in the Permian 

Basin of southeast New Mexico and west Texas.  The Permian Basin covers an area in 

excess of 86,000 mi.2 that extends south into Texas (Haight, 2002).   

The West Pearl Queen field is owned and operated by Strata Production Company 

of Roswell, NM.  The field, first developed in 1984, has produced nearly 250,000 barrels 

of oil.  Production has diminished in recent years as the reservoir pressure in some wells 

fell below levels required for profitable oil recovery (H. Westrich et al, 1999).  Through 

the effort of the D.O.E.’s carbon sequestration project, these wells may once again 

resume production. 

 The site of carbon dioxide injection is located at the Strata Stivason #4 well, 19S 

34E Sec. 28.  Three other Strata Stivason wells are being utilized as monitoring and 

wastewater injection wells.  The surrounding wells include the Stivason #’s 1, 3, and 5.  

Stivason #4 was initially a production well at the site but is now being utilized as an 

injection well for CO2. The Stivason #5 well is employed as a monitoring and producing 

well.   

  

Geology 

Tectonic History 

As mentioned earlier, the first step in evaluating a carbon sequestration site is 

looking at the tectonic history of the basin.  The lowermost basement lithologies in the 

Permian Basin are crystalline, metasedimentary, and local volcanic rocks, Precambrian in 

age (Mazzullo, S.J.).  These Precambrian rocks show signs of rifting and later 
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convergence of northwest and southeast moving plates.  The evolution of the Permian 

Basin began during the Early Cambrian.  During this time, tectonism was primarily 

inactive.  The basin was a broad and shallow depression, Tabosa Basin, at the site of the 

future Permian Basin.  The Tabosa Basin was dominated by shallow-water shelf 

carbonates and siliciclastic muds (Haight, 2002).  The sediments that were deposited in 

the Tabosa Basin were largely shallow marine carbonates and few siliciclastic in nature 

and accumulated nearly 1,950 meters of strata (Mazzullo, S.J.). 

During the Late Mississippian a major tectonic event occurred, the collision of 

Laurasia and Gondwanaland.  This collision formed the Marathon-Ouachita orogenic belt 

and endured until the Early Permian, Wolfcampian age.  This mountain belt is located in 

southwestern Texas along the border with Mexico (Figure13).  During the collision, Late 

Mississippian to Middle Pennsylvanian, a fold occurred in the central portion of the 

Tabosa Basin forming the Central Basin Uplift (Mazzullo, S.J.).  The uplift divided the 

Permian basin into three sub-basins, Delaware, Midland, and Val Verde (Haight, 2002).  

These three sub-basins, divided by the Central Basin Uplift, formed in the foreland basin 

of the Marathon-Ouachita orogenic belt. 

After the Early Permian, tectonism had essentially stalled to a halt.  During the 

entire Permian, the Permian Basin was located at or near the equator.  In the Early 

Permian the Basin was located 10° south of the equator.  As the Permian progressed, the 

tectonic plates migrated north to 10° north of the equator by the Late Permian.  The 

combination of the tropical and subtropical climates, subsidence, and sediment starvation, 

promoted thick carbonate accumulations along the shelf-margins (Mazzullo, S.J.).  

During the Permian carbonate reefs began to form along the shelf-edges of the basin.   
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These reefs formed the Artesia Group rocks, which contain the Grayburg, Queen, 

Seven Rivers, Yates, and Tansill Formations from top to bottom (Haight, 2002).    The 

Artesia Group is located between the lower San Andres Formation and the overlying 

Ochoan Group.  At the latest stages of the Permian, peritidal carbonates and terriginous 

red beds filled in the remaining basin. 

 

Upper Permian Stratigraphy 

 For the purposes of this study, I will negate discussing the stratigraphy of the 

Lower Permian because there is a greater concern with CO2 traveling horizontally and 

vertically.  The Upper Permian stratigraphy is composed of two series, the Guadalupian 

and Ochoan (Figure 14).  These series were deposited in an absence of tectonism 

(Mazzullo, S.J.).  The Guadalupian (268-262m.y.a.) stratum is composed of shelf 

deposits of the San Andres, Grayburg, Queen, Seven Rivers, Yates, and Tansill 

formations.  The Ochoan (262-247m.y.a.) consists of the Castile, Salado, Rustler, and 

Dewey Lake formations.   

 The Guadalupian Series is composed of the San Andres Formation up-section to 

the Tansill Formation.  There are many sequences contained in the Guadalupian Series. 

The base of the Guadalupian Series is interpreted as a major type-1 lowstand sequence 

boundary (Mazzullo).  There is also a minor type-1 sequence boundary at the top of the 

Grayburg formation, which shows a large shift in facies (Mazzullo). Type-1 sequences 

are the most common type of sequence.  They consist of the lowstand, transgressive, and 

highstand systems tracts.  These system tracts are bound by type-1 unconformities and 

their correlative conformities.  Type-1 unconformities are created by sea level falling 
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quicker than the rate of subsidence at the shoreline break.  This faster fall of sea level 

causes the shallow shelf to be subaerially exposed to erosion and nondeposition.  During 

the formation of a type-2 sequence, sea level falls at a slower rate than that of the 

available accommodation space formed by subsidence at the shoreline break.  The result 

is that no lowstand systems tract is deposited (Van Wagoner, 1990). 

 Above the San Andres and Grayburg formations, the parasequence set geometry 

is progradational.   Parasequence sets of the highstand systems tract are typically 

progradational underlain by aggradational units.  As the water column is filled with 

sediments, deposits begin aggrading up until sea level is reached (Nichols).  At sea level, 

sediments can no long continue to build vertically.  A vertical profile through the 

highstand system tract would have an apparent shallowing-upward succession of 

sediments.  To cope with the constant supply of incoming sediment, the parasequences 

begin to prograde seaward.  With the overwhelming sediment supply and no relative sea 

level rise, toplap deposits begin to migrate seaward with progradation (Van Wagoner, 

1990). 

 The middle Guadalupian Queen formation is composed of shallow water 

dolomites and clastic rocks.  The Queen Sand consists of a complex suite of siliciclastics, 

carbonates, and evaporites. Haight also agrees on the composition of the Queen 

Formation, stating that it consists of a diverse series of carbonates, siliciclastics, and 

evaporites (Haight, 2002). This formation shows signs of two distinct depositional facies.  

Ephemeral lake or playa depositional facies contains alternating, very fine-grained sands 

and clayey silts with bedded anhydrite layers.  An eolian facies is also present and 
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contains well-sorted, very fine-grained sandstones, upward-fining cycles, and rip-up clast 

to clay-sized grains (USGS, HA-730C).   

The primary zone of production in this field is the Upper Permian Queen 

Formation, primarily the Shattuck Sandstone Member.  The lithology of the producing 

interval is a heterogeneous mix of oxidized detrital sands and siltstones, with detrital and 

authigenic cements of dolomite, gypsum, anhydrite, and halite (H. Westrich et al,1999).    

This sandstone was deposited in back-reef environments on a carbonate platform during a 

lowstand in sea level.  Data from the Strata Stivason #4 injection well informs that the 

Queen Sand in the West Pearl Queen Field has the following physical characteristics: 5-

30md permeability, 18% porosity, and a composition of 65% quartz, 25% feldspars, and 

5% clay with carbonate cement.   

The key oil and gas producing sandstone body along the Northwest Shelf within 

the Queen Formation is the Shattuck sandstone Member (Haight, 2002).  The Shattuck is 

composed of irregularly bedded sandstones, siltstones, and sand siltstones, containing 

irregular anhydrite beds and nodules.  Wheeler’s ideas are consistent with those of 

Haight, which Wheeler concurs that the Shattuck is primarily composed of quartz 

sandstone and siltstones.   The average thickness of the Shattuck is 30 meters (Wheeler).  

In the area of this study the thickness, approximately 36 meters, is in agreement with 

Wheelers data.  I resolved by thicknesses form wireline data that is in the region.   

The sandstone is moderately-to-well sorted, very fine-grained subarkose, with a 

mean grain size of 98µm or 3.55Φ.  There are four siliciclastic environments, fluvial 

sandflats, eolian sheet sands, inland sabkhas, and marine-reworked eolian sands, noted 

within the Shattuck Sandstone (Haight, 2002).  The dolomites and evaporites within the 
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formation were deposited on the semiarid sabkhas at the high tide line.  The fluvial 

environments can be further segregated into sheetfloods, wadi plain, and river mouth. 

The primary producing facies are the subaqueous eolian sheet sand, wadi plain, and 

reworked marine facies.  The reservoir qualities are emphasized by intragranular and 

intergranular secondary porosity.  The secondary porosity was formed by dissolution of 

feldspars and pore infilling by anhydrite and dolomite cements (Haight. 2002).   

For the purpose of my study and carbon sequestration verification it is further 

important to recognize the lithology overlying the Queen Formation.  The overlying 

lithologies may facilitate pressure fractures or contain faults to the surface that can serve 

as escape routes for CO2.  These overlying strata must act as resilient trapping 

mechanisms for the storage of carbon dioxide. 

The upper Guadalupian series consists of the Seven Rivers, Yates, and Tansill 

Formations.  These formations include hypersaline evaporites, redbeds, and dolomites 

proposed to be deposited in barrier island, uninterrupted slope, shallow water lagoons or 

coastal sabkhas flats (Mazzullo).  The Seven Rivers Formation is the rock unit that 

directly overlies the Queen. The Seven Rivers is composed of shallow-water back-reef 

carbonate and is transitional into reef facies.  It is cyclically bedded mudstone, salt, 

anhydrite, and dolomite. The upper portions of the formation contain thick anhydrite 

beds. The Yates is composed of sandstones and siltstones, accumulated in both marine 

and subaqueous eolian flat environments. Cores penetrating through the Yates contain 

massive to disrupted (haloturbated) silt and very fine sandstone with illuviated clays 

(UTA, http://www.beg.utexas.edu/environqlty/salt/seven.htm). The Tansill formation is 

dominated by anhydrite and halite and can contain dolomite and siliciclastic interbedded 
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clays (UTA). Water depths during the San Andres to Tansill deposition ranged from 

shallow (10m) to deep (45m), and there is no evidence that the Capitan Reef was ever 

subaerially exposed (Mazzullo).   

Superimposed on the Guadalupian Series strata are the units of the Ochoan Series.  

The Ochoan consists of the upper Permian Castile, Salado, Rustler, and Dewey Lake 

Formations.  These units consist of evaporites, redbeds and rare dolomite beds 

(Mazzullo).  The Castile formation is composed of millimeter scale laminations of 

anhydrite with minor gypsum, halite, and bituminous calcite.  This formation is 

interpreted as a deep-water evaporite facies.   

The Salado is predominantly rock salt (85-90%) with minor interbeds of 

anhydrite, polyhalite and clayey to silty clastics.   Mazzullo agrees with this interpretation 

by stating that the Salado consists of halite, bittern salts, and minor redbeds, anhydrite, 

and dolomites.  The overlying Rustler formation is composed of many of the same rocks 

as the Salado.  It is composed of primarily anhydrite with some siltstone interbeds, and 

contains two marker beds of dolomite. 

The Dewey Formation concludes the Permian aged rocks.  The tops of the 

Permian-aged rocks in this region are typically at depths of 1400 feet.  The Dewey Lake 

Redbeds are uniform dark red-brown marine mudstone and siltstone with interbedded 

very fine-grained sandstone (Chaturvedi and Neill).  This formation is interpreted as a 

terrestrial redbed facies.   

Above the Ochoan-aged rocks are the Triassic Clinle/Dockum Group and the 

Tertiary Ogallala stratal units.   Interpretation of the Stivason #5 well gamma ray log by a 

local geologist suggests that the Ogallala lies unconformably on the Chinle/Santa Rosa 
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(Dockum Group) described above.  The Chinle Formation consists of red, purple and 

greenish micaceous claystone and siltstone with interbedded fine-grained sandstone (Lea 

County Fact Book).  The Ogallala formation unit lies from about 20 to 100 ft beneath the 

surface at the study area and is interpreted to be part of the Pliocene - upper Miocene 

Group consisting of caliche, sand, gravel and silt.  The Ogallala sands are generally tan, 

yellow, or reddish brown in color, medium to coarse-grained, moderately to well sorted, 

unconsolidated quartz grains, interbedded with thin layers of clay and occasionally 

sandstone. The sand is generally poorly consolidated to unconsolidated, although local 

cementation by calcium carbonate and silica occurs (North Plains Ground-water District). 

More recent alluvial deposits are eroded sands derived from older Permian and Triassic. 

The Mescalero sand consists of two parts: a basal earthy to firm, nodular calcareous 

deposit, and an upper well-cemented laminar caprock.  The Mescalero sand rests upon 

the Gatuna Formation, which consists of stream gravels, pond sediments, sandstone, 

conglomerate friable sandstone, and some gypsum. At the pilot site the Mescalero sits on 

about 10 feet of Plio-Pleistocene, mixed eolian/local alluvial-colluvial deposits. The 

Mescalero Sands cover approximately 80% of Lea County and are generally described as 

fine to medium-grained and reddish brown in color (Lea County Fact Book). Alluvium at 

the site ranges from about 5-10 feet but can accumulate to 100ft. It consists of blanket 

sand and dune sand, some alluvium included. 

The Ogallala datum marks the failure zone for the mitigation of carbon dioxide in 

my opinion.  The Ogallala Aquifer is the source of the city of Hobbs water.  Hobbs 

utilizes 26 wells, which pump a total of 246,178,667 gallons per month on average (Lea 

 24



County Fact Book).  If carbon dioxide were to reach this unit, the groundwater supply for 

the city of Hobbs and surrounding cities would be endangered.   

 

Digenetic History of the Shattuck Sandstone 

 The depositional environment ultimately affects the amount of primary porosity.  

All environments exhibit certain microscopic and macroscopic characteristics that are 

linked to the site of deposition; further digenetic processes that occur are also related 

directly or indirectly to the burial environment (Bloch-1).  According to the work done by 

Haight (Haight, 2002), the Shattuck Member of the Queen Formation underwent two 

stages of diagenesis.  The first stage of diagenesis is marked by dissolution of labile 

grains by the percolation of meteoric water and the precipitation of hematite cement.  The 

first framework grains to dissolve were likely plagioclase feldspars, ferromagnesian 

silicates (hornblende and pyroxene) and other heavy minerals such as magnetite and 

ilmenite (Haight, 2002).  These minerals generally dissolve the quickest because they are 

either very unstable physically or chemically at surface temperatures and pressures.  

Eodiagenesis is the regime at or near the surface of sedimentation in which chemistry and 

interstitial water control diagenesis by the surface environment prior to burial (Schmidt).  

The primary source of diagenesis is from the leaching of carbonates caused by 

groundwater and meteoric water.  Shanmugan agrees that slightly acidic meteoric water 

plays a large role in porosity development.   

Later during diagenesis of the Shattuck, mechanical compaction and precipitation 

of hematite cement occurred. Mechanical compaction generally always has a negative 

affect on primary porosity.  As grains are squeezed together, the ductile grains change 
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shape and deform to fill the available pore space.  There are several slowing mechanisms 

that can retard the speed of compaction though neither will stop the process.  If there is 

high hydraulic pressure or over-pressuring present, then compaction can be slowed.  The 

force generated from the weight of overlying fluids creates hydraulic pressure.  Hydraulic 

pressure acts independently of lithostatic pressure.  If a formation were dewatered, then 

there would still be the same grain-to-grain contacts supporting the overburden.  

Lithostatic pressure is the force created by the weight of overlying rock.    

Compaction can be retarded by the presence of early cementation.  Cement can 

add rigidity to the rock and help it overcome compaction forces during burial.  These 

cements can later be leached out causing the rock to be less stable.  The inflow of 

meteoric water first caused grains to be coated with clay, which contained iron.   

The presence of clay coating on grains inhibits porosity loss.  Grain coating prevents the 

dissolution of grains and thus eliminates the precipitation of cement in the pore space 

(Bloch). Because of constant inflow oxygen-rich water and the presence of iron minerals, 

hydrolysis occurred and the precipitation of hematite cement occurred (Haight, 2002).    

This cement adds strength to the rock and prevents early physical compaction.  Later the 

cement is dissolved and creates porosity (Schmidt).  Also during hematite precipitation, 

gypsum and calcite or aragonite was also precipitating.  Later these cements would alter 

to more stable anhydrite and dolomite. 

Mesodiagenesis is the regime that acts on rocks during effective burial.  Schmidt 

feels that this is the most important regime in the production of secondary porosity. The 

second stage of diagenesis proposed by Haight was the formation of secondary porosity.  

The formation of secondary porosity was caused by the dissolution of anhydrite cement 

 26



and feldspars forming intergranular porosity (Haight, 2002).  This porosity is thought to 

be facilitated by the formation of organic acids and carbon dioxide during the thermal 

maturation of organic material (Haight, 2002).  The thermal maturation of organics 

produces organic acids that can leach cements present in the pore space (Schmidt).  

Carbonic acid is created by the interaction of carbon dioxide, released by thermal 

maturation, and groundwater (Schmidt).  The presence of early hydrocarbons occupying 

pore space can also inhibit the precipitation of late cements.   

   
 
Dangers of Carbon Dioxide Leaks 

If significant carbon dioxide leakages were to occur, then it would make CO2 

injection pointless as a means to reduce long-term atmospheric concentration.  In 

addition, high leakage rates could produce serious health and safety issues.  Carbon 

dioxide contamination of building spaces from abandoned and reclaimed mines in 

western Pennsylvania is a good example of the environmental problems associated with 

CO2 leakage.  Significant or rapid leaks could cause more devastating events such as 

those at Lake Nyos, Cameroon (Africa), and Lake Monoun, also in Cameroon.  August 

26th 1986 a large plume of carbon dioxide was released from Lake Nyos that killed nearly 

1,700 people. Two years earlier in Lake Monoun there was a smaller release of CO2 that 

killed 37 people.  Another adverse environmental impact associated with stray CO2 is the 

contamination of groundwater.  Minimizing any and all potential environmental impacts 

of CO2 sequestration activities is key to the success of this technology and to public 

acceptance of CO2 activities in potentially affected communities.  Sequestered carbon 

dioxide must remain environmentally benign to gain public acceptance. 
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Research Status 

Database Compilation 

 Data initially requested for the project consisted of scout cards from wells existing 

from approximately 1,000 feet above the Shattuck to 1,000 feet below in the nine 

township and range area surrounding the injection site.  This data was received from the 

New Mexico Bureau of Mines and Mineral Resources.  The data included approximately 

430 scout cards from the region.  The scout cards contained valuable information such as: 

lease name, location, datum elevation, total depth, formation tops, etc.  The scout cards 

also indicate a list of available geophysical logs from each well.    A preliminary list of 

wells containing useful logs was compiled from the scout card report.    Logs useful to 

this research effort include gamma ray, sonic, acoustic, and density logs.  The New 

Mexico Bureau of Mines and Mineral Resources had already digitized many of these 

wells in the area as TIFF image files.   

 An order was placed for digitized logs penetrating the Queen Formation.  The 

hope is that many of these logs will extend into the near surface and provide information 

about the overlying strata and structure.    Many of the logs cover intervals beneath the 

Queen formation and underlying structure. The deeper wells will provide information 

about the underlying structure, which may help locate faults or fracture zones.  Currently, 

there is a request to the NMBMMR for more logs in the region, which will help to 

improve my models, though they will have to be digitized and imported.  I am constantly 

obtaining more data in the region that will help to fulfill the region and give the best 

results possible.   
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Preliminary Interpretation 

Given the substantial amount of subsurface data acquired at this point, it will be 

possible to interpret and correlate stratigraphic intervals across individual wells.  

Currently I have been importing all of my available data from scout cards and other 

sources into the Wellbase application within Geographix. Then data was put into building 

cross-sections and using other methods of interpreting data.  Wellbase is the location of 

all the well data.  There it can be stored, accessed and used by other applications within 

Geographix Discovery.  After importing all of the data, numerous cross sections across 

the study area were constructed.  Further with the data, it is possible to create contour 

maps of the stratigraphic units within the region of interest.  These maps can be used to 

exhibit formation tops, thickness, and properties.   

The basis for the stratigraphic intervals was based on gamma ray logs where they 

were available.  If there were no logs accessible, the formation tops were taken from the 

scout cards.  In most cases the formation tops on the scout cards were resolved by the use 

of well logs, which I do not have.   From the cross sections created it will be possible to 

make predictions on the subsurface geology and possible unseen structures that will 

affect the sequestration of carbon dioxide.  As more data becomes available it will be 

feasible to create more accurate cross sections and other various graphics to aid in 

monitoring and verifying the West Pearl Queen site. 
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Figure 1: Global carbon dioxide concentration (ppm) for past millennium. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Global carbon dioxide concentration (ppm) for past 20,000 years 
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Figure 3: Global carbon dioxide concentration (ppm) for past 450,000 years. 
 
These three figures were taken from: 
http://www.brighton73.freeserve.co.uk/gw/paleo/paleoclimate.htm 
 
*Paleoclimate fact sheets are provided by the US National Ocean and Atmospheric 
Administration Paleoclimatology Program and the UK Climatic Research Institute. 
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Figure 4
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5
as future
 
 

 

: The location of possible carbon sequestration efforts into brine aquifers. 
: The locations of oil and gas producing regions in the U.S. that may be utilized 
 carbon sequestration sites. 
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Figure 6: Wellbase application of Geographix Discovery.  Example of a scout card 
containing a particular wells data.    
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Figure 7:  Two pre
dioxide injection w
section, and the low
 
 

 

liminary cross-sections across the Department of Energy’s carbon 
ell created in XSection.  The upper figure is a north-to-south cross-
er is an east-to-west section. 
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Figure 8: A preliminary isopach map exhibiting the top of the Queen Formation 
(Shattuck Sandstone) in the region of the CO2 injection site created by IsoMap. (10ft 
contour interval) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: View
 

 

 from Prizm module showing the Shattuck Sandstone in wireline.  
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Figure 10: 400 square mile area of study and the distribution of well data.  The gridding 
is composed of nine township and range blocks and then subdivided into sections. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Preliminary three-dimensional image of the top of the Queen Formation 
(Shattuck Sandstone) in the area adjacent to the CO2 injection well. 
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Figure 12: T
located sout
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: P
state politic
 

 

he regional location of the area of study.  The study site (400sq mi) is 
hwest of Hobbs, New Mexico. 
ennsylvanian and Early Permian tectonic features. (from Mazzullo).  The 
al boundaries have been enhanced with red.   
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Figure 14: Guadalupian and Ochoan platform-to-basin stratigraphy from Mazzullo.  
There is no vertical or horizontal scale intended.  The Shattuck Sandstone has been 
colored green. 
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Abstract

A circulating fluidized bed (CFB) is used in many chemical processes to reduce pollution
and increase efficiency. Knowing the bed height and solid circulation rate in the standpipe of
the CFB is essential to control and improve the system. Identifying the state and the bed height
in the standpipe of the CFB is required for designing a controller to improve the system. The
acquisition of a dynamic model and control of the CFB are not trivial because some of the
information in the CFB facility is not available. we use a 2-region model to calculate the bed
height in the standpipe. Test results show the effectiveness of these methods. On the other
hand, an extended Kalman filter algorithm has been used to successfully estimate the state and
the bed height of the standpipe in the cold flow circulating fluidized bed (CFCFB). However,
for some oscillated cases, this method is not performing well. In addition, covariance matrices
Q and R need to be assumed initially and depending upon initial values, the estimator behaves
unstable for some cases. In this research, an H∞ estimation algorithm is applied to estimate
the state, and the bed height of the standpipe in CFCFB. This H∞ method only requires one
variable for tuning to have proper estimation of the state and the bed height. Test results show
that using H∞ method, the state estimation is improved over the Kalman filter.
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1 Introduction

Circulating fluidized bed technology has been widely used in chemical processes for many years.
This technology is relatively mature, however, due to the large scale of many of the processes that
use this technology, small increases in overall system efficiency, through both improved raw material
usage and utility consumption, can yield substantial savings. The state estimations of the standpipe
using an Extended Kalman Filter (EKF) have been successful [18,19] and the modeling and control
of standpipe using Neural Networks have been applied [16]. The CFCFB test facility has been
built and running at National Energy Technology Laboratory (NETL) for past of years. Recently,
the dynamic system model for standpipe of the CFCFB has been successfully obtained and applied
to estimate the state and the bed height using extended Kalman filter, [18, 19]. However, in some
cases with sinusoidal move air, an extended Kalman filter is unable to estimate the state or the
bed height correctly. The H∞ has been used for robust control of the linear systems, [5, 9, 10, 22],
and the nonlinear systems [2, 7, 14, 21]. In this research, an H∞ has been applied in order to have
more flexibility by choosing one (γ) variable unlike Kalman filter where covariance matrices Q

and R need to be chosen. To have accurate estimated state and bed height, the solid circulation
rate needs to be known. This is measured by a spiral installed in the standpipe. The standpipe
system model is based on the conservation of the mass and gas in the CFCFB. This model assumes
steady state of the operation and no generation of materials inside the standpipe or the riser. In
addition, the fact that the sum of the void fractions for gas and solid is one, (εg + εs = 1), is used.
The partial difference equation is approximated in discrete form. Depending on the wave speeds
on boundaries of the cell, the gas volumetric flux can be found upward or downward. This gas
volumetric flux can be related to void fraction. The relationship between void fraction and relative
speed is defined by the modified Richardson and Zaki relationship [17]. The measurement model is
an integrated version of truncated Ergun equation [4] which relates void fraction to pressure data.
To estimate the state, hence the bed height of standpipe, Kalman filter and an H∞ algorithm are
applied. Because the mathematical model of standpipe contains non-linearities, the dynamic and
measurement models need to be linearized around the estimated states. For EKF andH∞ , however,
the solid circulation rate and move air are required for successful state estimation. Obviously, EKF
also needs the dynamic model of the standpipe and its parameters. For the Neural Network
application, the training neurons are necessary to apply the controller and estimation. Now the
new method for bed height, three sets of standpipe pressure data collected from experiment are
used to calculate the bed height. These sets of pressure data are used to calculate the bed height
using a basic pressure and void fraction relationship given as follows,

∆P = ρs(1− ε)gh, (1)

where ρs is the solid density, ε is void fraction, g is the gravitational acceleration, and h is the
height difference.

2 Dynamic model of the standpipe in CFCFB

2.1 System model

A standpipe dynamic model can be obtained from the continuity equation and the fact that sum of
void fractions for gas and solid is one, i.e. εg+εs = 1, [19]. The standpipe has 3-dimension in space
(x-,y-,z- axes), but to make system model simple it is assumed that the system is one-dimensional
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(z-axis) through the standpipe. It is assumed that fluidized solids flow like liquid so that Richardson
and Zaki correlation [17] can be applied. Let constant, j0(t) be jg(z, t) + js(z, t), where j0(t) is the
total flux, jg(z, t) is the air flux, and js(z, t) is the solid flux, then it is independent of position and
it depends only on time. Here f(z, t) is used to represent function of time and space. Consider
continuity equation, discretized into cells and gas balance in standpipe, then one can have,

Augεg|z = Augεg|z+∆z +
∂(A∆zεg)

∂t
, (2)

where A is the cross sectional area of standpipe, ug is the interstitial velocity of gas, and εg is the
void fraction of gas. Rearranging (2), we get

∂εg

∂t
+

∂(ugεg)

∂z
= 0. (3)

Define flux of gas as jg = ugεg, then
∂εg

∂t
+

∂jg

∂z
= 0. (4)

Drop subscript g representing gas for notation convenience. This partial differential equation can
be approximated with discretized cells of standpipe respect to time and space as,

∂εi

∂t
=

εik − εik−1
∆t

∂ji

∂z
=

ji+k−1 − ji−k−1
∆z

where ∆t is the time difference and ∆z is the space difference. Using the above notation, the
discretized non-linear state equation becomes,

εik = εik−1 +
∆t

∆z

(

ji−k−1 − ji+k−1
)

, (5)

where εik is the void fraction at the center of the ith cell at the time step k, ji−k−1 is the volumetric

gas flux between (i − 1)th cell and ith cell at the previous time step, ∆t is the time step, and ∆z

is the space propagation step. The detailed explanation of propagation for standpipe non-linear
dynamic equation is shown in Figure 1. The εik−1 is updated to εik from the previous time and
space steps. Since εg + εs = 1, the relationship between εg and jg can be written as,

jg

εg
−

js

1− εg
= Vr, (6)

where Vr is the relative speed. Some definitions g(ε), g′(ε) and ζ(ε) make notations easy,

g(ε) ≡ ε(1− ε)ζ(ε)

g′(ε) ≡
dg(ε)

dε

ζ(ε) ≡











0 if ε ≤ εpb
εn−1
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εmf−εpb
(ε− εpb) if εpb < ε < εmf
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Figure 1: The detailed explanation how to propagate in space and time of the dynamic equation.

where εmf is the void fraction at minimum fluidization and εpb is the void fraction at packed bed.
The definition ζ(ε) is obtained from modified Richardson and Zaki correlation [17]. If the void
fraction is below the packed bed, there is no flux developed (first term of ζ(ε)). And, there exists
connection between packed bed condition and fluidization condition (second term of ζ(ε)). To
determine which volumetric flux can be used for developing void fraction, the wave speed λi− in
ith cell needs to be calculated as,

λi− = j0 + Vtg
′
(

ε̄i−k−1
)

, (7)

where ε̄i−k−1 ≡
εi−1
k−1
+εi

k−1

2 and Vt is the terminal velocity of a single isolated particle. Depending on
this wave speed, the volumetric flux can be found as,

ji−k−1 = j0ε
i−1
k−1 + Vtg(ε

i−1
k−1) if λ

i− > 0,

ji−k−1 = j0ε
i
k−1 + Vtg(ε

i
k−1) if λ

i− < 0.

2.2 Measurement model

Since the pressure differences within the standpipe can be measured, the relationship between void
fractions and pressure need to be determined. This relation can be found in Ergun equation [4] and
the measurement model at time step k is the numerically integrated version of a truncated Ergun
equation. The Ergun equation is given as,

∆P

L
= 150

(1− ε)2

ε3
µuc

d2
+ 1.75

1− ε

ε3
ρu2c
d

, (8)

where ∆P is the pressure drops, L is the difference of length, µ is the fluid viscosity, uc is the
interstitial velocity defined as εVr(ε), and d is the effective particle diameter. Now, the last term is
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much less than the first term and it is dropped using the relative speed Vr(ε), we can have truncated
Ergun equation for the ith discretized cell in standpipe of CFCFB as,

∆pi = (zi+1 − zi)
150µVr

d2

(

1− εi

εi

)2

. (9)

One needs to find the pressure profile that is the sum of the cell pressure from the certain cell to
topmost cell. It can be done with trapezoidal integration through the z-axis. Let q(ε) =

(

1−ε
ε

)2
ζ(ε)

, then the pressure difference from ith cell to topmost cell of the standpipe is,

pik =
1

2
C1Vt

N−1
∑

l=i

(zl+1 − zl)
{

q(εlk) + q(εl+1k )
}

, (10)

where N is the number of cells in the standpipe and C1 is a constant 150µ
d2vs

.

3 An extended Kalman filter algorithm

3.1 A discrete linear Kalman filter

A discrete Kalman filter is derived by optimizing the assumed form of the linear estimator [6,8]. It
is assumed that the estimator is unbiased that is the expected error of the state is zero. Moreover,
state and measurement noises are white and have zero covariance. Define the state and measurement
discrete equations as,

xk = Fk−1xk−1 + wk−1 (11)

zk = Hkxk + vk (12)

At time k, given a prior estimate of the system, denoted x̂k(−), then an updated estimate, x̂k(+)
based on the measurement zk is found, [6]. The recursive filter is,

x̂k(+) = K′kx̂k(−) +Kkzk, (13)

where K′k and Kk need to be determined. With (13), unbiased estimator, relations defined as

x̂k(+) = xk + x̃k(+)

x̂k(−) = xk + x̃k(−), (14)

and that estimation error should be vanished, the estimator is obtained as,

x̂k(+) = x̂k(−) +Kk[zk −Hkx̂k(−)]. (15)

The error covariance matrix is defined as

Pk = E[x̃kx̃
T
k ]. (16)

From the definition of estimation error and un-correlation between state and measurement, the
error covariance can be found as,

Pk(+) = (I−KkHK)Pk(−)(I−KkHk)
T +KkRkK

T
k

Now, the optimum gain Kk can be found as minimizes the cost function, Jk = E[x̃k(+)TSx̃k(+)],

Kk = Pk(−)H
T
k [HkPk(−)H

T
k +Rk]

−1 (17)
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3.2 An extended Kalman filter (EKF) for standpipe model

The system and measurement models can be written in the forms of

εk = f
k
(εk−1) + wk−1 (18)

p
k

= hk(εk) + vk, (19)

where f
k
(εk−1) includes all terms in the right hand side of (5), wk−1 is state white noise, vk(k) is

measurement white noise, and hk(εk) is a function that includes all terms of measurement equation
in (10). To calculate the propagation error covariance and a Kalman gain, the Jacobi for state and
measurement need to be obtained. The Jacobian matrix for state is defined as,

Fi,j(ε̂
l
k(+)) =

∂fk(ε
i)

∂εj

∣

∣

∣

∣

ε=ε̂l
k
(+)

, (20)

while the Jacobian for measurement is given,

Hi,j(ε̂
l
k(−)) =

∂hk(ε
i)

∂εj

∣

∣

∣

∣

ε=ε̂l
k
(−)

. (21)

Now, using these two Jacobi, (20) and (21), the Kalman gain matrix Kk can be obtained. These
Jacobi are updated for every time step. The Kalman gain is obtained from,

Pk(−) = Fk−1(ε̂k−1(+))Pk−1(+)

Fk−1(ε̂k−1(+))T +Q, (22)

Kk = Pk(−)Hk(ε̂k(−))
T {Hk(ε̂k(−))Pk(−)

Hk(ε̂k(−))
T +R}−1. (23)

Next, the estimated state and measurement should be updated as,

ε̂k(+) = ε̂k(−) +Kk{pk − p̂
k
} (24)

p̂
k

= hk(ε̂k(−)). (25)

4 An H∞ estimation algorithm

AnH∞method has been applied to robust control and other applications, [5,9,10,22] also derivation
of the H∞ can be found in [1, 23]. The performance index for H∞ estimator is defined as,

J =
ave||xk − x̂k||Q

ave||wk||W + ave||vk||V
, (26)

where the averages are taken over all time samples. In other words, we want to find an x̂k that
minimizes J . In H∞ filtering problem, we need to solve,

minx̂maxW,V J (27)

Here, H∞ algorithm has been used to estimate the state hence the bed height.
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4.1 An H∞ for linear system

Let the discrete system equation has the following form,

xk = Axk−1 +Buk−1 + wk−1

y
k

= Cxk +Duk−1 + vk, (28)

where A,B,C, and D are constant matrices, wk is the state noise vector, and vk is the worst case
measurement noise. The noise vectors can be either white or colored as long as they are bounded.
We need to solve the equation (27) with performance index (26) to find the H∞ gain matrix,
however, it is cumbersome. Therefore, we can solve a related problem of,

J <
1

γ
, (29)

where γ is a constant positive number chosen by a user. We can find an estimated state so that
maximum value of J is always less that 1

γ
, regardless of the values of the noise terms wk and vk.

The state estimate that forces J < 1
γ
is given, [1]

Lk =
(

I− γQPk +CTV−1CP−1k

)

Kk = APkLkC
TV−1

Pk+1 = APkLkA
T +W,

whereW and V need to be chosen in advance or can be adopted from Kalman filter. The estimated
state is updated as,

x̂k+1 = Ax̂k +Buk +K∞(y
k
− ŷ

k
). (30)

4.2 An H∞ estimator for standpipe model

The H∞ model can be applied to non-linear system model. The Jacobi for state and the output
model around the estimated states needs to be found. Let f(ε) be the left hand side in (5), and
g(ε) be the left hand side in (10), then the approximated matrices for state A, and for output C,
can be found as,

Fk = Fi,j =
∂fi(ε)

∂εj

∣

∣

∣

∣

εj=ε̂j

(31)

Hk = Hi,j =
∂gi(ε)

∂εj

∣

∣

∣

∣

εj=ε̂j

(32)

where ε̂ is the estimated state in time step k. With these matrices Fk and Hk, propagation and
gain can be calculated for linear-like system. In addition, the suggested estimator is given as,

ε̂k = ε̂k(−) +K∞(p
k
− p̂

k
)

p̂
k

= hk(ε̂k(−)) (33)

Now, γ can be adjusted for estimator performance to obtain for this experimental cases.
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5 Calculating the Bed Height

2-Region Model

To calculate bed height, three pressures need to be measured in the dense bed, lean bed, and total
bed regions. The standpipe can be modeled as two homogeneous sections, dense and lean with
respect to bed height as shown in Fig. 2. The upper part is the lean region where the solid density
is low. The lower part is the dense region where the solid density is high. In the dense region the
pressure will be higher than in the lean region. The subscripts L, D, and T represent Lean Phase,
Dense Phase, and Total, respectively. To make the pressure balance, one has following equations,

∆P1 =
z − z2

zL
∆PL (34)

∆P2 =
z2

zD
∆PD, (35)

where ∆P1 is the overall pressure drop for the lean phase; ∆P2 is the overall pressure drop for the
dense phase; and z2 is the bed height that separates the bed into dense and lean phases.
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¾»

½¼
¾»

zD

?

6

zL

?

6
z1

?

6

z2

?

6

z

?

6

∆PT

∆PL

∆PD

Bed Height

Lean

Dense

Figure 2: The two region model of standpipe.

Now, the overall pressure for standpipe is given by

∆PT = ∆P1 +∆P2,

so,

∆PT =
∆PL

zL
(z − z2) +

∆PD

zD
z2,

therefore the bed height can be found as follows,

z2 =
∆PT −

∆PL

zL
z

∆PD

zD
− ∆PL

zL

. (36)
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Modified 2-Region Model

When the bed height lies between the top two pressure taps, the 2-region model calculation pro-
cedure can not be used. Hence, another algorithm must be used to calculate the bed height. The
diagram for the modified 2-region model is shown in Fig.(3) and the very top region is magnified.
First of all, the height of the top pressure measurement is known, so the height of lean phase in
this region can be defined as hl = zL − h when h is the dense height of this region. And the bed
height can be calculated by 8.2 + h when h is known, (see Fig.(3)). By definition the pressure for
lean phase of very top region is ∆Pl, and the pressure for dense phase beyond the height of 8.2
meters as ∆Pd, then the pressure equation will be satisfied by,

∆PL = ∆Pl +∆Pd, (37)

Now, using the definition of pressure from void fraction in Eq.(1), we have

ρs(1− εL)gzL = ρs(1− εl)ghl + ρs(1− εd)gh,

or
ρs(1− εL)gzL = ρs(1− εl)g(zL − h) + ρs(1− εd)gh,

where, εL is total void fraction, εl is void fraction in lean bed, and εd is void fraction in dense bed
of the top measurement region.
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hl,∆Pl
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∆PD
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6

zD

½¼
¾»
∆PT

6

h,∆Pd

6

8.2m

S
SSw

Bed
Height

Dense

Lean

Dense

Figure 3: The diagram for modified 2-region model

Therefore

h =
(εl − εL)zL
εl − εd

, (38)

where for εl, the previous void fraction for lean bed can be used or pre-calculated. For εd, the
bottom pressure can be used to calculate this void fraction.
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6 Experimental Results

The collected pressure data sets from experiments are used for this project. The measurements of
the bed height are accomplished by observation every 15 seconds. The measurements are sampled
every 15 seconds, but simulation and calculation points are sampled every second since pressure
data points are available. Two cases are shown in Figs.(4) and (5) for different situations. The
solid line represents the measurements from the experiments and the dashed line represents the
results of using bed height calculation methods discussed in section 5. The bed height calculations
are very close to the real measurements as the results in Figs.(4) and (5) show. Fig.(4) shows that
the bed height is higher than 8.2 meters using the modified 2-region model to calculate the bed
heights. In Fig.(5), the 2-region model is used to obtain bed height because the height is less than
8.2 meters. The bed height calculations for experimental data are acceptable and successful.
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Figure 4: The bed height calculation results for higher than 8.2 meters, solid: measured, dashed:
predicted.

Algorithms have been developed for several cases to determine γ. Once γ has been deter-
mined, experiments for different operating conditions are conducted. To compare the Kalman and
H∞ algorithms, the instant void fraction and pressure data and the measured and estimated bed
height are shown in Figures (6),(7), respectively. The extended Kalman filter algorithm is not
estimating for this case while H∞ algorithm estimates the state (void fractions). Figure (6b) shows
instant pressure profile and H∞ estimator follows measurement pressure profile while the extended
Kalman filter fails. In Figure (7), the bed heights are shown for H∞ , EKF, and measured values.
As pressure profiles, H∞ estimator succeeds to follow measured bed height while EKF doesn’t.
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Figure 5: The bed height calculation results for around 8.2 meters, solid: measured, dashed:
calculated.

7 Conclusions

In this research, bed height calculations with the 2-region model and solid circulation rate estimation
using Kalman filter are shown. In the first case, the solid flux or air flux measurements are not
necessary to calculate the bed height unlike other model based methods. This algorithm only needs
the pressure data in two regions i.e. dense and lean region pressures and total pressure. For solid
circulation rate estimation case, only pressure data and input move air are needed to estimate the
rates in accurate. To estimate rates, the Kalman filter algorithm is applied. Test results for both
cases show the effectiveness of these algorithms. AndH∞has been used to estimate the state and the
bed height for standpipe of CFCFB. At NETL facilities the system model of standpipe of CFCFB
has been obtained based on continuity equation. The extended Kalman filter and H∞ algorithms
for non-linear cases are developed. In this research, H∞ estimator performed better than extended
Kalman filter.
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1. Introduction

1.1 Importance of  Reservoir Simulation

Reservoir simulation is the most often used tool in reservoir management.1 There are many

benefits to using reservoir simulation.  These include evaluating the accuracy and completeness of

available data, creating a strategy that maximizes economic return, and investigating problems

associated with the reservoir as they occur.2 Reservoir simulation can save the petroleum engineer

time and money.

1.2 Model Selection 

The reservoir simulator is based on the solution solving of fluid flow equations.  Generally, the

data needed to solve these equations can be obtained from geologists and petroleum engineers. 

Many types of models used in reservoir simulation exist.  Simulation models can differ on the

number of gases considered, as well as the inclusion of water and/or oil.  Other differences

between models include treatment of adsorption and choice of grid type and size.  Adsorption

models may be pressure dependent or pressure and time dependent.3  Typically, pressure

dependent models are single porosity, while pressure and time dependent models are dual

porosity.  The amount of gas adsorbed is found using an adsorption isotherm.  Two types of grids

include cartesian and radial.  Cartesian grids divide the reservoir into rectangular blocks, while

radial grids treat the reservoir as a circle divided into equal pieces, with the well centered at the

origin of the circle.  Some models use a combination of these, while others may have no regular

grid pattern.
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1.3 Model NFFLOW

In this work, a reservoir simulator, NFFLOW, which was developed by the National Energy and

Technology Laboratory in Morgantown, WV4 will be discussed.  NFFLOW is an expicit fracture

(single porosity), single-phase  (single gas component) fracture reservoir simulator.  Previously,

adsorption and diffusion were not included in its model.  In the model, it is assumed that fluid

flow obeys Darcy’s law.  Darcy’s can be stated as

(flow rate) = (permeability) (area) (pressure gradient) / (viscosity).

So the flow rate is proportional to the permeability.   Also, NFFLOW does not have a regular grid

pattern.  It is based on an irregular pattern of intersecting fractures.  Output can be generated in

the form of flow rates or well pressures.  

2. Mathematical Model

2.1 Background         

The mathematical model used for the reservoir simulator consists of material balance and flow

equations along specified flow paths.  The term flow path is used to describe both the fractures

making up the network and the horizontal wells through which fluid is either added or removed

from the reservoir.  These flow paths are subdivided into segments by the points of intersection of

two flow paths, called nodes.  An intersection of two fractures is called a normal node, while an

intersection of a fracture and a well is referred to as a well node.  In the model, there is fluid

exchange between the fracture segments and the surrounding rock, which is referred to as
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recharged by gas from matrix rock.  Recharge is assumed to occur entirely at the midpoint of a

segment.  Recharge flow is modeled by two one-dimensional systems which represent the

dynamics of flow into (or out of) a segment from (or to) the matrix rock on either side of the flow

path.  Based on the dimensions of each fracture segment, there is an effective volume of rock

matrix assigned to each segment which is assumed to act as the storage volume associated with

that fracture segment.  

                                 

  

    Figure 2.1

2.2 Model Equation for Flow at Normal Nodes

The equation modeling flow at a normal node is derived by requiring that the sum of molar
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(1)

(2)

inflows to that node is zero.  The volumetric flow rate in the fractures is represented by

where h is the formation thickness, w is the fracture aperture, �  is the gas viscosity, and  is gas 

pressure gradient.  The molar gas density is

                 

                                         

                            Figure 2.2  Diagram of fracture intersection.

where R is the gas constant, T is the temperature, and Z is the Z factor.  Since Z is dependent on

T, the 
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(3)

(4)

(5)

(6)

(7)

reservoir is assumed to be isothermal.  The material balance equation at P is

The pseudopotential (a.k.a potential) is defined as

Equation 3 can be rewritten as

Since fluid only enters the flow paths at the recharge points, the molar inflow is constant between

a recharge point and a node. So, equation 5 can be written as

where � si is the length of segment i, i = w, e, s, n.  The fracture transmissibility is defined as
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(8)

(9)

(10)

Therefore, equation 6 can be rewritten as

Equation 8 depends on the potential at the segment midpoints, not just at the node P.  This

equation must be supplemented by equations representing the material balances on the fracture

segments.  For segment e, the material balance is

where and  are the molar recharge rates from the right and left sides of the

fractures, respectively.  

                         

Figure 2.3 Diagram of gas recharge by matrix rock at segment midpoint.

Equation 9 can be rewritten in terms of �  as follows
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(11)

(12)

(13)

The integral in equation 10 can be approximated by  and a backward difference can be

used to approximate the time derivative giving the equation

where � tn+1 is the time interval between tn and tn+1.  Equations 8 and 11 are then solved for � n+1 at

the nodes and segment midpoints.  They are solved using the Newton-Raphson method.  In

general, Newton’s method is given by   where x is a root of the function fx x
f x

f x
n n

n

n
+ = −1 ( )

' ( )
,

(x).  An initial approximation is made, and then it is solved iteratively until the difference between

successive values of x reaches a set tolerance.  The residuals are defined by

and

If the Newton-Raphson method is applied to Equations 12 and 13, then the resulting equations

are
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(14)

(15)

(16)

(17)

(18)

(19)

(20)

and

with

where � l is the potential at any node or recharge point.  Equations 14 and 15 are solved as in the

following way.  Let

Then equation 15 can be rewritten as

which is solved to obtain

where

Equations 19 and 20 are based on the assumption that  is a variable which is solved for.  If
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(21)

(22)

(23)

(24)

(25)

(26)

node j is a well node, then is a boundary condition rather than a variable and =0.  When

this occurs, equation 19 is transformed to

and the equation for ri is the same as equation 20.  Node j does not exist if node P is the first or

last node on a fracture.  When this occurs, the term  in equation 10 does not appear

and equation 18 becomes

The solution to equation 23 is the same as equation 21 except that the equation for ri is changed

to 

When equations 19 and 21 are combined with equation 14, the corrections at the nodes are

represented by the following set of linear equations

where

and

2.3 Model Equation for Flow at Well Nodes

At the well nodes, the material balance is similar to the material balance at the normal nodes,

except that all of the nodes and recharge points that are considered part of the well have the same
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(27)

(28)

(29)

(30)

pressure (and potential).  The material balance for the well is

where ks is summed over the well segments and jf is summed over the intersecting fractures.  The

integral in equation 28 represents the gas accumulation rate in the horizontal well bore, � sc is the

molar density at standard conditions, and Qvsc is the volumetric flow rate measured at standard

conditions.  By replacing pressure by potential, equation 28 when discretized becomes

where � w is the well potential, � r and � l are the potentials at the recharge points of the right and

left segments of intersecting fractures, respectively.  VH is the volume of the horizontal wellbore

and

The residual for equation 28 is

Applying Newton-Raphson to equation 30 gives the following
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(31)

(32)

(33)

(34)

(35)

Defining Tw
RC as

lets equation 31 be rewritten as

When equations 19 and 21 are used to calculate and  and these are combined with

equation 33, the resulting equation is 

where

and Aj is found using equation 26.  

After equations 24 and 34 are solved for , equations 19 and 21 are used to calculate

.  After the corrections are applied to , the residuals are tested to see if they meet the

convergence criteria.  
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(36)

(37)

(38)

2.4 Solution to Equations 24 and 34

Equations 24 and 34 are solved using the Gauss-Seidel Successive Over-relaxation (SOR) method. 

Equations 24 and 34 can be written in general as

where the sum is over all nodes coupled to node c which is either a normal node or a rate-

controlled well bore and Ic is the corresponding sum of residuals.  The solution algorithm is

In equation 37, the superscipts correspond to the iteration level and �  is the over-relaxation

parameter.  The converged solution to equation 37 relates to which is the k+1 correction to

� c in the Newton-Raphson technique. Also, the over-relaxation parameter is chosen to minimize

the average number of iterations required to solve equation 36 with 1 < �  < 2.  

2.5 Calculation of Recharge Rates

In this model,  and  from equations 12 and 13 are calculated using a numerical one-

dimensional unsteady model which is now explained.  The effective volume drained by a flow path

is divided into a set of discrete blocks. The effective volume of a matrix block, Veff, is

modeled as
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(39)

(40)

(41)

(42)

                                    

                  Figure 2.4 Idealization of Matrix Subregion Drainage

where � s is the length of the flow path segment next to the volume and xeff is the effective length

of the volume.  The volume is then divided into nb subvolumes with unequal � x’s. The subvolume

next to the fracture has the smallest � x which is labeled � x1.  The subsequent volumes have a � xi

equal to � x1

�
i, and so 

Performing sum and solving for � x1 gives

and nb is chosen so that

with
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(43)

with max(xeff) being the largest value of xeff for any effective volume in the reservoir.  The spatial

resolution of a simulation is determined by a combination of max(xeff), 
�
, and nmax.  The equations

in the matrix blocks represent quasi-one-dimensional flow modified for porous media.  Because

adsorption and diffusion occur in the matrix blocks, their inclusion occurs in these equations. 

Adsorption was modeled using the Langmuir isotherm which is pictured in figure 2.5 on the

following page.  The Langmuir equation is used because of its good fit to adsorption data for

methane on coal as well as its simplicity.5  The adsorption volume Vads was calculated using the

following equation

                                               

Figure 2.5 Langmuir isotherm

where VL and PL are the Langmuir volume and pressure constants, respectively.  The term added

for diffusion is derived from Fick’s Law 

, J D
C

x
= −

∆
∆

where J is the mass flux, D is the diffusion coefficient, C is the concentration of substance, and x is
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(44)

(45)

(46)

(47)

the distance in which the substance diffuses.  With the inclusion of adsorption and diffusion, the

effective volume is modeled using the equation

where Ac is the local cross-sectional area of the system, �  is the porosity of the matrix rock, � cm is

the density of the coal matrix, Vm
stp is the molar volume at standard temperature and pressure, �  is

the darcy velocity, and D is the diffusion coefficient.  Using the equation for �  (equation 2) and the

fact that 

 is a constant, the following equation is obtained

When �  is given by Darcy’s Law and the definition of �  is used (equation 4), equation 45 becomes

where km is the matrix permeability.  The system modeled by equation 46 is solved numerically by

discretizing the effective matrix volume into nb blocks centered at xi with � xi, i = 1,..., nb. The

boundaries are at xi-1/2 and xi+1/2.  Integrating equation 46 with respect to x from xi-1/2 to xi+1/2 gives

the set of discrete equations 
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(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

The integral from equation 47 is approximated by , where V i is the

pore volume of block i, and the flow terms are approximated by

This expression holds at all cell boundaries except  and .  The flow at  is

, where � 0 is the boundary condition

for this matrix block, while the flow at  is zero.  Let

Then equation 47 can be reexpressed as

Backward finite differencing is used for the time derivative in equation 54 to give
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(56)

(57)

(58)

(59)

In this model, the pore volume V i is assumed to be a constant since for typical pressures, the

change in pore volume with pressure is small.  The equations for � i
n+1 are solved iteratively.  The

residuals are given by

The solution is obtained when 

Ri
n+1=0.

Newton’s method is used to solve equation 56, and so

where 

and
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(60)

(61)

Once the � i
n+1 are found, the recharge rate can be written as

where � 0 is the flow path potential at the recharge point.  The sensitivity coefficient used to solve

the flow path material balances is

(62)

Equation 55 is differentiated with respect to � 0 at convergence to obtain an equation for  . 

The result is given by

(63)

The solution to the set of equations in equation 63 gives a value for  which is then used

to calculate  in equation 62.



21

3. Results

3.1 Effect of Adsorption

When running the simulator, the following reservoir characteristics were used: coal density =

0.0415 ton/cf, reservoir length = 15840.0 ft, reservoir width =  15840.0 ft, layer thickness = 18.0

ft, matrix permeability = 0.5000 millidarcies, pore volume of layer = 248.3965 mmcf, initial

pressure = 11200.0 psi, number of fractures = 3294, and number of nodes = 12548.  Simulations

were carried out where the Langmuir pressure constant was varied.  For each Langmuir pressure

constant, the porosity and Langmuir volume constant were varied such that the sum of the pore

volume and adsorption volume was fixed. The results are graphed in Figure 3.1.  The greatest

difference in the well pressures is seen for PL=560 psi, while the smallest difference occurs for

PL=5600 psi.  Referring back to Figure 2.5, at PL=560 psi, the slope of the isotherm is the greatest

which corresponds to the greatest change in adsorption, while at PL=5600 psi, the isotherm has

reached its highest value which relates to the adsorption reaching its maximum.  By these graphs, it

is obvious that adsorption contributes to the observed well pressures given a specified withdrawal

rate of the gas.  This difference suggests that one might be able to devise a specific well test

consisting of a series of draw-down/injection cycles that would enable observed well pressure to be

used as an indicator of the relative importance of free gas (gas stored in the pore volume) relative

to adsorbed gas.  Future work will address the development of such tests.  
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Figure 3.1 Graphs of Well Pressure over Time for PL=560, 1200, and 5600.  
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3.2 Role of Diffusion in Gas Flow

The effects of diffusion were studied by running simulations with differing permeabilities.  For each

permeability, a simulation was run where diffusion was ignored, while another was run where

diffusion was included.  In this study, diffusion coefficients for methane were used.  Figure 3.2 is a

graph comparing two different permeabilities.
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Figure 3.2 Graph of  Percent Difference of Well Pressures With and Without Diffusion over Time

It can be seen that as the permeability is decreased, diffusion increases.  These simulations were run

with a production rate of 1250 mcf/day.  If the production rate were increased, the pressure

gradient would also become larger, thus causing the diffusion rate to increase as well.
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4. Conclusion

In conclusion, an explicit fracture reservoir simulator, NFFLOW, was modified to include gas

adsorption and diffusion.  The equation that models flow in the subblocks of the coal matrix was

modified to include adsorption and diffusion.  However, these modifications also affect the

equations modeling flow at the nodes and segments, since these equations include flow due to

matrix recharge.  By running simulations with various values of the Langmuir pressure constant, the

effects of adsorption could be seen.  Also, the effects of diffusion were noted when simulations

were run in which the permeability was varied.  Addition of adsorption and diffusion to this model

should increase the accuracy of the simulator.
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Abstract 
  

A pore-level network model was used to study miscible-vertical, two-phase fluid 
displacements.  Gravitationally stable and unstable flow configurations were explored 
utilizing the Darcy-Rayleigh number (G) for a number of viscosity ratios (M). 
Simulations are compared with experimental results for corresponding values of G and M 
using the interfacial width and breakthrough saturation as comparison criteria. 
Breakthrough saturations differed by only a small amount for gravitationally stable flow 
configurations when considering variation between realizations. Good agreement 
between the model and experimental results was observed. A critical value of G =  
-0.02 for the transition to gravitationally unstable flow was obtained from simulation 
results, shown by increased instability growth using the interfacial width. For 
comparison, an experimental critical value of the G = -0.017 was found in the literature 
for similar criteria.   
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1.  Introduction 
 
Displacement of one fluid by another in a porous medium has been a topic of practical 
importance to scientists and engineers for many decades. Applications of this process 
span many fields of science and technology, such as petroleum engineering, chemical 
engineering, physics, and hydrology. Relevant areas of study within these fields include 
enhanced oil recovery, filtration and catalysis, disordered media, and remediation 
processes. Instabilities at the fluid-fluid interface can cause poor displacement efficiency, 
which is undesirable in applications such as enhanced oil recovery, where the goal is to 
produce as much oil as possible. The magnitude of these instabilities is governed by three 
competing forces: buoyant, viscous, and capillary forces. The effect of these forces can 
be quantified using dimensionless parameters incorporating fluid properties such as 
density, viscosity, and surface tension. The focus of this work is on viscous and 
gravitational effects when miscibility of the fluids can be assumed, and capillary effects 
are negligible. In miscible, non-horizontal displacements, unstable flow phenomena 
include viscous fingering and gravity fingering, where the invading fluid fingers into the 
defending fluid and reduces displacement efficiency.  

Studies of miscible displacements have shown that the ratio of fluid viscosities 
(M) and the ratio of gravitational-to-viscous forces (G) impact the displacement 
efficiency. In the limit of low M the flows are known to be fractal [1-6]. Many of the 
studies in the literature, consider a gravitational force acting perpendicular to the 
direction of average flow [7-9]. In these cases, gravity “tongues” can develop due to 
density differences between the fluids and thereby reduce displacement efficiency.   
Vertical experimental and simulation studies, where the force of gravity is in the direction 
of, or counter to, the fluid flow have shown that gravitational forces can mitigate the 
effect of unfavorable viscosity ratios which cause reduced displacement efficiencies [10-
12]. Additionally, a number of studies have characterized the effect of diffusion and 
dispersion in miscible displacements [13-18].  

The pore-level network model used in this work has been validated in the 
diffusion limited aggregation and invasion percolation limits [19].  A crossover from 
fractal to compact flow has been observed with this model for miscible flow in horizontal 
porous media, where gravitational effects are negligible [20].  The present work centers 
on the interplay between buoyancy and viscous forces and their effect on interfacial 
stability using this pore-level network model. These current simulations are characterized 
using two dimensionless parameters: the Darcy-Rayleigh number (G) and the viscosity 
ratio (M); results are compared to empirical results in the miscible-vertical flow regime 
for both upward and downward injection.   
 
 
 
 
 
 
 
 



 
2.  Pore-level Network Model Description and Simulation Characterization 
 
Many reservoir simulators that have been developed to model two-phase flow in porous 
media incorporate fluid and medium properties macroscopically-averaged over large grid 
blocks.  These models typically rely on Darcy’s law and the Buckley-Leverett equations 
or Koval’s model to predict two-phase flow through the medium using relative 
permeabilities [21,22].  Due to compact flow assumptions inherent in these models, 
simulators utilizing them cannot account for interfacial instability resulting from effects 
such as viscous fingering. Pore-level network models can account for both unstable and 
compact flow regimes resulting from the interaction of forces occurring on the micro 
scale.  In previous work using our pore-level network model, unstable interfaces were 
characterized for both miscible and immiscible displacements, where the fluid was 
injected into a horizontal medium (no buoyant effects). In certain limits of dimensionless 
parameters defined by the fluid properties, the injected fluid patterns are fractal, so that 
the front advances nonlinearly with time, as opposed to stable interfaces where the front 
advances linearly with time. Macro-scale simulators often inaccurately predict a linear 
frontal advance for flow parameters, which lead to a nonlinear frontal advance. 
 
2.1  Model Description 
 
Gravitational forces have been incorporated into our pore-level network model so that 
vertical simulations, the present focus of interest, can be characterized with respect to 
buoyancy and viscous forces. This model utilizes a two-dimensional diamond lattice 
structure (see Fig. 1) that consists of tubes with randomly chosen cross-sectional areas 

 
Figure 1.  Lattice structure and geometry of the network 

connected to spherical pore bodies.  Improved statistics from the simulations are obtained 
by averaging output metrics over a number of realizations (different configurations of 



throat radii) for the same input parameters. Because the model formulation utilizes only 
dimensionless parameters, obtaining physical properties from simulation results requires 
choosing a unit length, such as a representative throat diameter. Ferer et. al. discusses 
scaling relations and how physical quantities are obtained from the dimensionless 
quantities used in the model [19].   

For each time step, a pressure field is calculated throughout the network, so that 
fundamental volume conservation laws are employed and the injection flow rate is kept 
constant for each simulation.  As shown in the equation below (see Fig. 2a), the flow in  

 
 
   (a)     (b) 

Figure 2  (a) Flow downward from one pore to another. (b) Pressure differences in each throat and pore 
(black represents invading fluid and white represents defending fluid). 

 

any throat is downward if the pressure in the pore body above the throat Pabove exceeds 
the pressure in the pore body below; Pbelow, plus the weight of the fluid, ∆Pgravity : 
 

)( )()( gravitydefendingbelowinvadingabovethroatdown PPPgq ∆+−=                              (1) 
 
where, gthroat is the conductance of a throat (calculated using Poiseuille’s law), Pinvading 
and Pdefending are the pressures of invading and defending fluids in the pores between the 
throat in consideration, and Pgravity is the pressure difference due to buoyancy forces 
across a throat and its connecting pores. If the throat contains two fluids, the pressure due 
to the effect of gravity in the throat is given by: 
 

θρθρ sin)1(sin xaggaxP defendinginvadingthroat −+=∆                             (2) 
 

where ρinvading and  ρinvading  are the densities of the invading and defending fluids 
respectively, g is the gravitational constant, a is the volume fraction of the invading fluid 
in the throat, x is the length of the throat, and θ is the angle the throat makes with respect 
to the horizontal.  If the network contained only a single fluid, Eq. 2 would reduce to the 
familiar hydrostatic pressure term, Pgravity=ρgh (here h=xsinθ). Considering the geometry 
of the network, in which the pore bodies in the model have a volume,V=x3, the pressure 
difference due to gravity in a pore can be written as: 
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The pressure difference due to gravity for one throat and two connecting pores can then 
be written as follows: 

2,1, poreporethroatgravity PPPP ∆+∆+∆=∆                                       (4) 
 

If the pore is partially filled with both invading and defending fluid, the invading fluid is 
assumed to be in the center of the pore, surrounded by defending fluid (see Fig. 2b). A 
detailed description of this model for the horizontal case can be found in Ferer [19]. 
 
2.2  Simulation Characterization  
 
Simulations of fluid displacements are characterized by many methods.  A commonly-
used method is visualization of infiltration patterns. Saturation at breakthrough (when the 
invading fluid reaches the exit) is calculated as a ratio of the volume of invading fluid-
filled pores and throats to the total volume of the network.  Saturation profiles can also be 
calculated during injection to illustrate how the frontal advance develops with time.  
Utilizing the first and second moments of mass of the injected fluid allows for 
determination of the average position and the interfacial width of the front denoted, <x> 
and W, respectively, as shown in the following equations:   
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in which x is the distance in the direction of flow of the invading fluid, ρ(x) is the density 
profile, mtotal is the total mass of injected fluid, and t is time. Discretization of the system 
has been performed for Eqs. (4-6) for our network and a complete discussion of this topic 
including derivations of these equations are found in references [23-24].  

Scaling from microscopic (pore level) sizes to macroscopic (core or field level) 
sizes requires the use of dimensionless parameters and the choice of a unit length for the 
model depicted in Fig. 1.  Dimensionless parameters based on the physical properties of 
the fluids used in our modeling include the viscosity ratio (M=µinvading/µdefending) and the 
density ratio (D=ρinvading/ρdefending).  Additionally, a dimensionless parameter used to 
compare experimental and simulation results for miscible-vertical injection is the ratio of 
gravitational forces to viscous forces known as the Darcy-Rayleigh number or gravity 
group: 
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where ∆ρ is the density difference between the fluids (defending minus invading), g is 
the gravitational constant, K is the absolute permeability (uniquely determined by the 
pore structure or network geometry), µdefending is the viscosity of the defending fluid, and v 
is the flow rate per unit cross sectional area or flow velocity. The Darcy-Rayleigh number 
(G) is inversely proportional to the velocity of the injected fluid and has been 
characterized in the literature for many different types of flow regimes, where various 
modifications of this parameter have been used differing only in the choice of the 
viscosity in the denominator of Eq. (10) [7-9,25-27].  In the present work, only the 
defending fluid’s viscosity is used, not a sum of both injected and defending fluid 
viscosities (as in Homsy [25]) or only the invading fluid viscosity (as in van der Poel [7]); 
viscous effects are explored using the viscosity ratio.  
 In our sign convention for the Darcy-Rayleigh number (G), we assume that the 
gravitational constant g, is positive for all cases and that downward injection velocities 
are positive (see Fig. 3). We have chosen this reference frame so that positive G values 

 
Figure 3.  Gravitationally unstable flow configuration corresponding to a negative Darcy-Rayleigh number 
(G) and rinvading  <  rdefending (Dr > 0) and flow velocity is negative because injection is upward 

correspond to gravitationally stable flow and negative G values correspond to 
gravitationally unstable flow. A summary of these flow configurations is found in Table 
1. These interfacial stability results were first described by Hill [28]. For both cases,  
 

Table 1.  Buoyancy effect on interfacial stability based on flow direction and density difference 

Flow Direction ∆ρ = ρdefending - ρinvading > 0 ∆ρ = ρdefending - ρinvading < 0 

Injection Upward G negative 
(gravitationally unstable) 

G positive 
(gravitationally stable) 

Injection Downward G positive 
(gravitationally stable) 

            G negative 
(gravitationally unstable) 

 
regardless of Darcy-Rayleigh number, viscosity ratios less than one have a destabilizing 
effect on the front. Similarly, viscosity ratios greater than one have a stabilizing effect on 
the front, but will not be analyzed in the present work. In combination, the Darcy-



Rayleigh number (G) and the viscosity ratio (M) will be shown to characterize the 
interfacial stability of miscible-vertical displacements. 
 
3.  Results and Discussion 
 
3.1  Simulations for a large range of the Darcy-Rayleigh number (G) and small range 

of viscosity ratio on a 70 x 70 network  
 

Simulations in which a more buoyant fluid was injected into a 70 x 70 network with 4900 
pores compare the effect of different injection velocities on saturation. Table 2  
 
Table 2.  Comparison of breakthrough saturation for injection upward and downward for a range of Darcy-
Rayleigh numbers (G) and three viscosity ratios (M) 

G M=0.1 M=0.3333 M=1.0 
-20.3 23.75% 24.76% 29.11% 
-4.6 23.72% 25.37% 30.01% 

-2.03 25.87% 28.55% 34.11% 
-1.015 25.56% 30.53% 38.12% 
-0.406 29.23% 38.56% 50.85% 
-0.203 32.23% 46.19% 62.23% 

-0.0203 48.81% 61.81% 76.78% 
-0.00203 50.68% 63.85% 78.62% 

-0.000203 51.24% 63.94% 78.77% 
0.000203 50.87% 63.57% 78.70% 
0.00203 51.92% 65.21% 78.70% 
0.0203 53.68% 66.50% 79.44% 
0.203 80.44% 83.18% 85.43% 
0.406 88.90% 88.95% 89.21% 
1.015 94.60% 94.51% 93.33% 
2.03 96.85% 96.76% 95.47% 
4.6 98.49% 98.25% 98.01% 

20.3 98.38% 97.93% 97.93% 
 
lists the breakthrough saturation for a range of values of G and M. To improve statistics, 
the breakthrough saturation was averaged over five realizations (spatial distributions of 
randomly-generated throat sizes) for each of the simulation cases.   For the simulations 
with a negative value of G, gravitational effects act to destabilize the front because the 
lighter fluid is being injected (v < 0, ∆ρ > 0) from below. This effect is shown by the 
reduced saturation of upward injection (negative G) compared to downward injection 



(positive G), where gravitational forces are acting to stabilize the front. The competition 
between viscous and buoyant effects is shown in Figs. 4 and 5 where the breakthrough  
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Figure 4. Breakthrough saturation for a range of Darcy-Rayleigh numbers (G) and three viscosity ratios 
(M) Note: Negative values of G correspond to a gravitationally unstable flow configuration and positive 
values of G correspond to a gravitationally stable flow configuration (70x70 network) 

G
0

 
Figure 5.   Breakthrough saturation for a range of Darcy-Rayleigh numbers (G) and three viscosity ratios 
(M) Note: G is shown on a log scale and a zero value of G corresponds to a break in the graph where the 
value of G here would be infinity (70x70 network) 



saturation is plotted versus G for three viscosity ratios.  In Fig. 4, the effect of viscosity 
ratio, M, on saturation is not as clearly shown as in Fig. 5 where the G axis is shown on a 
log scale with a break occurring in the middle of the graph for a zero value of G (on this 
scale this value would correspond to infinity).   

As G (which is inversely proportional to the velocity of the injected fluid) 
increases over the entire range of values presented here, saturation increases with the 
exception of a “plateau region” in which viscous effects are largest (G = -0.02 to G = 
0.02) (see Fig. 5).  This region corresponds to the largest flow velocities analyzed in this 
work, and correspondingly, the viscous effects are more significant than buoyant effects; 
as a result, the saturation is essentially identical for both upward (negative G) and 
downward (positive G) injection in this range. Alternatively, in the ranges of G from 
approximately –20.3 to –0.02 and 0.02 to 20.3, buoyant effects overcome viscous effects 
and the saturation increases with increasing G. For cases where G is less than 
approximately 0.4, a decrease in viscosity ratio reduces the saturation of the medium 
because viscous effects are acting to destabilize the front. In contrast, for gravitationally 
stable cases where G exceeds approximately 0.4, saturation is approaching 100%, so that 
there is effectively no difference in saturation for the three viscosity ratios. Therefore, to 
achieve the highest efficiency for simulations with G ≥ 0.4, one would inject from the top 
of the medium with a small injection velocity, regardless of viscosity ratio. However, for 
G < 0.4 larger viscosity ratios would yield a high efficiency for these simulations.  

For each of the simulations described above, breakthrough saturation profiles and 
the corresponding infiltration patterns were generated to show the frontal advance. 
Negative G (injection upward) and positive G (injection downward) flow configurations 
are compared for different values of viscosity ratio (see Fig. 6a-c). These reveal in greater 
detail how even within gravitationally stable flow configurations viscous effects can  
cause a transition to unstable flows and vice versa. For the smallest viscosity ratio (M = 
0.1), the saturation profiles for G above 0.203 correspond to the most stable profiles 
shown in Fig. 6a.  For smaller values of G the profile becomes increasingly unstable 
because gravitational effects for negative values of G are acting in concert with the 
viscosity ratio to destabilize the front.  As the viscosity ratio becomes larger, the 
displacement becomes increasingly more stable. This effect is shown in Fig. 6c where 
there are no viscosity differences (M = 1.0); here, the saturation profile becomes stable 
above G ≈ -0.2 compared to Fig.6a where the flow becomes stable above G ≈ 0.2. 
Therefore, increasing G and M increases stability, while decreasing G and M decreases 
stability.  Infiltration patterns for the first realization of this set of simulations based on M 
and G are shown in Fig. 7.  The most unstable patterns are found with the smallest values 
of M and G.  In contrast, the most stable patterns are found with the largest values of M 
and G.   
 The infiltration patterns for both series of simulations, injection upward and 
downward, do not appear to be fractal, which was confirmed analytically using the 
average position of the front as discussed in Ferer [23]. Values of interfacial width (in 
units of lattice spacing) were also determined using Eq. 6. Fig. 8 shows the interfacial 
width for a range of G. As G increases, the width decreases with a plateau in the middle 
similar to the dependence of breakthrough saturation on G. For the most unstable values 
of G and M (small G and M) the width of the interface is largest. In the range of G 
between –0.02 and 0.2, the interfacial width varies negligibly with G but is strongly 
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(b) M=0.333 
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(c) M=1.0 
 

Figure 6.  Breakthrough saturation profiles for selected values of G at a viscosity ratios 0.1 (a), 0.333 (b), 
and 1.0 (c) (70x70 network) 
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Figure 7.   Visualizations of breakthrough saturation corresponding the first realization of each saturation 
profile in Fig. 5 for three viscosity ratios (a) M=0.10, (b) M=0.333, and (c) M=1.0 (70x70 network) 

dependent on M. Above a value of G = 0.02 the interface becomes increasingly stable so  
that dimensionless width vary only a small amount with either G or M.  These trends are 
similar to the ones found with breakthrough saturation.  

Simulations with equivalent values of G for density differences less than zero 
were also run for both the gravitationally stable case (upward injection) and the 
gravitationally unstable case (downward injection) (see Table 1). In this second series of 
simulations, only a viscosity ratio of 1.0 (no viscous effects present) was used in order to 
focus on the effect of gravitational stability. Because of the value of the density 
difference in these simulations, the sign of G is now opposite to the previous cases 



discussed above. Regardless of the injection velocity or density difference in these 
simulations, breakthrough saturations depend only on G and M, and not independently on  
the variables determining G.  Fig. 9 shows the dependence of breakthrough saturation 
upon G for a variety of density differences and injection velocities. To within realistic 
uncertainties in our results, breakthrough saturation depends only on G and not separately 
on gravitational forces and viscous forces.  

0
G  

Figure 8. Width (in units of lattice spacing) for a range of Darcy-Rayleigh number (G) and viscosity ratio 

0
G  

Figure 9.  Comparison of gravitationally unstable and stable flows for both injection orientations for M=1 
and a range of G illustrating flow configuration equivalence 

 
 
 
 



3.2  Simulations for a large range of the viscosity ratio (M) and a small range of 
Darcy-Rayleigh number (G) on a 45 x 150 network  

 
Simulations of vertical displacement comparing upward and downward injection were 
also run on a short-wide (45 x 150) network with 6750 pores. The purpose of these 
simulations was to extend the range of the viscosity ratio for a range of G where viscous 
effects were largest.  In these simulations, M was varied over four orders of magnitude 
and G varied from -0.3 to 0.3.  

Table 3 lists the breakthrough saturation when G and M are varied. When the  
 
Table 3.  Breakthrough saturation for a range of viscosity ratio and Darcy-Rayleigh number for injection 
upward and downward 

 Darcy-Rayleigh number (G) 
Viscosity 
Ratio (M) 

Downward 
G=0.30 

Upward 
G=-0.30 

Downward 
G=0.20 

Upward 
G=-0.20 

Downward 
G=0.13 

Upward 
G=-0.13 

Downward 
G=0 

Upward 
G=0 

0.001 29.1% 20.6% 25.7% 20.7% 24.5% 21.4% 22.3% 22.3% 
0.01 34.1% 23.9% 31.3% 24.1% 28.8% 25.3% 27.0% 27.1% 
0.1 49.5% 37.6% 45.7% 38.9% 44.6% 40.2% 43.0% 43.0% 
1.0 74.7% 69.2% 74.3% 70.0% 73.4% 71.7% 72.9% 72.9% 

 
invading fluid is injected from the bottom (or the top) of the network, an increase of the 
viscosity ratio towards unity results in an increase in the saturation of invading fluid in 
the medium, allowing for a more stable and subsequently more efficient displacement.  
As the absolute value of G increases, the difference in saturation percent between upward 
and downward injection becomes increasingly apparent.  At a G of zero, no buoyant 
effects are present, and the saturation is the same for both upward and downward 
injection. The simulations where G = 0 are equivalent to horizontal injections where no 
gravitational forces are present counter to or in the direction of flow, as mentioned 
previously. 
The response surfaces shown in Fig. 10 clearly display the different effects of G and M 
on saturation for upward versus downward flow. The absolute value of G is used in this 
figure to illustrate the difference between upward and downward flow. The largest 
difference in breakthrough saturation between upward and downward flow corresponds 
to a simulation with the most unstable viscosity ratio (M = 0.001) and Darcy-Rayleigh 
number (|G| = 0.3).   As the viscosity ratio increases from 0.001 to 1.0, breakthrough 
saturation increases from approximately 20% to 70% for the cases with upward injection, 
which can be compared to approximately 30% to 75% for downward injection.   

 



Injection Downward
Injection Upward

 
Figure 10.  Response surfaces for a large range of M and a small range of |G| illustrating their effect on 
breakthrough saturation.  The absolute value of G is used to show the difference between injection 
downward (top surface) vs. injection upward (bottom surface) (45 x 150 network). 

3.2  Comparison between simulation and experimental results 
  
The results of the simulations on the 70 x 70 network, presented in section 4.1, can be 
used to compare our model predictions with experimental data available in the literature 
[27,28].  Using the first set of experimental data we compare values of interfacial width 
from our simulations with experimental values of dispersivity for a gravitationally 
unstable flow configuration. Using the second, we compared values of breakthrough 
saturations from core flow experiments with our simulation results for a gravitationally 
stable flow configuration.   
 
3.2.1  Comparison of experimental and simulation results for gravitationally unstable 

upward injection 
 
Freytes et. al. [27] measured dispersivity, which is related to the degree of mixing 
between the two fluids (and can therefore be thought of as interfacial width) for many 
different values of G for both Newtonian and non-Newtonian fluids.  Freytes’ viscosity 
ratio was approximately M = 1.0 and the density difference was on the order of 10-3. We 
shall make comparisons to their Newtonian fluids (represented as α = 0 in their 
discussion). Injection was upward in this experiment, corresponding to a gravitationally 
unstable configuration. Freytes obtained a threshold value of G above which instabilities 
were found. The value obtained for dispersivity corresponding to stable and unstable flow 
configurations became different below Gc = 0.00833.  Because their representation of the 
viscosity term is slightly different, a transformation of this value was made to obtain a 
value corresponding to our definition of G. This mapping yielded a critical value of Gc =  



-0.017 when using Eq. 10 above. This value is negative due to the injection orientation 
(upward) and our frame of reference as chosen in Fig. 3.  Additionally, to scale our 
model, a unit length of 0.001 m was chosen so that our permeability value (472 Darcy) 
was on the same order of magnitude as the one obtained experimentally (738 Darcy) 
because glass beads were used in the experiment.  

Although our model does not take into account dispersion or diffusion effects, 
interfacial width is a reasonable proxy thereof. Good agreement between our value of G 
and their critical value of G is obtained when observing where our width starts becoming 
large compared to their dispersivity values based on G.  Below values of approximately 
G = -0.02 our instability growth starts occurring dramatically and the value for 
dimensionless width increases.  Above this value of G there is only small variation 
occurring with width.  These values Gc(experimental) = -0.017 and Gc(simulation) = -0.02 are very 
similar. Fig. 11 illustrates these trends where the dashed line corresponds to Freytes 
critical value of G.  
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Figure 11.  Width (dimensionless) comparison to Freytes’ critical Gc=-0.017 and M=1 experimental results 
where the width corresponds to their experimentally measured dispersivity with injection gravitationally 
unstable upward 

3.2.2  Experimental and simulation comparison for gravitationally stable injection 
downward 

 
Tiffin et. al. [28] measured breakthrough saturation for gravitationally stable downward 
injection at multiple viscosity ratios for a number of miscible displacements using carbon 
dioxide and different types of oil. To obtain a comparison between these experimental 
results, additional simulations were run at a viscosity ratio of 0.03.  Although Tiffin did 
not calculate values of G for these simulations, critical velocities were calculated and 



enough information was provided for us to calculate Darcy-Rayleigh numbers for each 
experiment corresponding to our definition. A number of cores of different lengths and 
diameters were utilized in these experiments so that the length-to-width ratio was a 
contributing factor in the differences between experimental and simulation results. 
Additionally, only the cases noted as miscible in the work of Tiffin et. al. were used for 
comparison.  
 The best agreement between simulation and experimental breakthrough 
saturations for these sets of data were obtained for the experiments performed in core 
numbers 1, 3, and 4 (as defined by Tiffin et. al. [28]), where the length-to-width ratios 
were the smallest (12.3, 12.0, and 23.5, respectively). Fig. 12 shows the comparison 
between experimental and simulated breakthrough saturations using M = 0.03 for a range 
of G values. For the experiments in core number 1 (with a length-to-width ratio of 12.3) 
breakthrough saturation increased dramatically in the range of G(experimental) of 0.004 to 0.3 
which is compared with a range of G(simulated) of 0.02 to 2.0. 
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Figure 12.   Breakthrough saturation comparison to Tiffin experimental results for cores of different length-
to-width ratios 

Core number 2 illustrates the effect of a large length to width ratio (49.5) so that 
breakthrough saturations seem to be magnified for these cases. Due to the diamond lattice 
structure of our model, the length-to-width ratio for a 70 x 70 system is approximately 
0.60.  
 
 
 



4. Conclusion 
 

A range of simulations were performed for various values of G and M, and corresponding 
breakthrough saturations, breakthrough saturation profiles, interfacial widths and 
infiltration patterns were found for each case.  An analysis of these results showed 
regions of combined G and M where either gravitational forces or viscous forces 
dominate the displacement.  Notably, in the ranges of G less than –0.02 and greater than 
0.02 gravitational effects tend to dominate the displacement. However, in a range of G 
from –0.2 to 0.02, viscous forces have a larger effect. Additionally, we have found that at 
very high and low values of G, above or below some threshold G-values, there is little 
variation in breakthrough saturation.  To confirm these results, our critical value of G, 
denoted Gc(simulation) equaling -0.02, was compared to a critical value of  
-0.017 obtained in experimental work in the current literature.  In close proximity to these 
values of Gc, interfacial width (simulation) and measures of dispersivity (experiment) 
increased dramatically for these gravitationally unstable configurations.  A comparison of 
experimental breakthrough saturations with simulated for gravitationally stable cases was 
also performed and illustrated the importance of length-to-width ratios. As values of 
length-to-width ratio of the experimental cores of sandstone increased, breakthrough 
saturation also increased and became considerable different from our simulated values of 
breakthrough saturation where length-to-width ratio was 0.60. In a range of G(simulated) of 
0.02 to 2.0 breakthrough saturation increased dramatically compared to a range of 
G(experimental) of 0.004 to 0.3 obtained from experimental values of breakthrough 
saturation. Response surfaces where also obtained from simulation over a large range of 
viscosity ratio, density ratio, and breakthrough saturation for a small range of G (-0.303 
to 0.303).  

Discrepancies in the results can be contributed to a number of differences between 
our model and experiment: our model is two-dimensional and experimental results are 
three-dimensional, length-to-width ratios are different, and our simulations do not contain 
dispersion or diffusion modeling for the miscible cases. However, even with these 
differences, good agreement between simulation and experimental results was obtained 
for both sets of data pointing to the robustness of our network model.  
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Abstract 
 
The focus of this work is to produce a commercially viable carbon fiber from West Virginia 
bituminous coal.  The experimental pitches have been produced by a combination of 
hydrogenation and solvent extraction of West Virginia bituminous coal.  Continuous, mono-
filament fibers have been produced by melt-spinning through a single-hole spinneret, followed 
by oxygen stabilization in air and carbonization in nitrogen at 1200ºC.  The characteristics of the 
oxygen stabilization reaction were followed by thermal gravimetry and the strength and electrical 
resistivity of the fibers were assessed.  The surface and cross-sectional morphology of the fibers 
were viewed by means of a scanning electron microscope and the degree of graphite crystallinity 
was determined by X-Ray diffraction studies conducted at the National Energy Technology 
Laboratory (NETL) in Pittsburgh.  A wide range of coal-derived pitches were successfully 
converted to carbon fibers with a range of physical properties.  Fibers produced from WVU 
Synpitch have shown excellent oxygenation stabilization properties and promising physical 
properties.  Tests of these fibers indicate the physical properties may improve with better heat-
treating during carbonization.  
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Executive Summary 
 
The focus of this work is to produce a commercially viable carbon fiber from West Virginia 
bituminous coal.  Commercial fibers are currently made from petroleum sources that are 
becoming more expensive and of inconsistent quality.  Coal is an abundant and economical 
source of carbon for manufacturing fiber.  The aromatic nature of coal could lead to fibers with 
enhanced physical properties or potentially easier manufacturing conditions.    
 
The experimental pitches used in this work have been produced by hydrogenation and solvent 
extraction of West Virginia bituminous coal.  The pitches are then thermally treated to adjust 
their softening point.   
 
Fibers have been produced by melt-spinning through a single-hole spinneret, and then oxygen 
stabilized in air and carbonized in nitrogen at 1200ºC.   
 
The oxygen stabilization characteristics were investigated by TGA.  The tensile strength and 
Young’s modulus were determined per ASTM D 3379-75 using an Instron load frame.  The 
electrical resistivity of the fibers was also measured.   
 
SEM investigation of surface characteristics and XRD were performed at the NETL.   
 
Electrical resistivity and XRD results indicate the produced fibers lack development of 
microstructure and the graphitic nature of the commercial fibers.  Most likely this is the result 
limited temperature capability of our current carbonization furnace.  This has adversely affected 
the physical properties of the fibers. 
 
Fibers produced from WVU Synpitch have shown excellent oxygenation stabilization properties 
and promising physical properties in spite of our limited carbonization capabilities.  Tests of 
these fibers indicate the physical properties will improve with better heat-treating during 
carbonization.  We are preparing a graphitization furnace to improve our capability for 
carbonization. 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

 
 
Contents 
 
Introduction           1 
 
Experimental           1 
 Starting Pitch Materials        1 
 Fiber Spinning         2 
 Oxygen Stabilization and Thermo Gravimetric Analysis    3 
 Carbonization          3 
 Microscopy          3 
 Mechanical Strength         4 
 Electrical Resistivity         5 
 
Results and Discussion         5 
 Thermo Gravimetric Analysis       5 
 Mechanical Strength         7 
 Electrical Resistivity         7 
 Microscopy          8 
 X-Ray Diffraction         9 
 
Conclusions            10 
 
Acknowledgements           10 
 
References           11 
 
Bibliography            11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 4 

 
Figures and Tables 
 
 
Figure No. Page No. 
1.       Wayne Yellow Jacket Extruder 2 
2.       Micrograph of fiber 4 
3.       Detail of Coupon in Load Frame 4 
4.       Stress versus Strain Plot 5 
5.       TGA Results for Carbon Fibers 6 
6.       TGA Results for Synpitch SP=243ºC 6 
7.       Detail of Axial voids in carbon fiber 8 
8.       Detail of typical fiber 8 
9.       Carbon fiber showing internal fibrils 9 
10.     Detail of fibrils 9 
11.     XRD results 10 
 
 
Tables 
 
Table No.  Page No. 
1. Fiber Physical Properties 7 
2. Electrical Resistivity of Fibers 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 5 

 
 
Carbon fibers derived from coal 
 
 
 
 
James E. Bowers and Dr. John W. Zondlo 
403 Engineering Sciences Building, PO Box 6102, West Virginia University, Morgantown, WV 
26506-6012, USA 
 
 
Introduction 
 
Carbon fibers can be found in products ranging from tennis rackets and golf clubs to missile nose 
cones and heat sensitive electronics.  Their strength to weight ratio, resistance to chemical attack, 
high temperature strength, electrical, and heat transfer properties make them attractive over steel 
and aluminum for many applications.  These fibers are currently produced from petroleum 
sources which are expensive and of inconsistent quality.  Coal is an abundant and inexpensive 
source of carbon that should be investigated for use in producing carbon fibers.  Moreover, coal, 
being highly aromatic in structure, has the potential to produce fibers with enhanced physical 
properties. (1) 
 
This paper recounts our ongoing work with West Virginia bituminous coals for the production of 
carbon fibers.  Many pitches were processed into carbon fibers and their physical properties were 
measured.  A number of synthetic coal pitches (WVU Synpitch) display relatively fast 
oxygenation stabilization rates and have strength and electrical properties superior to previously 
tested experimental pitches.  These are qualities that may eventually make the synthetic pitches 
suitable for use in producing commercially viable carbon fibers from coal.      
 
 
Experimental 
 
Starting pitch materials 
 
The pitches used to produce fibers for this work can be divided into two groups.  The first group 
is from commercial petroleum pitches consisting of A240, AEROCarb80 and 100% mesophase 
Mitsubishi pitch.  These were used to gain experience in producing fibers and to develop 
baseline data for comparison.  The second group of pitches consisted of hydrogenated synthetic 
coal pitches and experimental blends of petroleum pitches with coal extracts.  The properties of 
these pitches are to be optimized to compete with commercial fibers. 
 
The WVU Synpitches were produced by Dr. Peter Stansbury (Dept. Chemical Engineering 
WVU).  Synpitch begins with West Virginia bituminous coal.  The coal is ground to a uniform 
size, and is then hydrogenated in a donor solvent at 400ºC under a hydrogen atmosphere.  Next, 
the inorganic, mineral matter and unconverted coal are separated from the Synpitch by solvent 
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extraction in N-methyl pyrrolidone (NMP) and passed through a sub micron filter.  This lowers 
the ash well below one percent.  The NMP is removed and the pitch is then thermally treated to 
set the softening point. (2)   
 
 
Fiber Spinning 
 
The pitch is drawn into fibers using a Wayne Yellow Jacket extruder (Figure 1) and a variable 
speed uptake reel. Ground pitch enters the extruder from the water cooled hopper.  The pitch is 
heated through five programmable heating zones along the extruder.  The extruder produces as 
much as 6000 psi pressure at the die head, using a 0.5 inch screw to drive the molten pitch 
through a single hole spinneret (Diameter: 330 µm).    The fiber is drawn down to the desired 
diameter by setting the speed of the uptake reel.  The average fiber diameters produced in this 
study are in the range of 10-30 µm.    
 
The minimum raw pitch weight required for spinning is approximately 20 grams. The inlet feed 
zone temperature is set about 20ºC below the Mettler softening point and the die head was 
adjusted to the same temperature as the softening point.  The other heating zones are set to 20ºC 
above the softening point.  The melt pressure normally stayed about 300-500 psi. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 1.  Wayne Yellow Jacket extruder used to produce green fibers. 
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Oxygen stabilization and Thermo Gravimetric Analysis   
 
The green fibers must now be stabilized before proceeding to the carbonization step.  Oxygen 
stabilization adds oxygen to the long pitch molecules, forming cross links that prevent the fibers 
from melting as the temperature increases beyond their original softening point.  The green fibers 
are placed in a programmable muffle furnace and are stabilized in air at a heating rate of 
0.5ºC/min to 275ºC.     
 
A Thermo Cahn model Thermax 500 thermo gravimetric analyzer (TGA) is used to evaluate the 
stabilization reaction of a given pitch.  The sample can be heated using an inert or reactive gas at 
pressures up to 2000 psi.  The heating rate can be set between 0.1 and 10.0ºC/min to a maximum 
temperature of 1100ºC.  The TGA records the weight change of the sample as it is heated in air.  
The weight of the sample will increase as oxygen is added to the fibers.    A fiber is considered 
adequately stabilized when its weight increases by 8-10%. (3)  At this point, the fibers should not 
melt or become agglomerated while being heated during the carbonization step. 
 
Sample sizes of green fibers used for the TGA are typically 100 mg.  Air was passed through the 
sample chamber at 100 ml/min, and the fibers were heated at 0.5ºC/min to 275ºC.   
 
Carbonization 
 
Carbonization is a pyrolytic process that lowers hydrogen and oxygen while increasing the 
carbon content in the fiber, and promotes the development of molecular orientation.  This 
orientation contributes to the strength and the thermal/electrical properties of the fibers.  
Commercially, fibers are carbonized by heating to 1100-1500ºC in an inert atmosphere.  The 
fibers shrink in diameter and will lose up to 50% of their weight (4) during the carbonization 
process. 
 
Our fibers are carbonized in a small tube furnace.  The fibers are cut to 50 mm lengths and 
placed in porcelain boats inside the furnace.  The fibers are heated at a rate of 5ºC/min to 1200ºC 
in nitrogen.  This is the maximum temperature attainable with the current furnace.  
 
Microscopy 
 
Diameter measurements and surface characteristics of the fibers are investigated.  Accurately 
measuring the fiber diameter is crucial for evaluating the physical and mechanical properties of 
the fibers.  Examination of the surface texture and defects of the fibers throughout the processing 
stages helps in troubleshooting and developing stronger fibers with fewer defects. 
 
The diameters of the fibers are measured (Figure 2) with a Zeiss Axio-Starr Plus microscope 
with a digital camera and image processing software.  Surface texture and fiber detail are studied 
using the Aspex PSEM 2000 SEM at the NETL. 
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Mechanical strength 
 
Tensile strength and Young’s modulus are determined in accordance with ASTM D 3379-75 
using an Instron series 5869 Load Frame.  The strength of the fibers is determined by mounting a 
50 mm long individual fiber on a paper coupon.  The coupon is placed in the grips of the load 
frame (Figure 3), and the sides of the paper are removed.  The single fiber is then slowly 
stretched as the force and position of the cross head are recorded.  A 10 N load cell is used for 
testing, and the crosshead speed is maintained at 0.2 mm/min.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 2.  Micrograph of Ashland A240 pitch fiber before stabilization. 
 

 
Figure 3.  Coupon containing a single fiber placed in the grips of 
the load frame prior to tensile testing. 
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The diameter and initial length of the fiber are used to transform the force versus displacement 
numbers into typical stress/strain data that can be compared for all fibers.  A graph as shown in 
figure 4 is produced showing stress versus strain.  The slope of the line before the breaking point 
gives the Young’s modulus.  The stress at the breaking point is taken to be the tensile strength.   
 

Carbon Fiber Stress vs Strain

Strain

S
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s

Tensile
Str

Youngs
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Figure 4.  Typical stress versus strain plot for a carbon fiber. 

 
 
Electrical resistivity 
 
Electrical resistivity was determined using an ohm meter and directly measuring the resistance of 
a known length of fiber.  The samples were prepared by attaching single fibers to cardboard with 
tape.  Small drops of conductive silver paint were placed at known distances along the fiber and 
the resistance of the fiber was directly measured between these points with the ohm meter.  
Knowing the resistance, diameter of the fiber and distance between the conductive points, the 
resistivity of the fibers can be determined.  This technique was in good agreement with the 
standard four point method.   
 
 
 
Results and Discussion 
 
Thermo Gravimetric Analysis 
 
Thermo gravimetric analysis of the green fibers determines their ability to react with oxygen and 
their extent of stabilization.  Figure 5 shows a comparison of the behavior of five pitches during 
stabilization.  Notice the AEROCarb80, A240 +10% Bakerstown extract and the Quinoline 
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Insoluble Free Coal Tar Pitch (QI Free CTP) fibers gain 6-8% weight during oxygenation.  The 
low and high softening point WVU Synpitches gain 12 and 15% weight respectively.    
 

 
Figure 5.  TGA results for carbon fibers from various pitches. 
 
The high softening point Synpitch gains oxygen so readily, it reacts at room temperature as it 
sets on the lab bench.  Figure 6 shows a comparison of TGA results for green fiber from 
Synpitch, immediately, 7 days, and 50 days after spinning.   
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Figure 6.  TGA comparison of Synpitch after setting at room temperature.   
 

TGA

96

98
100

102

104

106

108
110

112

114

116

118

0 5 10 15 20
Time (hr)

%
 W

ei
g

h
t

WVU Synpitch SP 243ºC
WVU Synpitch SP 204ºC
AERO Carb80
A240+10% Bakerstown
QI Free CTP



 11 

While fresh fiber will gain 15% weight from oxygenation, the same batch of fiber only gains half 
of that after a week, and has almost no change after 50 days, because it has almost fully 
stabilized.  However, a quick oxygenation stabilization rate is advantageous for large scale fiber 
production.  This allows smaller processing areas and increased production. 
 
Mechanical strength 
 
Table 1 shows the tensile strength and Young’s modulus of a number of tested fibers.  The top 
two (PAN and Cytec-Thornel) are commercial fibers, and are shown here as a target.  The tensile 
strength of the commercial fiber Cytec-Thornel is approximately 1.6 GPa.  The first fibers we 
produced (A240 +10% Bakerstown extract and AeroCarb80) had tensile strengths barely over 
200 MPa.  This has improved to 471 MPa with certain WVU Synpitches.   
 
The measured tensile strength and Young’s modulus for the experimental coal pitches are still 
only about 25% of the strength of the commercial fibers.  Reasons for some of the difference in 
strength are the higher carbonization temperatures used for the commercial fibers and the 
oversized diameters of our fibers.  The large diameters inhibit proper stabilization and 
carbonization, leading to diminished physical properties.  The strength of the fibers should 
improve as processing conditions are optimized.   
 
 

Table 1.  This table shows the mechanical properties of tested carbon fibers. 
Physical Properties of Carbon Fibers  

 Di (um) T Str (MPa) Y Mod (GPa) 
PAN 6.8 2840 188 
Cytec Thornel 11.2 1610 153 
WVU Synpitch sp=243ºC 26.4 471 35.4 
CFR 374 32.7 437 37.9 
QI Free CTP Fiber 30.1 358 37.4 
WVU Synpitch sp=205ºC 18.4 343 38.1 
AeroCarb80 36.5 241 38.6 
A240 + 10% Bakerstown 35.9 237 33.6 

 
 
Electrical resistivity 
 
Electrical resistivity is an important property of a carbon fiber.  Electrical resistivity in the fiber 
is related to thermal conductivity and crystalline order.  The resistivity will decrease and thermal 
conductivity will increase as the crystalline structure of the fiber becomes more ordered.  It is 
therefore a good indicator of the relative molecular order of a fiber.  
 
Table 2 compares the measured resistivity for the tested fibers.  The first three fibers (PAN, 
Cytec-Thornel, and Mitsubishi) are commercial fibers tested for comparison, with values 
between 15 and 20 micro Ohm-m.  The closest of the produced fibers to date has been the 
Synpitch at 43 micro Ohm-m.  The rest of the pitches have values in the high 50’s and 60’s.  All 
of the WVU fibers were carbonized to 1200ºC and allowed to cool, except for WVU SynPitch 
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with a Mettler softening point of 204.6ºC.  These fibers were held at 1200ºC for 3 hours before 
cooling.   
 
This additional heating in the carbonization step seams to be the major contributor to the 
improvement in the resistivity.   This suggests that the current carbonization step is inadequate, 
and the fibers should be heated to a higher temperature and held for a longer period. 
 

  Table 2.  Electrical resistivity of tested carbon fibers. 
Fiber Resistivity (u Ohm-m) 
PAN 15.8 
Cytec-Thornel 15.0 
Mitsubishi 19.5 
WVU SynPitch SP=204.6ºC 43.4 
QI Free CTP SP~230ºC 56.1 
AEROCarb80  58.8 
WVU SynPitch SP=243.1ºC 59.1 
A240 + 10% Bakerstown 60.0 
QI Free CTP SP~208ºC 68.7 

 
 
Microscopy 
 
The ability to look in detail at the surface of fibers is very helpful.  Surface defects, voids, or 
inclusions of foreign matter adversely affect the properties of the fibers.  Axial voids can form 
during fiber spinning, as shown by the micrograph in Figure 7, due to off gassing, or entrapped 
air being sheared as it passes through the spinneret.  Fibers need to have smooth, regular surfaces 
and be void free (Figure 8) in order to make confident measurements of their properties. 
 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We have also been able to produce (at first by accident) fibers that curiously contain smaller 
fibrils.  As shown in Figure 9, the fibrils are oriented along the axis of the fiber and are strong 

 Figure 7.  Detail of axial voids in carbon fiber. 
 

Figure 8.  SEM micrograph of a relatively smooth 
carbon fiber. 
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enough to hold a broken fiber together.  A close up of the structure in Figure 10 show the fibrils 
to have a diameter on the order of a few hundred nanometers and a length of hundreds of 
microns.  We believe these fibrils form in high shear regions of the extruder screw and spinneret 
from mesophase in the pitch at certain temperatures.  This could be a similar phenomenon to the 
shear induced isotropic-nematic transition seen in thermotropic liquid-crystalline polymers. (5) 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
 
X-ray diffraction 
 
X-ray diffraction was conducted at the National Energy Technology Laboratory in Pittsburgh, 
using a Phillips X’Pert XRD. The samples were prepared in an agate mortar and pestle and 
placed on Quartz slides.  The instrument uses a copper x-ray source with a nickel filter.   
 
Shown in Figure 11 are the XRD results.  The top two are a graphite standard and WVU 
synthetic graphite shown for comparison.  The next two are the commercial PAN and Cytec 
fibers, and the bottom two are fibers spun from pitches at WVU.   
 
The sharp 002 graphite peak located at about 26º is very prominent for the two graphite 
standards.  This results from the highly ordered and regularly spaced crystal structure of the 
graphite.  The 002 graphite peak begins to spread out into an amorphous hump with the 
commercial fibers, showing that they lack the order of the graphite.  Our fibers show even less 
order, as the 002 hump spreads out even more.  This implies the commercial fibers are more 
graphitic than ours, and explains some of the differences in properties. 
 
Similar to the electrical resistivity results, this suggests the internal structure of our fibers is 
underdeveloped and could be improved with higher temperatures and longer soaking times 
during carbonization.   

Figure 9.  Micrograph of carbon fiber showing 
internal fibrils. 

 
Figure 10.  Detail of fibrils . 
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Conclusion 
 
The WVU Synpitch SP=243.1ºC has the highest observed oxidation rate of any pitch tested to 
date.  Likewise, it has produced the strongest fibers of any pitch yet tested.  Even though the 
strength of the Synpitch fibers is only about 25% of the Cytec-Thornel fibers, the results are 
encouraging.   
 
The XRD and resistivity results suggest these properties will improve with longer heat 
treatments in the carbonization step.   
 
We are in the process of preparing a high temperature graphitization furnace to improve our heat 
treatment capability.  This along with a new PANalytical XRD and Hitachi SEM will enhance 
our capability to make a competitive fiber.   
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Figure 11.  XRD results for graphite standards and carbon fibers. 
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ABSTRACT 
 

The objective of this study is to develop a reliable well-validated computational fluid 
dynamic (CFD) model for gas-solid flow. The code used was developed by the National 
Energy Technology Laboratory (NETL) in Morgantown WV. It describes the 
hydrodynamics of the fluid-solids flows based on the kinetic theory of granular flow 
(Savage, 1983; Gidaspow, 1994) with Johnson and Jackson boundary condition (1987). 
The restitution coefficient was a primary input in this model.  

A bubble criterion was developed using shock theory in agreement with previous 
simulations done by Kuipers group in Netherlands. There is no bubble formation for 
perfectly elastic particles (e = 1). The computed bubble size is a function of the restitution 
coefficient which is of the order of 0.99 for Geldart B particles. 

Granular temperatures were measured in a two dimensional bed using IIT’s CCD 
camera technique for a riser (Tartan and Gidaspow, AIChE Indianapolis meeting, Nov 
2002). Similar to the riser study, two granular temperatures can be identified. The first is 
due to particle oscillations obtained by averaging over velocity space per a given frame. 
The second is due to the bubble motions and is like the normal Reynolds stress. The 
granular temperature due to bubble motions is higher than that due to particle oscillations. 
The reverse was true for the riser.  

The M-Fix code was used to compute bubbles, flow patterns and granular 
temperatures for the conditions of the experiment. The measured and the computed 
bubble sizes were similar, of the order of 4cm. The granular temperatures from the code 
equation for granular temperature agreed with the experimental measurements. Granular 
temperatures were also computed from velocity profiles. This granular temperature is 
almost four times higher than that computed from the granular temperature in the code. 
This discrepancy is due to the inclusion of non-random bubble motions into the 
computation.           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Table 1.  Equations for stress calculations. 
 

( ) ( ) ( ) ( )21' ' , , , , , , ( , , )N tv v v x y z t v x y z t v x y z < > = − < >∑ 
 

( ) { }{ }1' ' ' ' ( , , , ) ( , , ) ( , , , ) ( , , )N tu v v u u x y z t u x y z v x y z t v x y z< > = < >= − < > − < > ∑    

( ) ( ) ( ) ( )21' ' , , , , , , ( , , )N iu u u x y z t u x y z t u x y z < > = − < >∑ 
 

 
with N(t) being the number of vectors in the time-average 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Experimental Schematic Diagram for the Gas-Solids Flows.  
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σs = 3.47 cm/sec 
vs = -2.42 cm/sec 

σs = 3.47 cm/sec 
vs = 7.90 cm/sec 

Figure 2. Histogram of Axial and Radial Solids Velocity for an Emulsion Phase 
               of 530 µm Glass Beads at Center Region of the Bed Height of 14cm. 
               Superficial Inlet Velocity is 58.7 cm/sec. Exposure time is 1/250 sec. 
               View Area is a 0.344 cm × 0.258 cm for an Emulsion Phase.  
                Bin Size is 2cm/sec. 
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Figure 3. Histogram of Axial and Radial Solids Velocity for a Bubble Phase of  
               530 µm Glass Beads at Center Region of the Bed Height of 14cm.  
               Superficial Inlet Velocity is 58.7 cm/sec. Exposure time is 1/250 sec. 
               View Area is a 0.688 cm × 0.516 cm for a Bubble Phase.  
                Bin size is 5 cm/sec for Radial and is 15 cm/sec for Axial Solids Velocity. 

σs = 25.47 cm/sec 
vs = 38.03 cm/sec 

σs = 5.42 cm/sec 
vs = 7.99 cm/sec 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

εg = 0.595 
vg = 98.66 cm/s 
θ  = 10 cm2/sec2  

εg = 1.0 
vg = 58.70 cm/s 
θ  = 0.001 cm2/sec2  

Figure 4. Initial Conditions and System Properties for the Simulation with 
               the Particle Diameter of 530 µm.  

           Initial Conditions and System Properties 

Width of Bed (cm) 15.5

Height of Bed (cm) 40

Temperature (°C) 25

Density of Air (Kg/m3) 1.206

Viscosity of Air (Kg/m·sec) 1.82×10-5

Inlet Gas Velocity (cm/sec) 58.7

Diameter of Particle (µm) 530

Density of Particle (Kg/m3) 2.5

Minimum Fluidization Velocity (cm/sec) 22.9

Initial Solid Height (cm) 20

Initial Solid Volume Fraction 0.405

Restitution Coefficient (e ) 0.99
Wall Restitution Coefficient (e w ) 1

Specularity Coefficient (Φ) 0.6

Time Interval (sec) 10-3 - 10-5

Grid Size (Dx × Dy) 0.5 × 0.5

Number of Cell 31 × 80

Figure 5. Bubble Formation in a Fluidized Bed initially at minimum Fluidization  
               for Geldart B Particles.  
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Figure 6. Experimental Bubble (a) and Computed Bubble (b, c, d, e) as a Function of
               Restitution Coefficient at U0/Umf = 2.5 for 530µm Glass Beads.  
               (a) dB = 3.95 cm; (b) e = 0.99,  dB = 4.15 cm; (c) e = 0.995,  dB = 0.43 cm; 
               (d) e = 0.999,  dB = 0.0 cm; (e) e = 1.0,  dB = 0.0 cm.  
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Figure 7. Averaged Granular Temperature as a Function of Restitution Coefficient 
               for the Different Inlet Gas Velocity.  

Figure 8. Averaged Solid Pressure and Shear Viscosity as a Function of Restitution  
               Coefficient at U0/Umf = 2.5.  
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  (a) (b)  
 
 
 
 

Figure 10. (a) Volume Fraction and Velocity Vector Plots, and (b) Granular Temperature 
               of Solid Averaged from 10 sec to 20 sec at U0/Umf = 2.5, e = 0.99.  

Figure 9. Initial Slug Formation Obtained from Simulation at U0/Umf = 2.5, e = 0.99  
               (a) 0.3sec, (b) 0.4sec and (c) 0.5sec.  
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Figure 11. A Comparison of Computed and Measured Total Granular Temperatures in
                  2 and 3 dimensional beds at Bed Height of 14 cm.  
                  Line : Simulation (e = 0.99); Points : experiments, U0/Umf = 2.5. 

Figure 12. Large Scale Granular Temperature obtained from Velocity Profiles  
                 of Simulation at Bed Height of 14 cm (e = 0.99, U0/Umf = 2.5). 
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Figure 13. A Comparison of Computed and Measured Solid Viscosities 
                  in the Bubbling Bed.  Lines represent Empirical Correlation  
                  obtained from Brookfield Viscometer.  

Empirical Correlation 

)45(for    07.0

)530(for   33.0

0
3

1
0

3
1

mg

mg

ss

ss

µεµ

µεµ

=

=
 



 

 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0 1 2 3 4 5 6 7 8

U0/Umf

(1
-e

)
Bubble Criterion
Best_Fit Bubble

 
 
 
 

0

0.002

0.004

0.006

0.008

0 200 400 600 800 1000

Particle Diameter (µm)

(1
-e

)

 
 
 
 
    
 

Figure 14. Bubble Criterion as a Function of Restitution Coefficient represented by  
                 Inlet Gas Velocity for 530 µm particles. 
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Figure 15. Bubble Criterion as a Function of Restitution Coefficient represented by  
                 Particle Diameter at U0/Umf = 2.5. 
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Figure 16. A Comparison of Measured Particle and Bubble-like Granular Temperatures 
                 for 530 µm Glass Beads at U0/Umf = 2.5.  
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                 c : instantaneous velocity at each frame, c0 : average velocity at total frames, v : average 
                   velocity at each frame, v : average velocity obtained from average velocity at each frame. 

Figure 17. A Comparison of Measured Particle + Bubble-like Granular Temperature to that 
                 Obtained from the Sum of All Frames over Time and Velocity Space for 530 µm  
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INTRODUCTION 
Fluidization has been widely used industrially because of its continuous powder 

handling ability and its good heat and mass transfer characteristics. We believe these 
properties are due to nearly elastic random oscillations of particles suspended in fluids. 
Hence kinetic theory is ideally suited to describe such flows. Stuart Savage and others 
(Savage and Jeffrey, 1981; Jenkins and Savage, 1983; Lun et al, 1984) showed that the 
dense-phase kinetic theory, as presented by Chapman and Cowling (1970), can be applied 
to granular flow of the particles. Gidaspow (1994) has reviewed this theory and showed 
new application in his riser at 2002 Flour-Daniel AIChE lecture. 

Two-fluid models for describing the hydrodynamics of the fluid-solids flows in 
fluidization have been developed with the complete granular temperature balance based 
on the kinetic theory of granular flow. Here the restitution coefficient was a primary 
input. This model treated the solids phase as another fluid with its own temperature, 
called the granular temperature, its own pressure due to particle collision and its own 
viscosity. The granular temperature, which is like the thermal temperature in kinetic 
theory of gases, measures the random oscillations of particles. The solids pressure and the 
solids viscosity are a function of the granular temperature, which varies with time and 
position in a fluidized bed. 

In granular flow particles dissipate energy due to inelastic collisions by means of the 
restitution coefficient, which was determined from the shear cell experiments (Savage et 
al, 1984; Craig et al, 1986) or particle impact measurements (Johnson, 1985; Kharaz et al, 
1999). The granular temperature can be obtained from the variances of the instantaneous 
particle velocities measured by a CCD camera method (Gidaspow and Huilin, 1996; 
1998) or an acoustic shot noise method (Cody et al, 1996) with a vibration meter. 
Gidaspow and Huilin (1996) have shown that the viscosity obtained from the kinetic 
theory formulas agrees with macroscopic measurements in a vertical pipe. They (1998) 
have also shown that there exists an analogue of the ideal equation of state for particles. 
Cody group has showed there was a maximum in the particle fluctuation velocity for 
Geldart group A particles (Buyevich and Cody, 1998). 

 The most significant application of kinetic theory of granular flow to fluidization was 
first the prediction of the core-annular regime in risers (vertical pipes) by Sinclair and 
Jackson (1989). Ding and Gidaspow (1990) applied the dense kinetic theory model to a 
gas-solids flow in a bubbling bed. Neri and Gidaspow (2000) predicted the core-annular 
regime with computed cluster in the risers. The computed granular temperature, the solids 
viscosity and solids volume fraction were in a good agreement with Miller and Gidaspow 
(1992) experiments. Sundaresan's group (Agrawal, et al 2001) has used concepts of 
kinetic theory in their cluster computations. van Wachem, et al (2001) showed the effect 
of several factors used by the kinetic theory of granular flow in the dense gas-solids 
fluidized bed. Goldschmidt, Kuipers and van Swaaij (2001) showed the effect of the 
restitution coefficient in their dense binary kinetic theory model. Wu and Gidaspow 
(2000) and Gamwo, et al (2002) have extended the kinetic theory model of granular flow 
for the gas-solids-liquid flows in the slurry bubble column reactor.   

In this study, the M-Fix code with complete granular temperature equation was used 
to compute bubbles, flow patterns and granular temperatures for the conditions of the 
experiment. A bubble criterion for Geldart B particles was found using shock theory in 
agreement with previous simulations done by Kuipers group (Goldschmidt et. al, 2001) in 



Netherlands. There is no bubble formation for perfectly elastic particles. Granular 
temperatures was measured in a two dimensional bed using IIT’s CCD camera technique 
for a riser. Two granular temperatures due to the particle oscillations and the bubble 
motions can be identified.  

 



EXECUTIVE SUMMARY 
The objective of this study is to develop a reliable well-validated computational fluid 

dynamic (CFD) model for gas-solid flow. The code used was developed by the National 
Energy Technology Laboratory (NETL) in Morgantown WV. It describes the 
hydrodynamics of the fluid-solids flows based on the kinetic theory of granular flow 
(Savage, 1983; Gidaspow, 1994) with Johnson and Jackson boundary condition (1987). 
The restitution coefficient was a primary input in this model.  

A bubble criterion for Geldart B particles was found. It is 
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where, e is restitution coefficient, εs is solid volume fraction, k0 is a constant (a 
function of εs), us is axial solids velocity, y is a radial direction, dp is particle diameter and 
vslip is slip velocity by gas velocity minus solid velocity. 

A bubble criterion was developed using shock theory in agreement with previous 
simulations done by Kuipers group in Netherlands. There is no bubble formation for 
perfectly elastic particles (e = 1). The computed bubble size is a function of the restitution 
coefficient which is of the order of 0.99 for Geldart B particles. 

Granular temperatures were measured in a two dimensional bed using IIT’s CCD 
camera technique for a riser (Tartan and Gidaspow, AIChE Indianapolis meeting, Nov 
2002). Similar to the riser study, two granular temperatures can be identified. The first is 
due to particle oscillations obtained by averaging over velocity space per a given frame. 
The second is due to the bubble motions and is like the normal Reynolds stress. The 
granular temperature due to bubble motions is higher than that due to particle oscillations. 
The reverse was true for the riser.  

The M-Fix code was used to compute bubbles, flow patterns and granular 
temperatures for the conditions of the experiment. The measured and the computed 
bubble sizes were similar, of the order of 4cm. The granular temperatures from the code 
equation for granular temperature agreed with the experimental measurements. Granular 
temperatures were also computed from velocity profiles. This granular temperature is 
almost four times higher than that computed from the granular temperature in the code. 
This discrepancy is due to the inclusion of non-random bubble motions in the 
computation.           

 
 
 



EXPERIMENTAL OVERVIEW  
Experimental Setup and Procedure  
The experimental setup used for the bubble criterion of Geldart B particles in gas-

solids flows is shown schematically in figure 1. A rectangular bed was constructed from 
glass sheets to prevent particles from sticking on the wall of the bed and to facilitate 
visual observation and video recording of the bed operations such as bubbling, bed 
expansion, and the mixing and segregation of solids. The bed height was 0.58 m and the 
cross-section was 0.154 m by 0.022 m. In order to achieve a uniform fluidization, a 
rectangular gas distributor with the height of 0.18 m was used. It was covered with 165 x 
1400 mesh 304L stainless steel wire (Newark Wire Cloth Company). Air passed through 
a bed of activated silica gel. Air flow was measured by means of rotameters. A 
cylindrical bed with a diameter of 0.076 m and a height of 0.3m was constructed by same 
method with a rectangular bed for the viscosity measurement.   

The material used as the solids were glass spheres (Spacer Application Glass Beads, 
Potters Industries Inc.) with an average particle diameter of 530 µm and 273 µm and 
density of 2500 kg/m3. The minimum fluidization velocity was estimated by means of a 
pressure drop measurement by varying superficial air velocity. The solids was charged 
into the fluidized bed to give a static bed height of 0.14 m for experiment and then 
fluidized with a uniform inlet gas velocity. The superficial gas velocity was varied from 
the minimum fluidized velocity to the five times higher velocity than the minimum 
fluidized velocity of particles.  

Particle velocity and granular temperature The particle velocity and granular 
temperature was measured by means of the color video camera used a charge-coupled 
device (CCD) shown in figures 1. In this technique, the particle velocity is measured by 
means of a length of a streak divided by the elapsed time. It was described by Gidaspow 
and Huilin (1996, 1998) in great detail. In order to get a good visualization of 
microscopic movement of particles, a fiber-optic light at the front or the back side was 
reflected on the field of view in the experiments. As the particles were fluidized inside 
the bed, the camera with a zoom lens, 18-108 mm, and close up focus transferred its field 
of view to the monitor with streak lines. These streak lines represented the space traveled 
by the particles in a given time interval specified on the camera. The images were then 
captured and digitized by a micro-imaging board and analyzed using Image-Pro Plus 
software. Radial and axial velocity measurements were conducted at different locations 
inside the bed. The velocity vector was calculated as, 
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where, ∆L is the distance traveled, α is the angle from horizontal, ∆t is the inverse of 
shutter speed, and vx and vy are the axial and radial velocity components, respectively. 

The granular temperature, which is 2/3 of the random particle kinetic energy, is 
obtained from the variances of the measured instantaneous particle velocities. The 
variances are represented by the following relation. 
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where, vi is the instantaneous particle velocity and vm is the arithmetic averaged particle 
velocity. 

Figure 2 and 3 show the typical axial and radial solids velocity distribution for an 
emulsion phase and a bubble phase in the bubbling bed with the particle diameter of 530 
µm at center region of the bed height of 14cm. In order to get a good microscopic 
movement of particles, the image of the streak line is divided into an emulsion phase and 
a bubble phase. The view area was a 0.344 cm × 0.258 cm for an emulsion phase and a 
0.688 cm × 0.516 cm for a Bubble Phase. The exposure time was 1/250 sec. The number 
of streak line at each frame was between 20 and 60. They show the Maxwell-Boltzmann 
velocity distribution. The standard deviation of the radial and axial solids velocity for an 
emulsion phase is about 3.47 cm/sec. The standard deviation of the axial solids velocity 
for a bubble phase is four times higher than that of the radial solids velocity of 5.42 
cm/sec. It is reasonable to use the assumption that the y-direction (radial) variance equals 
the z-direction (depth) variance, described earlier by Gidaspow and Huilin (1998) for 
riser, since the variance in the two directions is same for an emulsion phase and the 
variance in y-direction are small compared to x-direction (vertical) for a bubble phase. 
Hence the granular temperature is related to the variances by means of the following 
relation. 
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Solid volume fraction The time-averaged solids volume fraction was obtained by 

means of the γ-ray adsorption techniques at a designated location shown in Figure1. The 
γ-ray densitometer has been used previously to measure porosities of fluidized beds (Seo 
and Gidaspow, 1987; Miller and Gidaspow, 1992; Gidaspow and Huilin, 1996) and solids 
concentrations in nonaqueous suspensions (Jayaswal, 1991). This technique is based on 
the fact that the reading of the transmitted γ-rays can be described as a linear function of 
the porosity of the system. The γ-ray densitometer was calibrated and performed in order 
to calculate the volume fractions of each phase using same methods described earlier by 
Gidaspow et al (Seo and Gidaspow, 1987). The γ ray densitometer assembly and method 
are that described in Gidaspow (1994). 

Particle viscosity The effective solids viscosities were measured using the Brookfield 
digital viscometer (model LVDV-II+) with spring a torque of 673.7 dyne-cm. The 
viscometer was placed at the top of the fluidized bed, and secured over the centerline of 
the bed. The cylindrical spindle of LV2 or LV3 was attached to the bottom of the 
viscometer without the guard and was lowered inside the fluidized bed until it was 
completely immersed in the initial bed height of 17cm during measurements. The 
viscosities were measured with a rotational speed of 100 rpm and then averaged for two 
minutes. The calibration of the viscometer-spindle apparatus was done using a Newtonian 
liquid, namely, water.  



Bubble size Bubble was recorded by a digital video camcorder (Canon) and then 
captured and analyzed using Image-Pro Plus software. Bubble size was averaged at the 
bed height of 10 cm over 100 frame pictures. 

 
HYDRODYNAMIC MODEL BASED ON KINETIC THEORY  

Two-fluid model for describing the hydrodynamics of the fluid-solids flows was used 
for this study. They are a IIT code (Ding and Gidaspow, 1990; Gidaspow, 1994) 
developed earlier by Illinois Institute of technology and a public domain computer 
program MFIX (Syamlal et al., 1993; Syamlal, 1998) developed by the National Energy 
Technology Laboratory (NETL) in Morgantown, WV(http://www.mfix.org). The 
hydrodynamic model uses the principle of mass, momentum and energy conservation for 
each phase. This approach is similar to that of Soo(1967) for multiphase flow and of 
Jackson (Anderson and Jackson ,1967; Jackson, 1985; 2002) for fluidization. In the 
model the point mechanical variable, such as gas velocity, solids velocity and gas 
pressure, expressed in terms of local mean variables obtained by averaging the point 
variables over regions which are large compared with the space of particles but much 
smaller compared with the dimensions of flow system (Anderson and Jackson, 1967). For 
this study the total pressure, P, is only in the gas phase momentum balance. This is a 
generalization of hydrodynamic model B for gas-solid systems as discussed by Gidaspow 
(1994) in section 2.4.  

In order to solve the conservation equations, the appropriate rheological properties of 
solids phase have to be specified. The solids viscosity and solids pressure can be 
predicted by solving the fluctuating energy equation (full granular temperature equation) 
for the particles based on the kinetic theory of granular flow (Savage, 1983; Sinclair and 
Jackson, 1989; Gidaspow, 1994). They can then be computed as a function of granular 
temperature at any time and position. Particles are considered smooth, spherical, inelastic 
and undergoing binary collisions. Here, the restitution coefficients for particle-particle 
collision are an empirical input determined from shear cell experiments (Savage and 
Sayed, 1984; Craig et. al, 1986) and particle impact experiments (Kharaz et. al, 1999). 

The governing equations, boundary and initial condition as well as the numerical 
procedure used in the IIT and the MFIX code are described in the following subsections. 

 
Governing Equation 
Continuity equation  
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Momentum equation (hydrodynamics B model) 
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Fluctuating energy equation for the particle )
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Constitutive Equations 
To allow closure of the above equations we used the constitutive equation described 

by Gidaspow (1994). The volume fraction of gas phase (εg) plus the volume fraction of 
solids phase (εs) equals to one. 

 
1=+ sg εε                                                                                                                  (9) 

 
 Constitutive equation of pressure The equation of state of the gas was assumed to be 

the ideal gas law at isothermal condition.  
 

ggg TRP ~ρ=                                                                                                             (10) 
The solids pressure (Ps) was given as a function of granular temperature based on 

kinetic theory model of dense gas flows (Lun et al, 1984; Giaspow, 1994). It consists of a 
kinetic part and a collisional part with the particle restitution coefficient (e).       
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where, go is the radial distribution function expressing the statistics of the spatial 
arrangement of particles. It is that used by Bagnold (1954), as reviewed by Gidaspow 
(1994). 
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Constitutive equation of stress tensor The viscosity stress tensor for the gas and solids 

phase are given by the Newtonian form as follows   
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where, i is gas and solid phase. The shear viscosity (µg) of gas phase was represented 
as the value of gas concentration times the shear viscosity of the pure gas. The bulk 
viscosity (λg) of gas phase was assumed to be zero.   



The solids shear viscosity (µs) and the solids bulk viscosity (λs) based on kinetic 
theory model are given by  

 

( ) π
θρεε

µ
µ )1(

5
4)1(

5
41

1
2 2

0

egdge
ge osssso

s
s

dil ++



 ++

+
=                                    (15) 

π
θρελ )1(

3
4 2 egd ossss +=                                                                                    (16)  

where, µs,dil is the dilute solid viscosity. 
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Constitutive equation of particles fluctuating energy In order to solve the fluctuating 

energy equation, we need to specify the granular conductivity (κ) for granular heat flow, 
the energy dissipation (γs) due to inelastic collisions of particles and the dissipation and 
production (Js) due to interaction with fluid or fluid turbulence per unit volume. The 
granular conductivity consists of the kinetic part due to the elastic particles from the 
dilute kinetic theory of gases (Chapman and Cowling, 1970) and the collisional part due 
to inelastic collision of particles evaluated by Gidaspow (1994).  
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where, the dilute granular conductivity (κdil) was expressed as an eddy type 
conductivity. 
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The energy dissipation due to inelastic collisions of particles is given by  
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The dissipation due to interaction with fluid and the production due to fluid 
turbulence are represented by the correlation between the gas phase fluctuation velocity 
(Cg) and the solids phase fluctuation velocity (Cp) and the fluid-solids drag (βA) shown in 
Eq. (21). Sundaresan (Agrawal et. Al, 2001) used Eq. (22) for the production due to fluid 
turbulence in the riser flow using MFIX code. Ding and Gidaspow (1990) neglected these 
effects when the particles are heavy and large. For this study, the term of Eq. (21) was 
negligible in the simulation of the bubbling bed.      
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Constitutive equation of gas-solids drag model As a particle moves through a gas 

phase there exists a resistance of the gas to the motion of the particle, hence the gas-
solids drag has to be defined. The following drag model for gas-solids flows was 
proposed by Giaspow (1994). For εg<0.8, the gas-solids drag coefficients is based on 
Ergun equation (Bird et. al, 1960) obtained experimentally from pressure drop 
measurements at packed-bed.  
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For εg≥0.8, it is based on the empirical correlation (Wen and Yu, 1966) obtained from 
settling experiments. 
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where, the drag coefficient (Cd) is related to the Reynolds number by (Rowe, 1961) 
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Initial and Boundary Condition 
The definition of appropriate initial and boundary conditions is critical for the 

carrying out of a realistic simulation for adequate comparison to experiment. All the 
simulations are carried out in a two-dimensional Cartesian coordinates with an optimum 
computational meshes. For the gas phase a no slip velocity boundary conditions are 
employed at the left and right walls. For the solids phase the Johnson and Jackson 
boundary condition (1987) was used with no the frictional contributions. The stress 
transfer to unit area of the boundary surface by particle collisions was given as  
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where, n is the unit normal from the boundary into the particle assembly and Usl is the 
slip velocity, vs-vwall. Φ is a specularity coefficient. Its value varies between zero and 
unity due to the particle-wall collision and depends on the wall roughness.    

For the granular temperature boundary condition at the left and right walls the 
Johnson and Jackson boundary condition (1987) was used.  
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where the left hand side of Eq. (29) represents the collisional heat flux due to the 
collision of particles. The first term of right hand side represents the production due to the 
stress given by Eq.(28) times the slip velocity and the second term represents the 
dissipation due to inelastic collisions of the particles with unit area of the wall. Hence, for 
no slip condition or the specularity coefficient of zero with an elastic collision of 
particles, the granular temperature boundary condition is an adiabatic )0( =∇θ at the 
wall. The slip condition with the specularity coefficient of 0.6, applied by Johnson and 
Jackson (1987), and the restitution coefficient of unity at the wall used for the solids 
phase of this study.   

At the top wall, Neumann boundary conditions are applied to the solid-gas flow with 
the constant pressure of 1.01325 N/m2. At the distributor of the bottom wall a constant 
gas inlet velocity is applied with zero solid velocity and zero granular temperature.  

The initial conditions and the configuration for the simulation are shown in figure 4. 
In order to reduce the shock to the bed at the start up the solids volume fraction in the 
bottom of the bed is set to the uniform value of 0.405 with the bed height of 20 cm. It is 
equal to the solids volume fraction of 0.6 with the bed height of 14 cm in experiments. 
Without this type of startup, the numerical divergence may occur. The gas velocity in the 
bottom of the bed is set to the inlet gas velocity divide the gas volume fraction in the 
bottom of the bed. The granular temperature is set to 10.0 cm2/sec2 in the bottom of the 
bed and 0.001cm2/sec2 in the freeboard.     

 
Numerical Considerations 
The ICE (Implicit Continuous Eularian, Harlow and Amsden, 1971) technique for 

solving Navier-Stokes equations has been used by Rivard and Torry of Los Alamous 
(1977) to produce a computer code, K-FIX, for solving two phase problems. It has been 
adapted, changed and generalized at IIT to solve a variety of multiphase flow problems 
(Syamlal, 1985: Jayaswal, 1991; sun, 1999; wu, 2000; Neri, 2000) with the addition of 
several features such as the just described kinetic theory equations (Gidaspow, 1994). It 
used for this study in order to obtain the numerical solution of nonlinear-coupled partial 
differential equations with appropriate initial and boundary conditions. In the MFIX 
code, That method was replaced by a method based on Patankar and Spalding’s SIMPLE 
(SemiImplicit Method for Pressure Linked Equations, Patankar, 1980) algorithm, where a 
solids pressure correction equation for the numerical convergence was replaced by a 
solids volume fraction correction equation such as IIT code and old MFIX code (Syamlal, 
1998). For the numerical schemes, the MFIX code used the control volume (CV) method 
with the second order numerical schemes for discretizing convection terms. The 
momentum equations are solved for the entire computational domain with the linear 



equation solvers. The numerical technique for MFIX is available on the internet at 
http://www.mfix.org.  

The solution of preceding conservation equations depends on the computational grid 
size adopted as well as on the initial and boundary conditions and the coordinate system. 
For the optimum grid size in the bubbling bed, Gelderbloom (2002) showed the grid 
dependency by the bubble sizes computed with different grid size using MFIX code. It 
showed that the bubble sizes computed with the grid size of about 10 times of particle 
diameter used to system agreed well with the experimental results. van Wachem at el 
(2001) also used a similar grid size for their CFD simulation in the bubbling bed using 
the commercial CFD code, CFX. Such an optimum computational grid size should be 
properly presented for a corrected prediction of the flow hydrodynamics of local mean 
variables over regions that are large compared with the space of particles but much 
smaller compared with the dimensions (15.5 cm × 40 cm) of flow system. For this study 
we used the uniform grid size of 0.5 cm for the particles size of 530µm and 0.282 cm for 
273µm in a two-dimensional Cartesian coordinates system. The computational grid size 
for the particle size of 530 µm has a similar dimension to that of the view area (0.688 cm 
× 0.516 cm) for the streak line captured by CCD camera in experiments. The IIT code 
and MFIX code are set up with a staggered grid arrangement. The scalar variables are 
located at the cell center and the vector variables at the cell boundaries. The momentum 
equation is solved using a staggered mesh, while the continuity equation is solved using a 
donor cell method. 

The convergence criterion for the first order numerical simulation of IIT code was 10-

6 with a constant time interval of 10-6 sec. For the MFIX code of second order numerical 
method, the maximum residual at convergence was 10-3 with the variable time step 
between 10-3 sec and 10-6 sec. The simulations are run for 20 seconds with different 
particle sizes. After about 5 seconds, a quasi steady state condition was reached and the 
time-averaged properties were determined by averaging between 10 sec and 20 seconds. 
The bubble was defined as the value of 0.85 void fraction of the gas phase in the bubbling 
bed. The bubble diameter was determined from equivalent bubble diameter as shown in 
Gelderbloom (2001). The physical properties and computational parameters employed in 
the simulation are shown in figure 4. 

 
 

VOID PROPAGATION IN GAS-SOLIDS FLOWS 
The void propagation equation for the gas and the solid in one dimension was 

generally derived from the continuity equation (Gidaspow, 1994). The two 
incompressible continuity equations with no phase changes described Eq. (4) and Eq. (5) 
are each solved for the gradient of velocity and the two gradients are subtracted to form 
the group 
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Using an inversely weighted mean velocity ( v̂ ) and the relative velocity ( rv ) or the 
slip velocity ( slipv ), Eq. (30) gives    
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where  gss vvv εε +=ˆ , gsr vvv −= and sgslip vvv −=  
The relative velocity model (Gidaspow, 1994, T2.6) for solids momentum balance in 

one dimension, with normal stress (σ) and wall shear (τws), can be written as  
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where the gravity g is taken in the opposite direction of the coordinate x, βB is the 
solids-gas drag coefficient and Dt is the actual or effective tube diameter. 

The normal stress is primarily a function of volume fraction of the solids phases, the 
derivative is solids stress modulus [G(εs)] and the derivative of solids volume fraction. 

   

 
xx

s

s ∂
∂

⋅
∂
∂

=
∂
∂ ε

ε
σσ                                                                                                      (33) 

The solids stress modulus was defined as Eq. (34) based on the kinetic theory of 
dense gases.  
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With the solids stress modulus, substitution of the gradient of velocity from Eq. (32) 
into Eq. (31), gives the void propagation equation.   
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 Convection of voidage =   Buoyant + Drag + Wall friction 
 
where sgeK ε00 )1(41 ++=                                                                                    (36)   
Eq. (35) shows that the voidage moves with the velocity, rvKv /ˆ 0εθ− . When the 

solids stress modulus is zero, it moves with v̂ , as already seen from the continuity 
equations above.  

With the neglect of the wall friction and the buoyant equals to drag balance at the 
minimum fluidization velocity, the right-hand side of Eq. (35) is zero. Thus the relative 
velocity of the right-hand side is a form similar to that of terminal velocity of solids.   
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This approximation has reduced the problem of void propagation to one first-order 
partial differential equation such as the Eq. (38). 
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where, C is propagation velocity.  
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BUBBLE CRITERION FOR GELDART B PARTICLES  
In the case of void injection into a bed at minimum fluidization for Geldart B 

particles, the solids velocity is zero. The inversely weighted mean velocity is related to 
the relative velocity.  
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Using Eq. (40) and the Ergun equation with no the turbulent part, as given by Eq. 
(23), the propagation velocity for low particle Reynolds number becomes as follows: 
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This propagation velocity is a function of void fraction and granular temperature with 
the constant physical properties of fluid. For a constant particle diameter, figure 5 shows 
the shock formation by Eq. (41). Here, a constant A0 is the higher value for Geldart B 
particles. The second term of the propagation velocity at inlet condition is zero due to 
zero granular temperature and the void fraction of 1.0. At initial condition, it is very small 
due to a low granular temperature and the low value of 1/A0. Hence, Eq. (41) shows that 
the void injected at the bottom of the bed moves faster than the void at minimum 
fluidization velocity. Figure 5 shows that this results in the intersection of paths or 
characteristic directions and hence in the formation of a shock. The faster moving void 
injected at the bottom catches up with the slower moving void in the bed and forms a 
reinforced void, a shock. Therefore, Eq. (41) should be satisfied a criterion for bubble 
formation.  
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where ko is a constant as a function of εs and slip velocity is 
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In the simple shear flow with no conduction, the energy dissipation due to inelastic 
collisions equals to the production of oscillations by shear gradient (Lun et. Al, 1984; 
Gidaspow, 1994). 
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The shear Pxy is a component of the general stress for solid given by Eq. (13). For the 
dense flow, it is  
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Substitution of γ given by Eq. (20) and Eq. (45) into Eq. (44) gives the relation 
between the granular temperature and particle diameter. 
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In this case using the granular temperature of Eq. (46), Eq. (42) gives an equation for 
the restitution coefficient. It is the bubble criterion for Geldart B particles. 
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The bubble criterion represented by the restitution coefficient is the granular 
temperature divided by the square of the slip velocity. Its value always is a positive. 
When the restitution coefficient equals to one, elastic collision, Eq. (47) shows that the 
bubble will not exist in the fluidization of gas-solids flow. 

In order to get the restitution coefficient for Geldart B particles with a particle 
diameter of 530µm, we assume that the solids volume fraction is 0.52 and the shear 
gradient, ( )yus ∂∂ / , is 10 at the minimum fluidization. It shows the restitution coefficient 
for the bubble should be lower than 0.9999. In this theory the restitution coefficient is 
closer to that for dense flow obtained by Gidaspow (1994). It is reasonable as will be 
discussed later in the simulation. 

Next consider the case of the dense flow with the granular heat flow, where the 
granular conductivity, given by Eq. (18), is the independent function of direction.  
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The energy production-dissipation balance simplifiers to 
 

( ) 







∂
∂

∂
∂

+







∂
∂

=−
yy

dd
r

u
e pp

s θθ 22
2

6
1

15
11                                                                   (49) 

The ( )y∂∂ /θ  term in a simple shear flow is generally a positive value at the domain 
flow region. The second order term, ( )22 / y∂∂ θ , in the Taylor series expansion may be 
neglected. Hence, the second term of right-hand side of Eq. (49) has a very small value 
or be negligible. The granular temperature is higher than or equals to that with no 



conduction. Therefore, the restitution coefficient for bubble criterion of Eq. (47) is 
smaller than or equals to that with no conduction.      

 
 

RESULTS AND DISCUSSION  
 

Bubble Formation as Function of Restitution Coefficient The bubble criterion as 
function of restitution coefficient was studied in a bubbling fluidized bed with the two 
fluid models for the Geldart B particles. Figure 6 shows snapshots of the experimental 
bubble and computed bubble for several values of the restitution coefficients, where the 
superficial velocity was 2.5 times the minimum fluidization velocity for 530 µm 
particles. Figure 7 shows the averaged granular temperature as a function of restitution 
coefficient for the different inlet gas velocity. The averaged solid pressure and the 
averaged solid shear viscosity are represented in figure 8. The averaged value was 
determined by averaging between 10 sec and 20 sec in the bubbling bed from the bed 
height of 5cm to the interface, where the solid volume fraction was about 0.1. Hence the 
inlet effect and the freeboard effect at low solid volume fraction are removed. The 
simulation for the bubble formation consists of four regions of (b), (c), (d) and (e) shown 
in figure 6. 

When the restitution coefficient equals to one shown in figure 6 (e), region I, there is 
no energy loss due to the elastic collisions of particles. The particles become compacted 
to the bottom of bed within the computed time and the granular temperature increases to 
the top of the bed as an inverse function of solid volume fraction with no granular heat 
flow in the radial direction. There is a high slip velocity, gas velocity minus solid 
velocity, due to the solid velocity of about zero in the fluidized bed. The gas passes 
though the bed without a fluctuation. The shear flow, a common source of energy for 
turbulence velocity fluctuations, is negligible and the buoyancy only exists for the 
production of energy. Hence the bubble doesn’t appear due to high granular temperature 
in the computational simulation. It agrees well with that of Eq. (47) for the bubble 
criterion in one dimension.  

In case of the restitution coefficient of between 0.996 and 1.0, region II, there is the 
dissipation due to the inelastic collisions of particles with granular heat flow in radial 
direction. The production due to shear flow increases slowly and the slip velocity 
decreases slowly. The granular temperature obtained from the fluctuating energy balance 
for the particle, given by Eq. (8), decreases as the restitution coefficient decreases. The 
dissipation due to inelastic collisions is higher than the production due to shear flow. But 
the bubble still doesn’t exist. Because the granular temperature divided by the square of 
the slip velocity is higher than the value of the bubble criterion given by Eq. (47).  

When the restitution coefficient is higher value than 0.996, region III, the bubble is 
formed. Here, the shear rate due to the bubble increases quickly and the granular 
temperature has a high value near to bubble with the decrease of the slip velocity. 
Therefore, the averaged granular temperature in the bed increases and the bubble 
criterion is satisfied in this region.  

When the restitution coefficient is 0.99, region IV, the computed bubble shown in 
figure 6 (b) predicts well the experimental bubble of figure 6 (a). The bubble size is 4.15 
cm for the simulation and 3.95 cm for the experiment. There is a good agreement with the 



Davison bubble model (Darton et al, 1977). Here, the dissipation due to inelastic 
collisions equals the production due to shear gradient by the fluctuating energy balance 
for particle, given by Eq. (8) with constant shear flow.  

When the restitution coefficient is less than 0.98, the numerical simulation shows the 
high packing of particles in the emulsion region or the divergence as a function of the 
radial distribution function given by Bagnold (1954) or Carnahan and Starling (1969). It 
is unrealistic to cause the high dissipation due to inelastic collision in the numerical 
simulation of gas-solids flows.  

The averaged granular temperature for a low inlet velocity (U0/Umf = 1.5) shows a 
similar trend to that for the high inlet velocity with the low value as shown in figure 7. 
But, for e =1, there is a high granular temperature due to the higher packing of particles. 
The solid pressure and the solid shear viscosity calculated from the granular temperature 
also follow the same trend with granular temperature. They have a minimum value near 
the bubble formation, as shown in figure 8. The restitution coefficient is determined near 
the computed solid pressure equal to the buoyancy of particles in the bed. The high 
computed solid pressure due to the high packing of particles causes a divergence in 
simulation. The result is similar to the two-fluid simulation results of Goldschmidt et al 
(2001) performed with particle diameter of 1500 µm.   

 
Flow Patterns and Computed Granular Temperature Figure 9 shows initial bubble 
formation obtained from the simulation, where the inlet gas velocity was 58.7 cm/sec for 
530 µm particles and the restitution coefficient was 0.99. There is a slug formation of a 
large bubble due to the sudden inlet gas flow into a stagnant bed. Small bubbles form in 
the bed after the slug formation of large bubble break up.  

Figure 10 shows; (a) the volume fraction and velocity vector plots of solids and (b) 
granular temperature plots of solids averaged from 10 sec to 20 sec. The distribution of 
the computational solid concentration shows uniformity in emulsion, solid volume 
fraction of 0.5, and bubble phase, solid volume fraction of 0.25, of the bubbling bed, 
respectively.  

The computational solid flow patterns show a gulf-stream effect, consisting of three 
vortex cells with upward flow in the center region and downward flow near the wall. This 
flow structure of multiple vortex cells causes the particle concentration to be uniform 
throughout the bed, which gives rise to good mixing in the system. Such flow patterns 
were described in detail by Gidaspow (1994). Two basic flow pattern 1) central 
downflow at low velocities and shallow bed and 2) central upflow and bubble 
coalescence at high velocities and tall bed are observed for the bubbling bed. This 
experiment is in between these regimes. There is no downflow at center, but the central 
bubble oscillates between the left and the right sides.  

Figure 10 (b) shows that the granular temperature is a function of solid volume 
fraction. The granular temperature is high, about 150 cm2/sec2, in the bubble phase, 
especially in the bubble burst regions, and low, 10-20 cm2/sec2, in the emulsion phase. 
The granular temperature averaged from the bed height of 5 cm to interface of 20 cm is 
about 65 cm2/sec2 with the averaged solid volume fraction of 0.4.  

The dominant frequency (f) of particle oscillations in the bubbling bed is given by Eq. 
(50) from Gidaspow et al (2001). 
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where εs0 and H0 are some initial solid volume fraction and height of bed filled with 
particles.  εs0 = 0.6 and H0 = 14 cm for this study.  

The dominant frequency is 2.17 Hz. The vortex size, the root of granular temperature 
divided the frequency, is about 3.7 cm. It shows a good agreement with the computed 
vortex size of between 1 cm and 5 cm in figure 10 (a).    

Figure 11 shows the comparison of computed and measured granular temperatures as 
function of radial distance. The experimental results in the two-dimensional bubbling bed 
were obtained from particle velocity measurements using a CCD camera technique 
described previously at a bed height of 14cm. The granular temperature is about 75 
cm2/sec2 in the center region, which compares to about 150 cm2/sec2 for the 800 µm leads 
glass beads in the slurry bubble column (Matonis et al, 2002). The measured granular 
temperature showed a constant value as a function of radial distance expect near the wall, 
where there was a higher granular temperature. Such granular temperatures obtained from 
experiments will be discussed later in detail. We also measured granular temperatures in 
one three-dimensional bubbling bed with a jet. The measured granular temperature in the 
jet region is 70 cm2/sec2, where a jet velocity was similar to an inlet gas velocity in the 
two-dimensional bubbling bed.  

Cody et al (1996) measured the granular temperature using an acoustic shot noise 
technique in the fluidized bubbling beds. The cylindrical bed had a the diameter of 7.4cm 
and a bed height of 28cm. Particles were charged to give a static bed height of 18cm and 
then fluidized with several inlet gas velocities. The vibrational signal at the wall of the 
fluidized bed was converted to give the granular temperature averaged over the surface 
area of the cylinder. The number of samples was 100 (3.2 sec sampling time), where the 
impact time of particle at the wall for each sample was faster than 0.1 ms. The 
extrapolation from the cody’s Experimental data (Cody, 2000) gives a granular 
temperature of 77 cm2/sec2 for the 530µm particles. It agrees well with that of our CCD 
camera technique.  

The computed granular temperatures were calculated from the fluctuating energy 
balance of particles given by Eq. (8), where the time scale was 10-4 with a grid size of 0.5 
cm. They were obtained by averaging from 10 sec to 20 sec at the bed height of 14 cm 
and 16 cm. Such granular temperature is due to an oscillation of particles in the small 
region like an experiment using a CCD camera technique. It gives a good agreement with 
the granular temperature measured from experiments.  

Figure 12 shows the large-scale granular temperature obtained from velocity profiles 
of the simulation, where the time scale was 10-1 with the dimension of bed. It was 
calculated from the variances for stress equation of table 1 given by Matonis et al (2002). 
There is a high granular temperature in the center region due to the bubble burst and low 
granular temperature near the wall due to the downward flow of particle cluster and 
sometime the upward flow of small bubble. The high granular temperature at the 
interface shown in figure 10 (b), where the solid volume fraction is very low, doesn’t 
appear in large scale granular temperature plots. It shows the flow phenomena, such as a 
bubble coalescence and burst observed visually in the bubbling bed. Most of the energy is 
associated with large-scale motions (Tennekes and Lumley, 1972).  



 
Viscosity Figure13 shows a comparison of the computed and measured solids 

viscosities in the bubbling bed. The measured solids viscosity shows an infinite value 
with no gas flows and a low value near the minimum fluidization velocity. It increases to 
a high value in the viscous region and then decreases with a decrease of the solids volume 
fraction in the grain-inertia region, where the dominant effects arise from particle 
collisions as given by Bagnold (1954). The experimental results were represented in an 
empirical correlation with a radial distribution function, Eq. (12), used by Bagnold. The 
empirical correlation was 0

3133.0 gss εµ =  for 530 µm particles and 0
3107.0 gss εµ =  for 

45 µm particles.  
The computed solids shear viscosity for 530 µm particles agrees well with the 

empirical correlation. But, in the viscous region of high solid volume fraction, the 
computed viscosity shows a lower value than that of the experiment. Hence other 
stresses, such as the frictional stress given by Johnson and Jackson (1987) will need to be 
added to the CFD simulation for the viscous flow region.  

 
Bubble Criterion Figures 14 and 15 show the bubble criterion as a function of 

restitution coefficient represented by several inlet gas velocities and particle diameters in 
the numerical simulation. The bubble criterion for Geldart B particles in one dimensional 
analysis is represented as the granular temperature divided the square of slip velocity 
given by Eq. (47).  

At the same particle diameter, the restitution coefficient for bubble criterion is a 
function of solids volume fraction and shear gradient. As ε3/k0 increases faster than 
( )2/ yus ∂∂  with an increase of the superficial gas velocity (U0), the restitution coefficient 
will be increase with the superficial velocity. Hence, in the riser region with low solids 
volume fraction, the restitution coefficient will be close to one, elastic collision. It was 
predicted well in the numerical simulation with 530 µm particles. The bubble criterion 
has an inlet gas velocity as a power function. Here, bubble criterion indicates the 
restitution coefficient at time of the bubble formation in the numerical simulation shown 
in figure 6 (c). The computed bubble agrees with the experimental bubble at a restitution 
coefficient of 0.99 and inlet velocity of 58.7 cm/sec.  

At constant U0/Umf, a dependence of the restitution coefficient on the particle 
diameter will be negligible due to the proportional relation between the particle diameters 
(1/dp)2 and shear gradient ( )2/ yus ∂∂  given by Eq. (47). Figure 15 shows that the 
restitution coefficient for bubble criterion of Geldart B particles is a constant value of 
0.997 at the same inlet velocity of 58.7 cm/sec.  

 
Turbulence of Particles Granular temperature was defined as the mean of the squares 

of a particle velocity fluctuation (C). 
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The particle velocity fluctuation is given by the instantaneous particle velocity (c(r,t)) 
minus the mean particle velocity (c0(r,t)) over small regions which are large compared 
with the space of particles but much smaller compared with the dimensions of flow 



system in two-fluid model of fluidization (Anderson and Jackson, 1967). In the kinetic 
theory of non-uniform gases (Chapman and Cowling, 1970), the small volume for 
averaging of point variable such as molecular velocities of gas is large enough to contain 
a great number of molecules, while still possessing dimensions small compared with the 
scale of variation of such macroscopic quantities as the pressure, temperature, or mass-
velocity of the gas. The averaged time of point variable is long compared with the 
average time that would be taken by a molecule to cross small volume (dr) if undeflected, 
yet short compared with the scale of time-variation of the macroscopic properties of the 
gas.      

The mean particle velocity fluctuation (<C>(r,t)) is zero relative to the mean particle 
velocity.  
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where the mean of mean particle velocity (<c0>), hydrodynamic velocity of particle 
given by Gidaspow (1994) or local mean particle velocity given by Anderson and 
Jackson (1967), equals to the mean particle velocity (c0).    

We can obtain the granular temperature in three ways from experiments, where the 
streak line of particles was measured by means of a CCD camera technique. Figures 16 
and 17 show the comparison of granular temperature obtained by such three methods, 
where the inlet velocity was 58.7 cm/sec, the measuring point was the fluidized bed 
height of 14 cm for 530 µm glass beads.  

In the first method, the mean particle velocity (c0) was calculated by averaging 
instantaneous particle velocities (c) in total frames for the emulsion phase and the bubble 
phase. The granular temperature was obtained by Eq. (2). Here, the variance (CC) was 
given by the square of the instantaneous particle velocities (c) at each frame minus the 
mean particle velocity (c0) over total frames. The total granular temperature (θTotal) was 
weighted by the ratio of the number of picture of the emulsion phase and the bubble 
phase taken at same time. In the second method, the mean particle velocity (v) was 
calculated by averaging instantaneous particle velocities (c) in each frame. The variance 
(CC) was given by the square of the instantaneous particle velocities (c) at each frame 
minus the mean particle velocity (v) in each frame. The particle granular temperature 
(θParticle) was the average of the particle granular temperature in each frame. In third 
method, the mean particle velocity )(v  was calculated by averaging the mean particle 
velocities (v) in each frame. The variance (VV) was given by the square of the mean 
particle velocities (v) at each frame minus the mean of the mean particle velocity in each 
frame )(v  over total frames. It is bubble-like granular temperature (θBubble-like).  

The total granular temperature is about 75 cm2/sec2 by the first method, the particle 
granular temperature is about 33 cm2/sec2 by the second method and the bubble-like 
granular temperature is about 65 cm2/sec2 by the third method. The total granular 
temperature is 20% lower value than that by particle plus bubble-like granular 
temperature as shown in figure 17. They should be the same values statistically and may 
represent an error primarily due to insufficient frames in the velocity space. 

The total and bubble-like granular temperatures show similar values, except in the 
bubble region of our experiments. L. S Fan group (Mudde et al, 1997) showed that the 
difference between the variances by the first and third methods is small in PIV method 
for a gas-liquid bubble column. The variances were calculated according to the first 



method with the stress equation given in table 1. This variance is the same as that of Eq. 
(2). Cody et al (1996) also calculated the total granular temperature according to the first 
method, as described previously, in gas-solids bubbling beds. In our experiments, the 
difference between the two granular temperatures is about 13%. Hence, the total and 
bubble-like granular temperatures have close values in the bubbling bed. They also show 
a constant value as function of radial distance due to particle oscillation, with the bubble 
flow in the center region and up-down flow near the wall. The measured granular 
temperature may be a high value due to bubble burst near the wall as shown in the slurry 
bubble column (Matonis et al, 2002).  

The particle granular temperature by the second method is similar to that of time 
series analysis for turbulence in a gas-liquid bubble column (Mudde et al, 1997). It shows 
a high frequency oscillation in a very small time. The variances show a lower value than 
that of the first method. The particle granular temperature in this study is a lower value 
than that of the total and bubble-like granular temperatures. It is due to the oscillation of 
particles over small regions in small time scale with no the effect of particle oscillation 
due to particle flows. Hence, the granular temperature will be a low value near the wall as 
described in the riser (Tartan and Gidaspow, 2002). But, in the riser, the particle granular 
temperature was higher than that by third method.    

Turbulence intensity, defined the root granular temperature divided solid axial 
velocity is 0.7 for total granular temperature, 0.4 for the particle granular temperature and 
0.56 for the bubble-like granular temperature.  

In the simulation, the computed granular temperature agrees well with the total 
granular temperature calculated by the first method. This is reasonable due to the 
assumption that the mean of mean particle velocity equals to the mean particle velocity 
over given time, which is long compared with the exposure time from experiments, in the 
kinetic theory.    

 
 

CONCLUSIONS 
1. A bubble criterion was developed using shock theory in agreement with previous 

simulations done by Kuipers group in Netherlands. There is no bubble formation for 
perfectly elastic particles. The computed bubble size is a function of the restitution 
coefficient which is of the order of 0.99 for Geldart B particles. 

2. Granular temperatures were measured in a two dimensional bed using IIT’s CCD 
camera technique for a riser (Tartan and Gidaspow, AIChE Indianapolis meeting, Nov 
2002). Similar to the riser study, two granular temperatures can be identified. The first is 
due to particle oscillations obtained by averaging over velocity space per a given frame. 
The second is due to the bubble motions and is like the normal Reynolds stress. The 
granular temperature due to bubble motions is higher than that due to particle oscillations. 
The reverse was true for the riser.  

3. The M-Fix code was used to compute bubbles, flow patterns and granular 
temperatures for the conditions of the experiment. The measured and the computed 
bubble sizes were similar, of the order of 4cm. The granular temperatures from the code 
equation for granular temperature agreed with the experimental measurements. Granular 
temperatures were also computed from velocity profiles. This granular temperature is 



almost four times higher than that computed from the granular temperature in the code. 
This discrepancy is due to the inclusion of non-random bubble motions in the 
computation.           
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ABSTRACT 

 

Major oil companies are gearing up to build slurry bubble column reactors (SBCR) 

to utilize natural gas located in remote areas of the world and to convert it to paraffin wax 

which will be upgraded to gasoline and Diesel fuels. Computational fluid dynamics (CFD) 

is a recently developed tool which can help in the scale up. However, before such a tool 

becomes useful many theoretical questions must be answered. This thesis is an attempt to 

address some of the unresolved critical issues.            

Formation of bubbles in fluidized beds is a critical issue that must be resolved 

before a reliable scale-up is possible. Two computer codes, the IIT code and the MFIX 

code, were used to compute bubbles in gas-solid fluidized beds. The experiments which 

were simulated were two dimensional bubbling beds at IIT with 530 micron glass beads. 

Measurements included the determination of bubble sizes, bubble velocities and two 

types of granular temperatures, one due to particle oscillations and second due to the 

motion of bubbles. The computed bubble sizes and shapes matched the observed sizes 

and shapes determined using a video camera. The use of higher order numerics produces 

better bubble resolution due to smaller numerical diffusion. The computed axial solids 

velocity, the granular temperature near the center of the bed, and the bubble rise velocity 

agree with measurements done using our CCD camera technique.  

A criterion for bubble formation was found. For the bubble formation the inelastic 

particle dissipation must be greater than the ratio of the granular temperature to the 

square of the slip velocity. This means there will be no bubble formation for sufficiently 



 xix

elastic particles. The computed bubble size is a function of the restitution coefficient 

which is of the order of 0.99 for Geldart B particles. 

No bubbles were observed in the experiments with 10 nm size particles. 

Fluidization and collapsing bed experiments were performed with "Tullanox", 10nm 

diameter fumed silica. The minimum fluidization velocity was determined to be 

0.0115m/sec at the unusually low volume fraction of solids of 0.0077. The solids volume 

fraction was measured using a gamma-ray densitometer. Fluidization was without large 

bubbles, with a high bed expansion ratio. The sedimentation process was simulated using 

a two-fluid hydrodynamic model. The input into the model was a measured solids stress 

modulus and an agglomerate size determined from the settling curves. With these two 

rheological parameters, there was good agreement between the sedimentation theory and 

the experiment. This study shows that the standard collapse bed experiment used in 

industry is a good test of rheological properties of particles. 

A critical issue in the SBCR which has not been addressed in the literature is that 

of optimum particle size. Optimum sizes were determined in two different ways. One 

optimum was found for maximum granular temperature. The size was 60 microns. The 

second optimum was determined for maximum methanol production in a SBCR. The 

optimum particle size was 70 microns.      

 

 



 1.1

CHAPTER I 
 

INTRODUCTION 

 

Fluidization has been widely used industrially for chemical processes such as 

fluid catalytic cracking (FCC), coal gasification, chemical synthesis reactions and 

polymerization (Grace, 1986; Kunii and Levenspiel, 1991; Bi et al., 2000). In the 

fluidized bed reactors, the fine powdered catalysts are suspended in the fluid and the gas 

bubbles provide the energy to keep the highly catalyst mixed. Fluidized beds have 

excellent heat and mass transfer characteristics for removal of the heat given off by 

exothermic reactions and the ability to replace catalyst easily. One such fluidized bed is 

the slurry bubble column reactor which has recently (Parkinson, 1997) become 

competitive with traditional fixed bed reactors for converting synthesis gas into liquid 

fuels.  

The natural gas refinery for 21st century clean fuels could be based on Fischer-

Tropsch technology, such as Exxon’s AGC-21 process, and the methanol-to-gasoline 

technology, such as Mobil’s MTG process (Katzer, Ramage and Sapre, 2000). Such a 

refinery is driven by the availability of large quantities of remote natural gas and the 

abundant coal resources. The energy industries throughout the world are gearing up to 

make catalysts for slurry bubble column reactors (Schulz, 1999; Tullo, 2003). One of the 

objectives of this thesis is to develop design tools for scaling up slurry bubble column 

reactors with a diameter as large as 7 m and a height of 30 m (Maretto and Krishna, 1999) 

being built by oil industries. Figure 1.1 shows the DOE-owned Alternative Fuels 

Development Unit (AFDU) at Laporte, Texas and a gas-to-liquids-fueled bus rolled out  
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in London. 

                

                                                                         (A) 

                         

                                                                       (B) 

 

 

Figure 1.1 (A) DOE-Owned Alternative Fuels Development Unit (AFDU)  
   at Laporte, Texas: Fischer-Tropsch (Left) and Methanol (Right) Process 
   (Heydorn et al., 1999) and (B) a Gas-To-Liquids-Fueled Bus Rolled Out 
   in London (Tullo, 2003)   
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Grace (1986) reviewed fluidized beds as chemical reactors. Gary Stiegel (1991) 

and Heydorn et al. (1999) published excellent reviews of DOE Research in Fischer-

Tropsch technology and liquid phase methanol processes. They described the advantages 

of the slurry-phase reactor over the fixed bed reactor, (see Figure 1.2). Advanced 

gasifiers such as those built by Dow, Texaco and Shell today generally produce a 

synthesis gas. If a low H2 to CO synthesis gas were used in a typical fixed-bed synthesis 

reactor, carbon would be deposited on the catalyst surfaces, resulting in severe catalyst 

deactivation and loss of operability. In contrast to the fixed-bed reactor, the slurry phase 

reactor due to constant agitation of the catalyst has better heat and mass transfer ability to 

remove the heat given off by the exothermic Fischer-Tropsch reaction for the conversion 

Figure 1.2 Reactor Used for Fischer-Tropsch Synthesis  
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of synthesis gas to liquids. It prevents carbon from being deposited on catalyst surfaces 

when low H2 to CO synthesis gas is used. Mass transfer coefficients increase generally 

with decrease of catalyst size. The concentration of catalyst within reactor can be 

increased for higher production. The use of finely divided catalysts ensures high rates of 

reaction that result in a large amount of product per unit of reactor volume per unit of 

time. The presence of the liquid and the turbulence caused by the gas flow allow the 

effective removal of heat from the surface of the catalyst. The churn-turbulent flow is 

preferred. Heat is removed from the reactor by generating steam in an internal tubular 

heat exchanger. Therefore, higher rates of reaction and greater conversion can be 

achieved. The design of these reactors require, among others, precise knowledge of the 

kinetics, hydrodynamics, and heat as well as mass transfer characteristics.  

The state of the art of the design of slurry bubble column reactors was illustrated 

by the Viking systems International (1991) report to PETC, now reorganized as the 

National Energy Technology Laboratory (NETL). We have developed a mathematical 

model to describe the hydrodynamics of slurry bubble column reactors (Wu and 

Gidaspow, 2000; Matonis et al., 2002; Gamwo et al., 2003). This model includes the 

complete granular temperature balance based on the kinetic theory of granular flow. 

Stuart Savage and others (Savage and Jeffrey, 1981; Lun et al., 1984) showed that the 

dense-phase kinetic theory, as presented by Chapman and Cowling (1970), can be applied 

to granular flow of particles. Gidaspow (1994, 2003) has reviewed this theory. This 

model treated the particle phase as another fluid with its own temperature, called the 

granular temperature, its own pressure due to particle collision and its own viscosity. The 

granular temperature, which is like the thermal temperature in kinetic theory of gases, 
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measures the random oscillations of particles. The particle pressure and the particle 

viscosity are a function of the granular temperature, which varies with time and position 

in a fluidized bed. The restitution coefficient and the mass transfer coefficient are primary 

input for this model.  

In granular flow, particles dissipate energy due to inelastic collisions by means of 

the restitution coefficient, which was determined from the shear cell experiments 

(Bagnold, 1954; Savage and Sayed, 1984; Craig et al., 1986) or particle impact 

measurements (Goldsmith, 1960; Johnson, 1985; Lun and Savage, 1986). In liquids there 

exists a film between the particles that gives rise to a lubrication force. The measurement 

of radial distribution functions of statistical mechanics (Gidaspow and Hulin, 1998a) 

showed that particles fluidized in water fly apart well before contact, at a radius of about 

50% larger than the particle radius. Thus the restitution coefficient can be close to one. 

Mass transfer coefficients in slurry bubble columns of three-phase flows including fine 

particles were measured by Behkish et al. (2002), Kluytmans et al. (2003) and Vandu and 

Krishna (2003). The volumetric mass transfer coefficients are less than 1.0 sec-1. The 

granular temperature can be obtained from the variances of the instantaneous particle 

velocities measured by a CCD camera method (Bahary, 1994; Gidaspow and Huilin, 

1996; 1998a). Joshi et al. (2002) reviewed the flow patterns in bubble columns with a 

focus on the churn-turbulent regime. Measurement techniques in fluidized beds for 

multiphase flow were reviewed by Werther (1999) and Boyer et al. (2002).  

The objective of this study is to improve the hydrodynamic understanding of the 

fluidized beds as chemical reactors using the hydrodynamic models described in 

Gidaspow’s book “Multiphase Flow and Fluidization: Continuum and Kinetic Theory 
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Descriptions”  (Gidaspow, 1994). The IIT’s hydrodynamic code has been used to solve a 

variety of multiphase flow problems such as bubbling beds (Syamlal, 1985; Ding, 1990; 

Gamwo, 1992), risers (Therdthianwong, 1994; Sun, 1996; Neri, 1998; Mostofi, 2002), 

gas-liquid-solid three-phase fluidized beds (Jayaswal, 1991; Bahary, 1994; Matonis, 2000) 

and slurry bubble column reactors (Wu, 1996). Ding, Wu and Neri used the kinetic 

theory to compute the rheological properties of particles such as particulate viscosities 

and pressure.  

To simulate the slurry bubble column reactors, the IIT code has been modified to 

include the effect of the mass transfer coefficient between phases and the water-gas shift 

reaction in liquid phase, which was not presented previously by Wu and Gidaspow 

(2000). The numerical scheme for granular temperature has been improved. The 

hydrodynamic model for the multiphase flow was described in Chapter II. 

As pioneering work in fluidization, fluidization and collapsing bed experiments of 

nano-size particles were performed in Chapter III. Fluidization of nano-size particles was 

possible due to the formation of light agglomerates. The standard collapse bed 

experiment was a good test of rheological properties of particles.  

In Chapter IV, we have extended the CCD camera technique for granular 

temperature in a riser to the bubbling and turbulent fluidization regimes. In order to 

understand turbulent flow, we measured solids fraction and elutriation in three-

dimensional fluidized beds with a rectangular central jet. The granular temperature has a 

maximum near the solids volume fraction of 0.9% for gas-solids flows. The dispersion 

coefficients for A particles are very high in the turbulent regime due to global mixing of 

particles by bubble motions. 
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In Chapter V, the MFIX code developed at NETL with the complete granular 

temperature equation was used to compute bubbles, flow patterns and granular 

temperatures under the conditions similar to the IIT experiment shown in Chapter IV. A 

bubble criterion for Geldart group B particles was found using shock theory. There is no 

bubble formation for perfectly elastic particles. A higher order numerical scheme of the 

MFIX code produces more realistic bubbles due to low numerical diffusion.  

Chapter VI shows the computational results for three-phase flows, using Bahary`s 

(1994) IIT experimental data. A search was made to determine the optimum catalyst size. 

The numerical simulation has shown that this size is about 60µm.  

Chapter VII shows a new method to theoretically estimate the mass transfer 

coefficient in slurry bubble column reactors. The IIT hydrodynamic model was applied to 

determine the optimum particle size for synthesis of methanol in the DOE Laporte slurry 

bubble column reactor. The particle size was between 60 µm and 70 µm. This size has 

the maximum granular temperature, similar to the experiments for gas-solid systems done 

at EXXON (Cody et al., 1996).   
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CHAPTER II 
 

HYDRODYNAMIC MODELS FOR MULTIPHASE FLOW 

 

2.1 Introduction 

The hydrodynamic model for the multiphase flow based on the generalization of 

Navier-Stokes equations was developed earlier by Illinois Institute of technology 

(Gidaspow, 1994). It uses the principles of mass, momentum and energy conservation for 

each phase. This approach is similar to that of Soo(1967) for multiphase flow and of 

Jackson (Anderson and Jackson ,1967; Jackson, 2000) for fluidization. In the model the 

point mechanical variable, such as gas velocity, particle velocity and gas pressure, 

expressed in terms of local mean variables obtained by averaging the point variables over 

regions which are large compared with the space of particles but much smaller compared 

with the dimensions of flow system (Anderson and Jackson, 1967). The principle 

difference with the classic fluid dynamic is the appearance of volume fraction of each 

phase.  

For this study the drag and the stress relations were altered to satisfy Archimedes’ 

buoyancy principle and Darcy’s Law, as illustrated by Jayaswal (1991). The total 

pressure, P, is only in the continuous (fluid) phase momentum balance. This is a 

generalization of hydrodynamic model B for gas-solid systems as discussed by Gidaspow 

(1994) in Section 2.4. This model is well-posed as an initial value problem, ie, the 

characteristics are real and distinct for one-dimensional transient flow.     
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In order to solve the conservation equations, the continuous (fluid) phase is gas or 

liquid phase and the disperse (particulate) phase with some characteristic diameter and 

density is solids, gas or liquid phase for gas-solids, liquid-gas and liquid-gas-solids flows. 

The appropriate rheological properties of each phase have to be specified. The particulate 

viscosities and pressure can be predicted by solving the particle fluctuating energy 

equation based on the kinetic theory of granular flow (Savage, 1983; Sinclair and Jackson, 

1989; Gidaspow, 1994). They can then be computed as a function of granular 

temperature at any time and position. Particles are considered smooth, spherical, inelastic 

and undergoing binary collisions. Here, the restitution coefficients for particle-particle 

collision are an empirical input. In another method used in the numerical simulations, the 

particulate viscosities and pressure based on empirical correlation and experimental 

values are used.  

The ICE (Implicit Continuous Eularian, Harlow and Amsden, 1971) technique for 

solving Navier-Stokes equations has been used by Rivard and Torry of Los Alamos 

(1977) to produce a computer code, K-FIX, for solving two phase problems. It has been 

adapted, changed and generalized at IIT to solve a variety of multiphase flow problems 

(Syamlal, 1985; Ding, 1990; Jayaswal, 1991; Sun, 1996; Wu, 1996; Neri, 1998) with the 

addition of several features such as the just described kinetic theory equations (Gidaspow, 

1994). It used for this study in order to obtain the numerical solution of nonlinear-

coupled partial differential equations with appropriate initial and boundary conditions. 

The detail description of the numerical scheme was provided by Sun (1996) and Wu 

(1996).    
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A public domain computer program MFIX (Multiphase Flow with Interphase 

eXchanges, Syamlal et al., 1993; Syamlal, 1998), similar to the IIT code, was developed 

by the National Energy Technology Laboratory (NETL). For the numerical schemes, this 

method was replaced by a method based on Patankar and Spalding’s SIMPLE 

(SemiImplicit Method for Pressure Linked Equations, Patankar, 1980) algorithm. The 

numerical technique for the MFIX is available on the internet at http://www.mfix.org.  

The numerical codes are set up with a staggered grid arrangement. The scalar 

variables are located at the cell center and the vector variables at the cell boundaries. The 

momentum equation is solved using a staggered mesh, while the continuity equation is 

solved using a donor cell method. 

 

2.2 Hydrodynamic Model 

The governing equations for gas-solids, liquid-gas and liquid-gas-solids flows 

with phase changes are described as follows (Gidaspow, 1994). 

2.2.1 Continuity Equations. A general balance of mass for each phase (k = l, g, s) 

with mass transfer is  
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In addition, the conservation of mass of jxth chemical species due to chemical 

reaction is    
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where, jx
km&  is the rate of mass transfer of jxth species between the phases and jx

kr  is the 

rate of production of the jxth species in each phase by homogeneous or heterogeneous 
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reactions. The sum of all reactions at each phase and total mass transfer between the 

phases must to be zero. The sum of weight fraction of all chemical species at each phase 

must to be one.   
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The volume fraction of each phase must be sum to one. The volume fraction occupied by 

one phase cannot be occupied by other phases.  
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2.2.2 Momentum Equations. The momentum equations for each phase can be 

obtained by inserting the local mean variable (hydrodynamic) into the Navier-Stokes 

equations and Newtonian equation of motion for gas-solid flow (Anderson and Jackson, 

1967). The momentum equation with mass transfer due to chemical reaction is expressed 

as  
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The first term of LHS is the accumulation and the second term is the net outflow. 

The first term of RHS is the external forces such as gravity, buoyancy, electric and 

magnetic forces etc., the second term is shear stress, the third term is drag force and the 

last term is production or dissipation due to mass transfer between phases.   
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2.2.3 Fluctuating Energy Equation for the Particle. For granular multiphase 

flow system, the kinetic energy of random motion of the particle could be solved with 

momentum equations. The granular temperature )
3
1( 2 ><= Cθ , which is 2/3 of the random 

particle kinetic energy, was defined as the mean of the squares of a particle velocity 

fluctuation. In granular flow, particles dissipate energy due to inelastic binary collisions 

by means of the restitution coefficient. 
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                               (2.8) 

The first term of RHS is the production of fluctuating energy by the effective 

shear stresses, the second term is the conduction due to the gradient of granular 

temperature, the third term is the dissipation due to the inelastic collisions of particles and 

the last term is the production or dissipation due to the fluid turbulence or the interaction 

with fluid per unit volume.     

2.2.4 Energy Equations. To treat non-isothermal multiphase flow systems, the 

energy equations are needed to compute the heat transfer primarily due to heat 

exchangers. The continuous phase energy equation is gas phase energy balance described 

by Wu and Gidaspow (2000) for slurry bubble column reactors. 
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Particulate phases (liquid and solids phase) energy balances (k=l, s) are similar to 

the gas phase equation, except for the absence of the small pressures due to collisions. 
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2.3 Constitutive Equations 

To allow closure of the above equations we used the constitutive equation 

described by Gidaspow (1994). 

2.3.1 Equation of State. The equation of state of the gas was assumed to be the 

ideal gas law of incompressible fluid (z = 1).  

zRT
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Mjx is the molecular weight of the pure chemical species.  
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2.3.2 Constitutive Equation for Stress Tensor. The stress tensor for each phase 

is given by the Newtonian form as follows.   

kkkkkkk DIDtrP µµλτ 2)()
3
2( +



 −+−=                                                       (2.13) 

where,   [ ]T
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2.3.3 Viscosity Input Model. The pressure (Pk), the shear viscosity (µk) and the 

bulk viscosity (λk) of each phase for stress tensor, as given by Equation (2.13), were 

estimated from the empirical correlation and experimental values. The pressure stresses 

of particulate phase are a function of the volume fractions of particulate phase (Gidaspow, 

1994).  

( ) kkk GP εε ∇=∇                                                                                                 (2.15) 

The solid stress in gas-solids flow was determined by the discharge rates of 

hoppers or the collapsing bed experiments using the γ-ray densitometer. This is 

physically necessary to prevent the particles from compacting to unreasonably high solids 

volume fractions in a computational fluid dynamics (CFD) code. The solids stress 

modulus G(εs) is expressed as an exponential form of the gas volume fraction.        

( ) ba
s
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The shear viscosities of each phase are the empirical viscosity times the 

concentration of each phase. The value of empirical viscosity (µ`) of the pure phase is 

determined by means of viscometer at a given experimental conditions.  
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The bulk viscosities of each phase are assumed to be zero.  

0.0=kλ                                                                                                              (2.18) 

2.3.4 Granular Temperature Model. The particle pressure and viscosities for 

stress tensor, as given by Equation (2.13), can be given as a function of granular 

temperature based on kinetic theory model of dense gas flows (Lun et al, 1984; Gidaspow, 

1994). The particle pressure (Ps) consists of a kinetic part, which is like the ideal gas law, 

and a collisional part, that is like the van der Waals kinetic volume constant, b, modified 

by the particle restitution coefficient (e).       

[ ]sosss geP εθερ )1(21 ++=                                                                               (2.19) 

where, go is the radial distribution function expressing the statistics of the spatial 

arrangement of particles. It is that used by Bagnold (1954) and that used by Carnahan and 

Starling (1969), as reviewed by Gidaspow (1994). The radial distribution function used 

by Bagnold is preferred in the bubbling fluidized beds. It gives more reasonable results 

for viscosity in the bubbling fluidized beds. 
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The particle shear viscosity (µs) and the particle bulk viscosity (λs) based on 

kinetic theory model are given by  
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where, µs,dil is the dilute solid viscosity. 
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2.3.5 Constitutive Equation for Particles Fluctuating Energy. In order to get 

the rheological properties of particles in granular temperature model, the fluctuating 

energy equation of particle should be solved. We need to specify the granular 

conductivity (κ) for granular heat flow, the energy dissipation (γs) due to inelastic 

collisions of particles. The flux of fluctuating energy (q) was defined as 

θκ∇−=q                                                                                                           (2.25) 

The granular conductivity (κ) consists of the kinetic part due to the elastic 

particles from the dilute kinetic theory of gases (Chapman and Cowling, 1970) and the 

collisional part due to inelastic collision of particles evaluated by Gidaspow (1994).  
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where, the dilute granular conductivity (κdil) was expressed as an eddy type conductivity. 
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The energy dissipation due to inelastic collisions of particles is given by  
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In addition, the dissipation due to interaction with fluid and the production due to 

fluid turbulence (Js) are represented by the correlation between the gas phase fluctuation 
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velocity (Cg) and the particle phase fluctuation velocity (Cp) and the fluid-particle drag 

(βA).  

>⋅<−= pgAAs CCJ βθβ3                                                                              (2.29) 

Sundaresan (Agrawal et al, 2001) used equation (2.30) for the production due to fluid 

turbulence in the riser flowing. Ding and Gidaspow (1990) neglected these effects when 

the particles are heavy and large.  
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2.3.6 Constitutive Equation for Drag. As a particle moves through a viscous 

fluid there exists a resistance of the fluid to the motion of the particle, hence the 

interphase drag has to be defined. The following drag model for multiphase flows was the 

model B proposed by Giaspow (1994). For εf<0.8, the fluid-particle drag coefficients is 

based on Ergun equation obtained experimentally from pressure drop measurements at 

packed-bed.  
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For εf≥0.8, it is based on the empirical correlation obtained from settling 

experiments. 
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where, the drag coefficient (Cd) is related to the Reynolds number 
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The particle-particle interaction in a dilute mixture has been derived by Nakamura 

and Capes (1976). The particle-particle drag coefficient is based on kinetic theory 

(Syamlal, 1985) represented as 
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This drag coefficient was used for slurry bubble column reactor of liquid-gas-solids flows 

(Wu and Gidaspow, 2000; Matonis et al., 2002). Here the gas phase was treated as a 

particulate phase, since it consists primarily of small bubbles. 

2.3.7 External Forces Acting on Each Phase. The external forces acting on each 

phase consist of the gravity, electric or magnetic forces, etc. 
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The qk is the particle surface charge and the E is the strength of electric field applied.  

2.3.8 Constitutive Eequation for Energy Equations. The constitutive equation 

for energy equations are those used by Wu (1996).  

Enthalpy:  
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Gas-Solid Heat Transfer: (Gunn’s Model) 
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Gas Phase Heat Transfer: 
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Particulate Phase Heat Transfer: 
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2.3.9 Reaction and Mass Transfer. The reactions of jxth species of each phase (k) 

are  
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where, αi represents the stoichiometric coefficient of jxth species in the ith reaction of 

each phase and Mjx represents the molecular weight of jxth species. 

The rate of reaction may be a function of temperature, pressure, volume fraction of each 

phase and concentration of species at each phase.     
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The rate of mass transfer for each phase (k) is  
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The rate of mass transfer of between phases may be a function of temperature, pressure, 

interfacial area and concentration of species at each phase. 
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2.4 Initial and Boundary Conditions 

The definition of appropriate initial and boundary conditions is critical for the 

carrying out of a realistic simulation for adequate comparison to experiment. For the 

continuous phase a no slip velocity boundary condition was employed at the walls. For 

the particle phase the Johnson and Jackson slip boundary condition (1987) was used with 

no frictional contributions. The stress transfer to unit area of the boundary surface by 

particle collisions was given as  
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where, n is the unit normal from the boundary into the particle assembly and Usl is the 

slip velocity, vs-vwall. Φ is a specularity coefficient. Its value varies between zero and 

unity due to the particle-wall collision and depends on the wall roughness.    

For the granular temperature boundary condition at the walls the Johnson and 

Jackson boundary condition (1987) was used.  
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where the LHS of equation (2.54) represents the collisional heat flux due to the collision 

of particles. The first term of RHS represents the production due to the stress given by 

equation (2.54) times the slip velocity. The second term represents the dissipation due to 

inelastic collisions of the particles with unit area of the wall. The specularity coefficient 

was 0.6 estimated roughly by Johnson and Jackson (1987). With the wall restitution 

coefficient of unity and no slip condition or the specularity coefficient of zero, the 

granular temperature boundary condition will be an adiabatic )0( =∇θ at the wall. 
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CHAPTER III 
 

FLUIDIZATION OF NANO-SIZE PARTICLES 

 

3.1 Introduction 

Fluidization has been widely used industrially due to its continuous powder 

handling ability and its good heat and mass transfer. Particles of different size have very 

distinct fluidization behaviour. Geldart (1973), based on empirical observations, 

classified powders into four groups: A for aerated, B for bubbling, C for cohesive and D 

for large particles. Cody, et al (1996) measured the granular temperature of A and B 

particles and found that A particles have a much higher granular temperature than the 

larger B particles. The granular temperature is measured by the random kinetic energy of 

particles. This concept was introduced by Savage (Lun, et al 1984; Gidaspow 1994) and 

others. The Geldart C particles are sometimes difficult to fluidize due to the large 

cohesive forces which lead to crack formations and channeling in the bed. Iwadate and 

Horio (1998) and Wang, et al (1998) observed that the fluidization of C particles was 

possible due to the formation of large dense agglomerates.  

Nanosize particles differ from conventional C particles not only in being much 

smaller but also in having a very low bulk density. Recently Wang, et al (2001; 2002) 

observed that fluidization of nanoparticles was possible due to the formation of 

agglomerates. They performed the standard bed collapse experiment to characterize their 

particles. Their collapse velocities are identical to those determined in this study. 
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The hydrodynamic theory of the bed collapse experiment was recently developed 

by Gelderbloom (2001) and Gelderbloom, et al (2003) as a part of the Multiphase Fluid 

Dynamics Research Consortium (Thompson, T). Previously bed collapse experiments 

were described using a three-phase model in which the bubbling bed was divided into 

bubble, emulsion and wake phases (Barreto, et al, 1988). Here, it was found that the 

controlling parameter was the solids stress modulus. Hence in this study this parameter 

was measured as a function of the volume fraction of solids. It served as an input into the 

hydrodynamic model. A comparison of the experimentally measured and computed 

settling curves for 10nm Tullanox particles showed that the agglomerate size is 18 

microns, an order of magnitude smaller than previously reported agglomerates for 

Geldart C particles. These agglomerates have an extremely low density. The volume 

fraction of solids at minimum fluidization was 0.0077 with a velocity of 0.0115 m/sec. 

Fluidization was essentially without bubbles. There was a large bed expansion. The 

settling velocity was like that of Geldart A particles. The computed granular temperature 

which measures mixing was closer to that of Geldart B particles and was near zero in 

parts of the bed. As anticipated (Roco, et al 2000), nanoparticles behave in a different 

way from the conventional larger fluidized particles. Surprisingly, despite the anticipated 

large surface charge, they can be easily fluidized due to the formation of "light" 

agglomerates.  

 

3.2 Experimental Setup 

The experimental setup used for volume fraction, pressure drop, voltage and 

particle charge measurement experiments consisted of five major parts: fluidization 
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equipment, densitometer assembly, pressure measuring system, particle charge measuring 

system and a potential measuring system. A schematic diagram of the fluidized bed with 

γ-ray densitometers and pressure transducers for volume fraction and pressure drop 

measurements is shown in Figure 3.1. The schematic diagram of a Faraday cup for 

particle charge measurements is shown in Figure 3.2. The schematic diagram for voltage 

measurements in the packed bed is shown in Figure 3.3. 

3.2.1 Fluidization Equipment. A three-dimensional rectangular bed with a 

central rectangular jet was constructed from glass sheets to prevent particles from 

sticking on the wall of the bed and to facilitate visual observation and video recording of 

the bed operations such as bubbling, bed expansion, particle collapsing, and the mixing 

and segregation of solids. The bed height was 0.62 m and the cross-section was 0.133 m 

by 0.094 m. The central rectangular jet was 0.018 m by 0.094 m. The gas distributor 

consisted of three sections: a rectangular jet and two grid flows to fluidize the bed 

particles. Its height was 0.13 m. Both the distributor and the jet plates are covered with 

165 x 1400 mesh 304L stainless steel wire diameter (Newark Wire Cloth Company).  In 

order to achieve a uniform fluidization, both sides of distributor except the rectangular jet 

section were filled with 0.006 m diameter polyethylene particles. Air passed through a 

bed of activated silica gel. Air flow was measured by means of rotameters. For the 

collapsing bed experiments, the air shut-off valves were installed just below of the 

distributor. The effluent stream in the top of bed, with 0.0254 m outside-diameter 

pipeline, enters the cyclone where separation of gas and particles take place. 

3.2.2 Densitometer Assembly. Densitometer was used for measuring the time-

averaged volume fractions of a particles phase at a designated location by means of the γ-
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ray adsorption techniques. The γ ray densitometer assembly is that described in Gidaspow 

(1994). It consists of a source, a detector and a positioning table.  

The radioactive source was a 50-mCi Cs-137 source having a single γ-ray of 667 

keV and a half-life of 30 years. The source was sealed in a welded, stainless steel capsule. 

The source holder was welded, filled with lead, and provided with a shutter to turn off the 

source. This is the same unit used previously by Gidaspow, et al (1983). 

The intensity of the γ-ray beam was measured by using a NaI crystal scintillation detector 

with 0.08 m diameter (Bicron, Model 3M3/3). The window for collecting the radiation 

had an opening of 0.0127 m diameter in a 0.04 m thick rectangular lead plate. The 

photomultiplier of the detector was connected sequentially to a preamplifier, an amplifier 

and a single-channel analyzer, a rate meter, and a data acquisition system. The rate meter 

has a selector and a 0-100-mV scale range. The data acquisition system is a Pentium3 HP 

compatible personal computer. It consists of a DAQ board, a Labview 5.0 program, SC-

2050 Adapter (National Instruments) and a Voltage Input Module (Model 5B41-01, 

Analog Devices), which accepts –1V to 1V input signals and provides –5V to 5V output, 

for data measurement and analysis. 

Both the source holder and detector were affixed to either side of the bed on a movable 

frame and could be moved anywhere up-or-down or to-and-fro by means of an electric 

motor. 

3.2.3 Particle Charge Measuring System. Surface charge of particles is usually 

measured by the use of a Faraday cup, shown in Figure 3.2. Gupta (1990) and Gupta, et 

al (1993) used it to characterize many particles. A Faraday cup is a double-walled vessel 

of any suitable shape with the outer wall being grounded to form an electrical screen, 
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which prevents stray external charges from affecting the measurement. The inner wall 

(Faraday cage) was connected to an electrometer, which measures the charge by 

detecting the voltage build-up across a known capacitance. The Faraday cage had an 

inside diameter of 0.035 m with a height of 0.045 m. It was provided with the holes to 

allow the air to escape and was lined with a filter to collect the powder. A sampling tube 

of 0.0048 m was connected to the Faraday cage. It was insulated with tygon tubing and 

was grounded to prevent measurement of frictional charge from collision of dust particles 

with the outside of sampling tube. A vacuum pump was connected at the bottom of the 

Faraday cup for sampling of powder with a constant gas stream. Samples were collected 

through a sampling tube from the bed height of 0.3 m. 

3.2.4 Pressure Measuring System. A three-dimensional rectangular bed was 

modified from the bubbling bed for the measurement of pressure drop across the bed. In 

order to achieve uniform fluidization, the distributor was filled with 0.006 m diameter 

P.E particles. Air was supplied by 0.0095 m outside-diameter streams, with rotameters 

for controlling the air flow rate. A pressure transducer (Model 605-10, Dwyer 

Instruments Inc.) was connected at the top of bed and the just below the distributor. It 

was connected to a data acquisition system for the precise data measurement and analysis.  

3.2.5 Potential Measuring System. A three-dimensional rectangular packed bed 

was constructed from glass sheets for measuring the voltage. The bed height was 0.102 m 

with a cross-section of 0.145 m by 0.093 m. Two platinum porous electrodes were placed 

across the packed bed. It was connected sequentially to an electrometer (Model 610C, 

Keithley Instruments) and a data acquisition system for potential measurements.  The 

distributor was the same unit used for pressure measuring system. 
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Figure 3.1  Experimental Schematic Diagram for Three-dimensional Gas Solid 
            Fluidization System 
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Figure 3.2 Schematic Diagram of a Faraday Cage System 
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Figure 3.3  Experimental Schematic Diagram for Potential Measurements 
                 in Packed Bed 
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3.3 Experimental Procedure and Interpretation 

3.3.1 Materials and Fluidization Experiments. The material used as the solid is 

a commercially available Tullanox 500 (Hydrophobic Fumed Silica, Tulco. Inc.) with an 

average particle diameter of 10 nm  and a surface area of 246 m2/g. Table 3.1 shows the 

physical properties for the Tullanox 500. The particle mean diameters were estimated 

with a Transmission Electron Microscope (TEM) and an optical microscope with a video 

camera (Nikon). The surface area was determined with a BET (Micromeritics ASAP 

2010) using nitrogen. Figure 3.4 shows a photograph of individual particles with an 

average particle diameter of 10 nm obtained from a TEM. Nano-size particles tend to 

form agglomerates with an average particle diameter of about 200 nm at ambient 

conditions. Figure 3.5 shows the adsorption isotherm using nitrogen for Tullanox 500 

generated at 77 K. The surface area of 246 m2/g was calculated from the BET equation. 

The shape of the isotherm is type II. This isotherm type was different from the isotherm 

type IV such as silica-alumina porous catalyst, FCC catalyst, with a mean particle size of 

100µm and a surface area of 437 m2/g (Davidson, et al 2001). The BET surface area 

gives a particle diameter of 11nm, assuming monodisperse particles. This is in a good 

agreement with the particle size of 10±1 nm estimated from TEM.  

 

Table 3.1 Physical Properties for Tullanox 500 

  
Particle Mean Diameter (nm)    10 
Particle Density (Kg/m3) 2220 
Bulk Density (kg/m3)     48 
Surface Area (m2/g)   246.48 
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Figure 3.4 Photograph of Tullanox 500 with Individual Size of 10±1nm Obtained  

          from Transmission Electron Microscope (TEM, JEM-3010) 

Figure 3.5 Adsorption Isotherm for Nitrogen on Tullanox 500 Obtained from 
             BET (Micromeritics ASAP 2010) 
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The solid has a specific gravity of 2220 kg/m3 and a bulk density of 48 kg/m3. The mass 

momentum flux (Wg/A) of bed loaded was initially 42.34 N/m2. The initial solid volume 

fraction was determined to be 0.0216. 

The minimum fluidization velocity was estimated by means of a pressure drop 

measurement by varying superficial air velocity. The Tullanox was first charged into the 

fluidized bed to give a static bed height of 0.09 m and then fluidized with a uniform inlet 

gas velocity.  Superficial gas velocity was gradually increased from 0.003 m/sec to 0.02 

m/sec and then gradually decreased. The pressure drops across the bed were measured at 

specific gas flow rates. 

For the bubbling bed, the Tullanox particles loaded with a static bed height of 0.09 m 

were fluidized by introducing a compressed air. The grid flows were controlled to give a 

minimum fluidization velocity. Jet air was injected at a constant 0.085 m/sec flow rate. 

The experimental operating conditions are shown in the Table 3.2. 

 

Table 3.2 Operating Conditions for Bubbling Regime Experiments 

     
Temperature (°C)   25 
Initial Static Bed Height (m)     0.09 
Central Rectangular Jet Velocity (m/sec)     0.085 
Grid flow Velocity (m/sec)     0.015 

 
 
3.3.2 Volume Fractions Determination.  The γ-ray densitometer has been used 

previously to measure porosities of fluidized beds (Grohse, 1955; Gidaspow and Huilin, 

1996; Seo and Gidaspow, 1987; Gidaspow, et al 1983). This technique is based on the 

fact that the reading of the transmitted γ-rays can be described as a linear function of the 

porosity of the system. The γ-ray densitometer was calibrated in order to calculate the 
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volume fractions of the particles using same methods described earlier by Gidaspow et al 

(Seo and Gidaspow, 1987; Gidaspow, et al 1983). The amount of radiation that is 

absorbed by a material can be given by the Beer-Bougert-Lambert Law: 

lkeoII ρ−=                                                                                                         (3.1) 

where, I is the intensity of transmitted radiation, Io is the intensity of incident radiation, k 

is the attenuation coefficient, ρ is the bulk density of material, and l is the path length.  

Equation (3.1) was applied to the gas-solid fluidized beds with the relation for 

volume fractions. 

gAsgAsAssAggA
oI
I

+−=+= εεε )()ln(                                                     (3.2) 

0.1=+ sg εε                                                                                                       (3.3) 

where, Ag=kgρglg, As=ksρsls, εs and εg are the volume fraction of solid and gas, 

respectively. 

The coefficients in equation (3.2) were calculated by measuring the radiation 

intensities at known solid volume fractions.  

In the fluidized bed with nano-size particles, the rate meter converts the radiation 

counts to voltage at 0.03sec instantaneous time. The solid volume fraction at specific 

locations was obtained by converting the voltage using the calibration curve with the 

software of data acquisition system. In order to get time-averaged reading, the integrating 

time of the data acquisition system was fixed at 30 sec for an empty bed and one filled 

with particles. For the collapsing experiments, it was fixed at 3.0 sec for a specific 

location of bed height and a specific collapsing time. The measurement was repeated for 
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the low solid volume fraction at each location several times. The time-averaged solid 

volume fraction was obtained from the average of more than five experiments.  

3.3.3 Solid Pressures Determination.  The solid pressure is a result either of 

collision of particles with each other, or of elastic or inelastic contact between particles, 

causing a repulsive force. A compressive force must be applied to bring the particles 

closer together. Therefore, for zero particle acceleration, negligible wall effect and zero 

particle normal stress, the force balance is a balance of buoyancy, drag and solids 

pressure (Gidaspow, 1994). 

dx
d

rAsgsg σενβεερρ +=−− )(                                                         (3.4) 

where, σ is the solid pressure, βA is the friction coefficient for model A, vr is the relative 

velocity, solid velocity relative to the fluid velocity, εs and ε are the solid and gas volume 

fraction, ρs and ρg are solid and gas density, g is the gravity and x is the coordinate or the 

height of settling bed, respectively. 

After settling is essentially complete, when there is no motion, Eq.(3.4) gives 

∫−= x dxsgsgs 0)()( ερρεσ                                                                                (3.5)   

where, x is the distance from the bottom of bed to a clear interface of setting column. 

A measurement of the solids distribution (εs) as a function of height by means of 

the γ-ray densitometer gives this solids pressure as a function of the solids volume 

fraction. The solid stress modulus G (εs) was defined as  

s
s

sG
ε
εσ

ε
∂

∂
=

)(
)(                                                                                                  (3.6)    
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The solid stress modulus G (εs) must be a positive value to satisfy the stability 

condition of the second law of thermodynamics. In our gas-solid fluidized beds, this solid 

stress modulus G (εs) was expressed as a function of the gas volume fraction. An 

exponential form used is  

ba
gG g +−

=
εε 10)(                                                                                            (3.7) 

3.3.4 Electric Force Measurements Using an Electrometer. For the nano-size 

particles, one of the most important parameters is the electric force due to the presence of 

the large surface charge. The electric force acting on a particle (Fe) in an electrostatic 

field is the product of the charge on the particle (q) and the electric field strength (E). 

qEeF =                                                                                                               (3.8) 

The electric field strength was measured from the voltage or potential difference 

between two parallel electrode plates.  

X
VE

∆
∆

=                                                                                                              (3.9)    

The surface charge per particle was measured by inserting a metallic ball probe 

into the stream of charged particles (Soo, 1967; Mukherjee, 1987) and by the use of a 

Faraday cup (Gupta, 1990; Gupta, et al, 1993). In this study, we used a Faraday cup 

perfected by Gupta. If a charged object is placed in the container, an equal and opposite 

charge is induced on the inner wall. This charge leaves behind an equal and opposite 

charge on the capacitor of the electrometer which can be measured to give the charge 

inside the container. The weight of the particles collected inside the inner chamber of the 

Faraday cage is then determined, giving an estimate of an average charge-to-mass ratio of 

the particle. The typical range of the charge measurement using a Faraday cage is 10-3 to 
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10-6 C/kg. Details of the principle of operation were reported by Gupta (1990). We need 

to know not only the surface charges of particles and the electric field strength but also 

the electrophoretic mobility for the application of fluidization field of nano-size particles. 

When a charged particle is placed in an applied electric field, the moving velocity of 

particle by electric force can be determined in a manner similar to the terminal settling 

velocity (Hinds, 1982). The particle velocity is related to the electrophoretic mobility by 

means of the following relation 

EEMpV ⋅=                                                                                                     (3.10)  

where, EM is the electrophoretic mobility, Vp is the particle velocity. 

In our experiments, the potential difference was obtained at a specific air velocity 

after it reached a steady state at the constant inlet air temperature and relative humidity. 

We measured simultaneously the streaming potential and the pressure drop in the 

rectangular packed bed. Chowdiah, et al (1981) used a similar method for the filtration of 

colloidal particles suspended in a non-aqueous solution. 

 

3.4 Experimental Results and Discussion 

3.4.1 Pressure Drop and Minimum Fluidization. The measured pressure drop 

across the bed as a function of superficial air velocity is shown in Figure 3.6. The 

pressure drop increased from 20 N/m2 at a velocity of about 0.003m/sec to the constant 

value of 39.1 N/m2, which was the weight of the bed. The minimum fluidization velocity 

is determined empirically by the intersection of the weight of the bed calculated above 

and the pressure drop curves for increasing and decreasing superficial gas velocity. The 

minimum fluidization velocity was determined to be 0.0115 m/sec at the unusually low 
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(for ordinary particles) volume fraction of 0.0077. The fluidized bed height at the 

minimum fluidization velocity was about 2.8 times the static bed height. The channeling 

phenomenon was not visually observed in the superficial gas velocity range. But, with the 

broad agglomerated particles size distribution, this phenomenon was observed up to the 

gas velocity of about 0.01 m/sec and then the agglomerated particles were fluidized. 

There is a hysteresis between the measurements of pressure drop for increasing and 

decreasing gas flows. This strongly suggests the existence of yield stresses in the particle 

assemblies which form the expanded, but non-bubbling beds (Tsinontides and Jackson, 

1993). The Darcy’s law for the flow of a fluid through a porous medium was applied in 

our fluidized bed at the above-determined minimum fluidized velocity. In our very low 

solid volume fraction range, the Darcy’s law (Bird, et al 1960) is 

PKV ∇−=
µ

                                                                                                     (3.11) 

where, V is the superficial gas velocity, K is the permeability of the porous medium, µ is 

the viscosity of the gas, ∇P is the pressure drop across the fluidized bed.  

The permeability is expressed as follows in the porous medium. 

2
8
1 RK ε=                                                                                                        (3.12) 

where, ε is the porosity or gas volume fraction, R is the pore radius. 

In our fluidized bed at the minimum fluidization velocity, the permeability (k) is 

0.135×10-8 m2, the pore radius is 0.104×10-3 m.  

3.4.2 Bubbling. The three-dimensional time-averaged solid volume fraction 

profile at the centerline for a 0.085 m/sec central rectangular jet and a 0.015 m/sec grid 

velocity is shown in Figure 3.7. The average solid volume fraction was the low value of 
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0.38%. As a function of bed height it decreased linearly from about 0.6 % to 0.2%. The 

expanded height of the bed was about 0.52 m. It formed a clear interface between the 

fluidized regimes and the free board regimes. From the visual observation, we found that 

a symmetrical solid re-circulation pattern (small vortex) occurs in the lower portion of the 

fluidized bed. Then the solid slowly moved to the upper portion of the three-dimensional 

fluidized bed. The small bubbles formed at the bottom of bed grow, coalesce and then 

burst at the top of the bed.  

3.4.3 Bed Collapse. The collapsing bed experiments are used to characterize 

particles. Such an experiment consists of fluidizing a bed to a quasi-steady-state 

condition and then suddenly stopping the gas flow. The collapsing bed experiment has 

been divided into three separate stages consisting of the bubble escape stage, the 

sedimentation stage and the solid consolidation stage (Gelderbloom, 2001).  In the fist 

stage, the bubbles in the fluidized bed continue to rise up to the top and then burst. In the 

second stage with the fall of the bed height, there exists a constant settling zone having a 

relatively constant solid volume fraction and velocity and a sediment layer having an 

increased solid volume fraction in the bottom of the bed. The third stage, which begins 

when the top of the setting zone has reached the sediment layer, has a slow compaction of 

the particles depending on the particle characteristics. Typical photographs of the 

collapsing process made using a video camera are shown in Figure 3.17. They show the 

formation of a clear interface between the setting zone and the solid-free air zone. The 

height of the interface was visually obtained as a function of time. It is shown in Figure 

3.8 as a collapsing curve for Tullanox. The collapsing curve has a sharp falling curve 

followed by a slower decline. The observed behavior was similar to that of the settling 
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curve of Yang, et al (1997) as reported by Susan Gelderbloom (2001). The initial 

collapsing velocity of 0.0249 m/sec agrees with the averaged superficial gas velocity of 

0.0244 m/sec in the fluidized bed with a jet. This observation is similar to the 

experimental results of Barreto (1988).      

3.4.4 Solid Pressure and Solid Stress Modulus. The solids stress modulus was 

determined as a function of solids volume fraction from the settling experiments with 

Tullanox. The solids stress is physically necessary to prevent the particles from 

compacting to unreasonably high solids volume fractions in a computational fluid 

dynamics (CFD) code. The solid volume fractions were obtained as a function of bed 

height using the γ-ray densitometer. They are shown in Figure 3.9. The solid pressure (σ) 

as a function of the averaged solid volume fraction was estimated from Figure 3.9 using 

equation (5). The solid stress modulus [G(εs)] was determined from the equation (6) and 

expressed as 

)2(667.18926.1410)( −⋅
+−

= cmdynegG gεε                                                  (3.13) 

It is shown in Figure 3.10. This solid stress modulus is now being used in the IIT 

CFD multiphase code to model sedimentation.  These values agree with the critical flow 

given by  

s
GVs
ρ

=                                                                                                          (3.14) 

The critical velocity is 0.7 m/sec at a solid volume fraction of 0.02. It is similar to 

the Ding’s experimental values (Gidaspow, et al 1986) in which the typical critical 

velocity value of the particulate phase was one meter per second. 
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Figure 3.6 The Measured Pressure Drop Across the Bed as a Function 
                   of Superficial Air Velocity 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7 Time-averaged Solid Volume Fraction Profile as a Function of  
                Height of Fluidized Bed at the Centerline of the Bubbling Bed 
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Figure 3.8 Collapsing Curve as a function of Time for Tullanox 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.9 Time-averaged Solid Volume Fractions as a Function 
                       of Bed Height at Constant Collapsing Time 
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Figure 3.10 Solid Stress Modulus as a Function of Void Fraction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.11 Potential Difference as a Function of Superficial Air Velocity in Packed 
        Bed with Gap of 0.102m between Two Parallel Electrode Plates 
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3.4.5 Electric Force. Figure 3.11 shows the potential difference as a function of 

the superficial air velocity in the packed bed with two electrodes. Here the Tullanox was 

more compact with the bulk density of 67 kg/m3 in the bed. The potential difference 

between two parallel electrode plates is an averaged value of –0.233Volt in the range of 

the superficial air velocity from 0.01 m/sec to 0.02 m/sec with a constant 84°F relative 

humidity. A ratio of the potential difference to the pressure drop (39.1 N/m2) based on the 

weight of bed in the bubbling bed is 0.0158 Volt/(N/m2). The surface charge of Tullanox 

measured using a Faraday cup is –2.4×10-4 C/kg. The electrical force is –0.73 N/m2 using 

the potential difference of 0.25 volt/m and a surface charge of –2.4×10-4 C/kg at averaged 

superficial gas velocity of 0.0244 m/sec in the bubbling bed. In case of negligible 

acceleration and normal stress with applied electric force, the sum of solid and gas 

momentum gives the mixture momentum equation (Shih, et al 1987).    
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ερ                                                                                (3.15) 

Pressure Drop = Weight of Bed + Electrical Force  

  (39.1N/m2)       (42.34N/m2)       (-0.7326N/m2) 

 

3.5 Hydrodynamic Model 

A transient, isothermal, gas-solid flow model for describing the hydrodynamics of 

settling developed earlier (Gidaspow, 1994) was used. The hydrodynamic model uses the 

principles of mass conservation and momentum balance for each phase. The governing 

equations are shown in Chapter 2. This approach is similar to that of Soo (1967) for 

multiphase flow and of Jackson (1985; 2000) for fluidization. In this model the total 
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pressure, P, is only in the gas phase momentum balance. This is a generalization of 

hydrodynamic model B for gas-solid systems as discussed by Gidaspow (1994) in 

Section 2.4.  

For the simulation of the gas-solid flow, we use the solid pressure obtained in the 

previous section and use the input viscosity model, in which the solid viscosity has the 

value of 5poises times the particle concentration used for 75µm FCC particles (Sun and 

Gidaspow, 1999) in the riser. Previously Gelderbloom (2001) showed that the effect of 

viscosity is negligibly small.    

To obtain the numerical solution of nonlinear-coupled partial differential 

equations, a uniform computational mesh (0.003 by 0.003 m) is used in finite-

differencing the equations based on the ICE (Implicit Continuous Eularian, Rivard, et al 

1977; Jayaswal, 1991) method with appropriate initial and boundary conditions. The 

scalar variables are located at the cell center and the vector variables at the cell 

boundaries.  The momentum equation is solved using a staggered mesh, while the 

continuity equation is solved using a donor cell method. 

The definition of appropriate initial and boundary conditions is critical for the 

carrying out of a realistic simulation for adequate comparison to experiment. All the 

simulations are carried out in a two-dimensional Cartesian coordinates with a total of 46 

× 208 computational meshes. No slip velocity boundary conditions are employed for both 

phases at the left and right walls. Neumann boundary conditions are applied to the solid-

gas flow with the constant pressure of 1.01325 N/m2 at the top wall. Dirichlet boundary 

conditions are applied with a constant gas velocity and zero solid velocity at the bottom 

wall. The initial conditions and the configuration for the simulation are shown in Figure 
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3.12. The convergence criterion for the simulation was 10-5 with a time interval of 10-5sec. 

The simulation is run for 40 to 80 seconds with different particle sizes until a quasi steady 

state condition is reached. At that time the gas inlet flow is shut off and the simulation is 

continued until the particles in the bed have completely collapsed.     

 

3.6 Computational Results 

3.6.1 The Determination of Particle Size for Simulation.  When the superficial 

velocity in the fluidized bed is greater than the minimum fluidization velocity, the bed 

expands linearly as air flow increases. At the unusually low solid volume fraction of our 

experiment, the Reynolds number is less then 0.2 using the particle size of about 3µm 

obtained from the Ergun equation. We assume that the particles satisfy the Stokes’s law 

for a single particle in an infinite incompressible Newtonian fluid when the gas volume 

fraction nears one. We then use the Richardson and Zaki (Davidson and Harrison, 1963) 

result based on the fluidization and sedimentation experiments. 

n

tV
V ε=                                                                                                               (3.16) 

where n = 4.65  for Re < 0.2     

When ε=1, the superficial velocity V of fluidized bed equals the terminal velocity 

Vt of an isolated particle.  

In our experiments, the terminal velocity is 0.025 m/sec with the superficial gas 

velocity of a 0.0244 m/sec and an unusually low solid volume fraction of 0.38% in the 

bubbling bed. An agglomerate or floc size of 19.5µm is used a primary input in our 

simulation.  
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Figure 3.12 Initial Conditions and Configuration for the Simulation 

Figure 3.13 Velocity Plots and Solid Volume Fraction  
    for a Bubbling Bed Averaged from 25 to 40 sec 
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3.6.2 Flow Field and Averaged Velocity Profiles in the Bubbling Fluidization.  

Figure 3.13 shows the two-dimensional time averaged solid volume fraction contour plots 

and the time-averaged velocity vectors obtained from 25 to 40 seconds with an input 

particle size of 18µm in the bubbling bed. The computed flow pattern shows a gulf-effect 

with an upward flow in the center region and downward flow near the walls in the 

relatively dense phase. This is in qualitative agreement with our experiment. The 

simulated time-averaged solid volume fraction profile at the centerline shows a typical 

entrainment curve in the bubbling fluidized bed. In the disengagement section, the 

volume fraction of solids decreased linearly as a function of bed height.  

3.6.3 Granular Temperature in the Bubbling Fluidization.  The granular 

temperature was measured by means of the CCD video camera technique (Gidaspow and 

Huilin, 1996) and by an acoustic shot noise technique (Cody, et al, 1996) in fluidized 

beds. The granular temperature, 2/3 of the random particle kinetic energy, is defined as 

the ensemble average of the squares of fluctuation velocities. The fluctuating particle 

velocities are given by the instantaneous particle velocities (vi) minus the time-averaged 

particle velocity (vm). The variances of particle velocities in statistics are represented by 

the following relation. 

∑
=

−=
N

i
mii vv

N 1

22 )(1σ                                                                                         (3.17) 

It is reasonable to use the assumption that the y direction variance equals the x 

direction variance since the velocity components in x- and y-direction are small 

compared to z-direction, the vertical direction. Hence the granular temperature is related 

to the variances by means of the following relation. 
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Figure 3.14 Axial Solids Velocity for a Bubbling Bed Averaged from 25 to 40 sec 
 

Figure 3.15 Granular Temperature for a Bubbling Bed Averaged from 25 to 40 sec 
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Figures 3.14 and 3.15 show the averaged axial solids velocity and the granular 

temperature calculated from 25sec to 40sec for an input agglomerate size of 18µm. The 

solids velocity profile for the bubbling bed with a jet shows a core annular flow similar to 

that for a riser (Gidaspow, 1994) at the bottom regime of the bed. At the walls there 

exists a thick dense annular region. The turbulent intensity, the ratio of the square root of 

the maximum granular temperature to the superficial velocity, is of the order of 0.5. This 

value is similar to that determined by Cody, et al for group B particles. Hence we expect 

that mixing of nanoparticles will not be a major problem. Figure 3.15, however, shows 

that there exist regimes where the granular temperature is very low. To eliminate such 

stagnant zones, a proper design will be needed.      

3.6.4 Collapse Velocity in Collapse Bed.  Figure 3.16 shows the simulated bed 

collapsing process. Figure 3.17 depicts the experiment. We see good qualitative 

agreement between the theory and the experiment. The computed curve in Figure 3.16 

also shows the rise of the bottom dense layer that is not captured by video camera in 

Figure 3.17. Figure 3.18 shows the collapse bed height as a function of the time obtained 

from experiment and simulation, in which the bed height for the simulation is determined 

from the value of 0.15% volume fraction generated by taking the averaged solid volume 

fraction across the domain of the bed at each grid height. The predicted initial collapse 

velocities are sensitive to the use of the particle size. The 19.5µm particle shows a lower 

bed expansion and a higher collapse velocity than those of the experiment, while the 

18µm particle shows a lower collapse velocity. From the experimental data and visual 

observation, the prediction with an 18µm floc shows more reasonable agreement for the 
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fluidization of the nano-size particles. Figure 3.19 shows a relation of collapse velocity 

and superficial gas velocity of Geldart A and nanoparticles obtained from experiment and 

simulation. The collapse velocities of nanoparticles show a similar trend to those of 

Geldart A particles computed by Gelderbloom (2001). In her simulation actual particle 

sizes were used.  

 

3.7 Conclusions 

Nanosize particles can be fluidized due to formation of light agglomerates. There 

exists a classical type minimum fluidization velocity, where the weight of the bed equals 

the pressure drop. For Tullanox, 10 nm silica particles, the volume fraction of the solid at 

minimum fluidization is extremely low, 0.77% solids. The minimum fluidization velocity 

is 0.0115 m/sec. No large bubbles were observed during fluidization. There were also no 

bubbles computed using the CFD code used previously to compute bubbles for A and B 

particles.   

Standard bed collapse experiments conducted with the nanosize particles 

produced a settling velocity similar to that for Geldart A particles. The bed expansion 

ratio was higher than that for A particles.  

An empirical correlation of stress modulus was obtained for Tullanox using solids 

volume fraction measurement obtained with a γ-ray densitometer. This relation is an 

input into CFD codes that model bubbling and sedimentation.  

Streaming potential measurements produced a relation between voltage and 

airflow rate. The electric field generated by the flow was of the order of 2.5 volts per 
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meter. This was lower than expected due to the formation of agglomerates and 

subsequent bypassing of flow.  

Our CFD model predicted the observed sedimentation process. The important 

input into the code was an effective size of the agglomerate and the measured stress 

modulus. A previous simulation of the collapsing bed for A and B particles had shown 

good agreement of experiment and the theory using actual particle diameters. Hence we 

conclude that the standard collapsing bed experiment widely used in industry to 

characterize particles is an effective tool for understanding particle rheology. 

For fluidization the computer code predicted granular temperatures of the order of 

those for Geldart group B measured by G. D. Cody using his acoustic shot noise 

technique. The highest turbulent intensity (ratio of the turbulent to gas and/or local solids 

velocity) is of the order of 0.5, similar to Cody’s group B. However, the granular 

temperatures are high in the regions where the solids move rapidly up and down. They 

are very low in the more stagnant regions of the bed. 
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Figure 3.18 Collapsing Curve as a function of Time Obtained from 
                      Experiment and Simulation for Tullanox 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   Figure 3.19 The Relation of Collapse Velocity and Superficial Gas Velocity of  
      Geldart A and Nanoparticles Obtained from Experiment and Simulation 
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CHAPTER IV 
 

EXPERIMENTAL STUDY  

IN BUBBLING AND TURBURENT FLUIDIZED BEDS 

 

4.1 Introduction 

The technique of fluidization has been widely used commercially for chemical 

reactors such as fluid catalytic cracking (FCC), coal gasification, Fischer-Tropsch 

synthesis and polymerization (Grace, 1986; Kunii and Levenspiel, 1991; Bi et al., 2000). 

In the fluidized bed reactors, the fine powders are suspended in fluid like a gas and the 

gas bubbles provide the energy to keep the highly solids mixing. The main advantage is 

its continuous powder handling ability and its good heat and mass transfer characteristics. 

A measure of the quality of mass transfer is the particle diffusivity or dispersion 

coefficient. A review of the literature (Potter, 1971; Bi, et al 2000; Du, et al 2002) shows 

that they vary by five orders of magnitude. We believe these properties in the fluidized 

bed reactors are due to nearly elastic random oscillations of particles suspended in fluids. 

Hence kinetic theory is ideally suited to describe such flows. Stuart Savage and others 

(Savage and Jeffrey, 1981; Lun et al, 1984) showed that the dense-phase kinetic theory, 

as presented by Chapman and Cowling (1970), can be applied to granular flow of the 

particles. Gidaspow (1994, 2003) has reviewed this theory.  

In granular flow particles dissipate energy due to inelastic collisions by means of 

the restitution coefficient, which was determined from the shear cell experiments 

(Bagnold, 1954; Savage and Sayed, 1984; Craig et al, 1986) or particle impact 

measurements (Goldsmith, 1960; Johnson, 1985; Lun and Savage, 1986; Kharaz et. al, 
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1999). The granular temperature can be obtained from the variances of the instantaneous 

particle velocities measured by a CCD camera method (Gidaspow and Huilin, 1996; 

1998a) or an acoustic shot noise method (Cody et al, 1996) with a vibration meter. 

Campbell and Wang (1991) and Polasenski and chen (1997, 1999) measured particle 

pressures using the particle pressure transducer. Gidaspow and Huilin (1996) have shown 

that the viscosity obtained from the kinetic theory formulas agrees with macroscopic 

measurements in a vertical pipe. They (1998a) have also shown that there exists an 

analogue of the ideal equation of state for particles. Cody’s group at Exxon showed that 

there was a maximum in the particle fluctuation velocity for Geldart group A particles 

(Buyevich and Cody, 1998). Polasenski and chen (1997, 1999) estimated the reasonable 

particle viscosity using the kinetic theory formulas from the measured particle pressure in 

fluidized beds.  

Most of studies on the kinetic theory of granular flow in the literature are focused 

on the bubbling beds and riser. Recent years have seen an upsurge in interest in turbulent 

fluidization (Bi et al., 2000; Du et al., 2002). In this work, we have extended the CCD 

camera technique for granular temperature in a riser (Tartan and Gidaspow, 2002) to the 

bubbling and turbulent fluidization regimes. In order to understand in turbulent flow, we 

measured solids fraction and elutriation in three-dimensional fluidized beds with a central 

jet. The mixing for solids was estimated from the early random walk theory of 

Ruckenstein (1964, 1966).  
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4.2 Experimental Setup and Procedure  

The experimental setup used for the bubble formation of Geldart group B particles 

in gas-solids flows is shown schematically in Figure 4.1. A rectangular bed was 

constructed from glass sheets to prevent particles from sticking on the wall of the bed and 

to facilitate visual observation and video recording of the bed operations such as 

bubbling, bed expansion, and the mixing and segregation of particles. The bed height was 

0.58 m and the cross-section was 0.154 m by 0.022 m. In order to achieve a uniform 

fluidization, a rectangular gas distributor with the height of 0.18 m was used. It was 

covered with 165 x 1400 mesh 304L stainless steel wire (Newark Wire Cloth Company). 

Air passed through a bed of activated silica gel. Air flow was measured by means of 

rotameters. A cylindrical bed with a diameter of 0.076 m and a height of 0.3m was 

constructed by the same method with a rectangular bed for the viscosity measurement.   

A three-dimensional rectangular bed with a central rectangular jet was constructed from 

glass sheets to investigate the gas-solids flows of Geldart group A particles, figure 4.2. 

The system was similar to that described in Chapter 3. The bed height was 0.62 m and the 

cross-section was 0.133 m by 0.094 m. The solids separated from the cyclone returned to 

the fluidized beds.   

The material used as the solids were glass spheres (Spacer Application Glass 

Beads, Potters Industries Inc.) with an average particle diameter of 530 µm, 273 µm and 

42 µm and density of 2500 kg/m3. The minimum fluidization velocity was estimated by 

means of a pressure drop measurement by varying superficial air velocity. The solids was 

charged into the fluidized bed to give a static bed height of 0.14 m for experiment in two-

dimensional beds and then fluidized with a uniform inlet air velocity. The superficial gas  
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Figure 4.1 Experimental Schematic Diagram for Two-Dimensional  
   Rectangular Fluidized Bed  
   [0.154 m (Width) × 0.022 m (Depth) × 0.58 m (Height)] 
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Figure 4.2 Schematic Diagram for Three-Dimensional Rectangular          
   Fluidized Bed with a Central Rectangular Jet 
   [0.133 m (Width) × 0.094 m (Depth) × 0.62 m (Height)] 
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velocity was varied from the minimum fluidized velocity to five times higher velocity 

than the minimum fluidized velocity of particles. For three-dimensional fluidized beds, 

the particles loaded with a static bed height of 0.08 m were fluidized by two grid flows of 

1 cm/sec and a central air jet of 136 cm/sec.  

4.2.1 Particle Velocity. The particle velocity was measured by means of the color 

video camera using a charge-coupled device (CCD) shown in Figure 4.1. In this 

technique, the particle velocity was measured by means of a length of a streak divided by 

the elapsed time. It was described by Gidaspow and Huilin (1996, 1998a) in great detail. 

In order to get a good visualization of microscopic movement of particles, a fiber-optic 

light at the front or the back side was reflected on the field of view in the experiments. As 

the particles were fluidized inside the bed, the camera with a zoom lens (Navitar), 18-108 

mm or 0.02-125.68 mm, and close up focus transferred its field of view to the monitor 

with streak lines. These streak lines represented the space traveled by the particles in a 

given time interval specified on the camera. The images were then captured and digitized 

by a micro-imaging board and analyzed using Image-Pro Plus software. Radial and axial 

velocity measurements were conducted at different locations inside the bed. The velocity 

vector shown in Figure 4.3 was calculated as, 

αα sin),(                    ,cos),(
t
Ltrc

t
Ltrc yx ∆

∆
=

∆
∆

=                                            (4.1) 

where, ∆L is the distance traveled, α is the angle from vertical, ∆t is the inverse of shutter 

speed, and cx and cy are the axial and lateral velocity components, respectively. 

Figures 4.4 and 4.5 show the typical axial and lateral particle velocity histogram 

for an emulsion phase and a bubble phase in the bubbling bed with the particle diameter 

of 530 µm at center region of the bed height of 14cm. In order to get a good microscopic 
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movement of particles, the image of the streak line was divided into an emulsion phase 

and a bubble phase. The view area was a 0.344 cm × 0.258 cm for an emulsion phase and 

a 0.688 cm × 0.516 cm for a bubble phase. The exposure time was 1/250 sec. The number 

of streak line at each frame was between 20 and 60. The standard deviation of the lateral 

and axial particle velocity for an emulsion phase is about 3.47 cm/sec. The standard 

deviation of the axial particle velocity for a bubble phase is four times higher than that of 

the radial particle velocity of 5.42 cm/sec. Figures 4.6 and 4.7 show the typical particle 

velocity distribution obtained from the axial and lateral particle velocity fluctuations (C) 

during a given period of time. The particle velocity fluctuation is given by the 

instantaneous particle velocity (c(r,t)) minus the local mean particle velocity (v(r,t)). 

They show the Maxwell-Boltzmann velocity distribution about the mean value of zero.  

 

 

cx

cy 

α ∆L

Figure 4.3 Typical Particle Streak Images Captured by the CCD Camera 
   Particle Diameter : 530 µm Glass Beads, Particle Density: 2500 kg/m3,   
   Exposure Time (∆t) : 0.004 sec 
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σs = 3.47 cm/sec 
vs = -2.42 cm/sec 

σs = 3.47 cm/sec 
vs = 7.90 cm/sec 

Figure 4.4 Histogram of Axial and Lateral Particle Velocity for an Emulsion Phase
   of 530 µm Glass Beads in the Center Region at a Bed Height of 14cm, 
   Superficial Inlet Velocity is 58.7 cm/sec, Exposure time is 1/250 sec, 
   View Area is a 0.344 cm × 0.258 cm, Bin Size is 2cm/sec 
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Figure 4.5 Histogram of Axial and Lateral particle Velocity for a Bubble Phase of  
   530 µm Glass Beads in the Center Region at a Bed Height of 14cm  
   Superficial Inlet Velocity is 58.7 cm/sec, Exposure time is 1/250 sec, 
   View Area is a 0.688 cm × 0.516 cm for a Bubble Phase,  
   Bin size is 5 cm/sec for Lateral and is 15 cm/sec for Axial 

σs = 25.47 cm/sec 
vs = 38.03 cm/sec 

σs = 5.42 cm/sec 
vs = 7.99 cm/sec 
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σs = 3.57 cm/sec 

σs = 4.51 cm/sec 

Figure 4.6 Typical Particle Velocity Distribution Obtained from the Axial and  
   Radial Particle Velocity Fluctuation (C = c-v) over All Frames for an Emulsion  
   Phase of 530 µm Glass Beads in the Center Region at a Bed Height of 14cm, 
   Bin Size is 2cm/sec for Axial and 1cm/sec for Radial  
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σs = 12.60 cm/sec 

σs = 6.43 cm/sec 

Figure 4.7 Typical Particle Velocity Distribution Obtained from the Axial and  
   Radial Particle Velocity Fluctuation (C = c-v) over All Frames for a Bubble    
   Phase of 530 µm Glass Beads in the Center Region at a Bed Height of 14cm,  
   Bin Size is 2cm/sec for Axial and 1cm/sec for Radial  
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4.2.2 Bubble Size and Velocity. Bubbles in two-dimensional beds were recorded 

by a digital video camcorder (Canon) and then captured and analyzed using Image-Pro 

Plus software. Bubble size was averaged at the bed height of 10 cm over 600 pictures 

captured by 32 frames per second. Only bubbles that were fully enclosed were used in the 

count, where the center of bubbles was at the bed height of 10 cm. Bubble diameter was 

an equivalent diameter described by Gelderbloom et al (2003). Bubble velocity was 

measured by the travel length of a bubble between two frames at the bed height of 10 cm. 

4.2.3 Solid Volume Fraction. The time-averaged solids volume fraction was 

obtained by means of the γ-ray adsorption techniques at a designated location shown in 

Figures 4.1 and 4.2. The γ-ray densitometer has been used previously to measure 

porosities of fluidized beds (Seo and Gidaspow, 1987; Miller and Gidaspow, 1992; 

Gidaspow and Huilin, 1996) and solids concentrations in nonaqueous suspensions 

(Jayaswal, 1991). This technique is based on the fact that the reading of the transmitted γ-

rays can be described as a linear function of the porosity of the system. The γ-ray 

densitometer was calibrated using the same methods described earlier by Seo and 

Gidaspow (1987). The γ-ray densitometer assembly and method are that described in 

Gidaspow (1994) and in Chapter 3. 

4.2.4 Particle viscosity. The effective particle viscosities were measured using 

the Brookfield digital viscometer (model LVDV-II+) with spring a torque of 673.7 dyne-

cm. The viscometer was placed at the top of the fluidized bed, and secured over the 

centerline of the bed. The cylindrical spindle of LV2 or LV3 was attached to the bottom 

of the viscometer without the guard and was lowered inside the fluidized bed until it was 

completely immersed in the initial bed height of 17cm during measurements. The 
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viscosities were measured with a rotational speed of 100 rpm and then averaged for two 

minutes. The calibration of the viscometer-spindle apparatus was done using a Newtonian 

liquid, namely, water.  

 

4.3 Experimental Results in Two-Dimensional Beds 

4.3.1 Granular Temperature. The granular temperature, which is 2/3 of the 

random particle kinetic energy, was defined as the mean of the squares of a particle 

velocity fluctuation (C). 

><= 2

3
1 C

r
θ                                                                                                       (4.2) 

The particle velocity fluctuation is given by the measured instantaneous particle velocity 

(c(r,t)) minus the local mean particle velocity (v(r,t)) over small volume regions. In the 

kinetic theory of non-uniform gases (Chapman and Cowling, 1970), the small volume for 

averaging of point variable is large enough to contain a great number of molecules, while 

still possessing dimensions small compared with the scale of variation of such 

macroscopic quantities as the pressure, temperature, or mass-velocity of the gas. The 

averaged time of point variable is long compared with the average time that would be 

taken by a molecule to cross small volume (dr) if undeflected, yet short compared with 

the scale of time-variation of the macroscopic properties of the gas.      

The mean particle velocity fluctuation (<C>(r,t)) is zero relative to the local mean 

particle velocity as shown in Figures 4.6 and 4.7.  

0>=<−>>=<< vcC                                                                                      (4.3) 

where the mean of local mean particle velocity (<v>), or the hydrodynamic velocity of 

particle given by Gidaspow (1994), equals to the local mean particle velocity (v).    
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Tartan and Gidaspow (2002) calculated the granular temperature from the 

measurements of the particle phase normal stresses (CC), represented as the squares of a 

particle velocity fluctuation, and particle phase normal Reynolds stresses (VV) in a riser 

with 530 µm glass beads. Here the streak line of particles was measured by means of a 

CCD camera technique. Figure 4.8 shows the comparison of granular temperature 

obtained by such methods, where the inlet velocity was 58.7 cm/sec and the measuring 

point was the fluidized bed height at 14 cm for 530 µm glass beads.  

The particle granular temperature (θParticle) over a given frame was defined as the 

mean of particle normal stresses (<CC(r,t)>) of each frame as shown in equation 4.2. The 

particle normal stress of each direction is 

∑
=

−−=><
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iikiikii trvtrctrvtrc

n
trCC

1
)),(),())(,(),((1),(                                (4.4) 
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),(1),(                                                                                          (4.5) 

where, i is x, y and z direction and n is the number of particles per unit volume. 

The particle granular temperature (θParticle) represented in Figure 4.8 is the mean particle 

granular temperature over a given time, where granular temperature was weighted by the 

ratio of the number of picture of the emulsion phase and the bubble phase taken at same 

time. It is reasonable to use the assumption that the y-direction (lateral) variance equals 

the z-direction (depth) variance, described earlier by Gidaspow and Huilin (1998a) for a 

riser, since the variance in the two directions is same for an emulsion phase and the 

variances in y-direction are small compared to x-direction (vertical) for a bubble phase. 

This was proved for the IIT riser by Tartan and Gidaspow (2002). Hence the granular 
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temperature of each frame is related to the particle normal stresses variances by means of 

the following relation.  
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The bubble-like granular temperature (θBubble-like) is defined by the particle phase 

normal Reynolds stresses (VV), which is similar to the Reynolds stresses of single phase 

for a gas (Tennekes and Lumley, 1972), over a given time. Here the mean particle 

velocity )(v  was calculated by averaging the mean particle velocities (v) in each frame.  
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where, m is the total number of frames over a given time period.  

The granular temperatures are the constant in the center region of the bubbling bed as 

shown in Figure 4.8. The mean particle granular temperature over a given time is 33 

cm2/sec2 and the bubble-like granular temperature is 65 cm2/sec2.   

The particle granular temperature is similar to that of time series analysis for 

turbulence in a gas-liquid bubble column (Mudde et al, 1997), where the measured 

velocity of tracer particle showed a high frequency oscillation in a very small time. The 

normal stresses were a flat, like the granular temperatures. The particle granular 
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temperature is due to the oscillation of particles over small regions for a small time 

period.  

Cody et al. (1996) measured the granular temperature using an acoustic shot noise 

technique in the fluidized bubbling beds. The cylindrical bed had a diameter of 7.4 cm 

and a bed height of 28 cm. Particles were charged to give a static bed height of 18cm and 

then fluidized with several inlet gas velocities. The vibrational signal at the wall of the 

fluidized bed was converted to give the granular temperature averaged over the surface 

area of the cylinder. The number of samples was 100 (3.2 sec sampling time), where the 

impact time of particle at the wall for each sample was faster than 0.1 ms. The 

extrapolation from the cody’s Experimental data (Cody, 2000) gives a granular 

temperature of 77 cm2/sec2 for the 530µm glass beads. It agrees well with a bubble–like 

granular temperature measured by our CCD camera technique. As pointed out by Cody et 

al. (1996), bubbles may contribute indirectly though their contribution to the averaged 

granular temperature, the bubble-like granular temperature. The bubble-like granular 

temperature in this study is a higher value than that of the mean particle granular 

temperature. In the center region of riser (Tartan and Gidaspow, 2002), the bubble-like 

(Reynolds-like) granular temperature was lower than that of the particle granular 

temperature. 

Figure 4.9 shows the comparison of measured particle plus bubble-like granular 

temperature to total granular temperature for 530 µm glass beads. Total granular 

temperature (θTotal) was obtained from the sum of all frames over time and velocity space 

given by Matonis et al. (2002) in a slurry bubble column. It is similar to that for the 

particle granular temperature, but the mean particle velocity, instead v(r,t), is the average 
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value of all frames (c0(r)). A similar analysis was performed by Mudde et al. (1997) for 

obtaining stress in a gas-liquid bubble column. 
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where, n is the number of the streak line over all frames.   

The total granular temperature is 75 cm2/sec2 in the center region, which compares to 150 

cm2/sec2 for 800 µm leads glass beads in the slurry bubble column (Matonis et al, 2002). 

The measured granular temperature showed a constant value as a function of radial 

distance expect near the wall, where there was a higher granular temperature. We also 

measured granular temperatures in one three-dimensional gas-solids bubbling bed with a 

jet. The measured granular temperature in the jet region was 70 cm2/sec2, where a jet 

velocity was similar to an inlet gas velocity in the two-dimensional bubbling bed.  

In this study, the total granular temperature is 20% lower than that by particle plus 

bubble-like granular temperature as shown in Figure 4.9. They should be the same. This 

is an error primarily due to insufficient frames in the velocity space. As pointed out by 

Mudde et al. (1997) in PIV method for a gas-liquid flow, the method for total granular 

temperature may be attributed to the equal weight of the streak lines in all frames. The 

clusters of the small streak lines in a particular frame have a large influence on the 

average over all frames. It is another reason for a discrepancy between total granular 

temperature and particle plus bubble-like granular temperature shown in Figure 4.9. In 

this study, the total and bubble-like granular temperatures show similar values. The 

measured total granular temperature also shows a constant value as function of lateral 

distance due to particle oscillation, with the effect of bubbles flow in the center region.  
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Figure 4.8 A Comparison of Measured Particle and Bubble-like Granular  
   Temperatures for 530 µm Glass Beads at U0/Umf = 2.5  
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It may be a high value due to bubble burst and wall effect as shown in the slurry bubble 

column (Matonis et al, 2002).  

Turbulence intensity, defined as the square of granular temperature divided the 

average solid axial velocity, is 0.7 for total granular temperature, 0.4 for the mean particle 

granular temperature and 0.56 for the bubble-like granular temperature.  

4.3.2 Bubble Size. Figure 4.10 shows a comparison of the equivalent bubble 

diameter measured at the bed height of 10 cm for 530 µm and 273 µm glass beads. 

Darton et al. (1977) predicted the growth of bubble size as a function of the distance 

above the distributor in bubbling fluidized bed. Davidson’s bubble growth model (Darton 

et al, 1977) for Gedart group B particles was  

2.08.0
0

4.0 /)4()(54.0 gAhUUD mfB +−=                                                        (4.11) 

where, DB is the equivalent bubble diameter, U is the superficial gas velocity, Umf is the 

minimum fluidization velocity, h is the height above the distributor, g is the gravity and 

A0 is the catchment area. 04 A  was 0.03 m for porous plate gas distributor. 

The solid lines in Figure 4.10 represent the empirical correlation obtained from 

equation 4.11 at the bed height of 10 cm. They are consistent with equivalent bubble 

diameters obtained from our experimental conditions. From the snap shots made by video 

camcorder, we see that the bubbles formed at the bottom of bed, grow, coalesce near the 

bed height of 10 cm and then burst at the top of the bed for 530 µm glass beads with a 

superficial gas velocity of 57.8 cm/sec. There are large bubbles above the bed height of 

10 cm due to the bubble burst. In case of 273 µm glass beads, the bubbles showed good 

spherical shape below 5 Umf. After that the bubbles are larger than that predicted by 
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Davidson’s model with an oval shape. It may be due to the effect of two dimensional 

beds with a depth of 2.2 cm.  

4.3.3 Viscosity. Figure 4.11 shows particle viscosities measured by means of a 

Brookfield Viscometer in the cylindrical bubbling bed. The measured particle viscosity 

shows an infinite value with no gas flows and a low value near the minimum fluidization 

velocity. It increases to a high value in the viscous region and then decreases with a 

decrease of the solids volume fraction in the grain-inertia region, where the dominant 

effects arise from particle collisions as given by Bagnold (1954). The experimental 

results were represented in an empirical correlation with a radial distribution function 

used by Bagnold. The empirical correlation was 0
3133.0 gss εµ =  for 530 µm glass beads 

and 0
3107.0 gss εµ =  for 42 µm glass beads. Gidaspow and Huilin (1998b) showed a 

similar empirical correlation, a good quantitative agreement with experimental 

measurement, for 70 µm FCC particles. Here, the 1/3 variation of volume fraction of 

particles, εs was obtained from “isotropic” type compression of particles.     

4.3.4 Restitution Coefficients. The restitution coefficients for particle-particle 

collision are an empirical input for CFD simulations based on the kinetic theory of 

granular flow. The restitution coefficient was defined as the ratio of the rebound velocity 

(c’12) after impact to the relative velocity (c12) before impact when two particles are 

colliding (Johnson, 1985). It can be between one and zero. When the restitution 

coefficient equals one, elastic collision, there is no energy loss. When the restitution 

coefficient is less then one, inelastic collision, there is energy dissipation due to particle 

collisions.  
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Figure 4.11 Particle Viscosities Measured by means of a Brookfield  
   Viscometer in the Bubbling Bed.  Lines represent Empirical  Correlation 

Figure 4.10 A Comparison of Bubble Diameter Measured at the Bed Height  
   of 10 cm. Lines represent Empirical Correlation obtained from Davidson  
   Model (Darton, et al 1977)  
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An expression for the restitution coefficients was derived using Hertz theory of 

elastic contact by Johnson (1985). 
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d                                                                                (4.12) 

where Yd is the dynamic yield strength related to the particle stresses, E* is the elastic 

modulus related to the Young’s modulus, R is the relative radius of curvature and c12 is 

the impact velocity described previously. 

From the theoretical analysis of Goldsmith (1960) and Johnson (1985), the restitution 

coefficient is not a material physical property, such as a particle diameter, but depends 

strongly on the particle impact velocity and hardness of the material. At low velocities 

the restitution coefficient is very nearly equal to unity, that is the particles are elastic.   

Such a restitution coefficient was estimated from the shear cell experiments 

(Bagnold, 1954; Savage and Sayed, 1984; Craig et. al, 1986) and the particle impact 

experiments (Goldsmith, 1960; Johnson, 1985; Lun and Savage, 1986; Kharaz et. al, 

1999). Form the shear cell experiments, the normal and shear stresses are a function of a 

power less than two of shear rate for the particle collision regime in the simple shear 

flow. The ratio of shear to normal stress was found to increase with increasing shear rate 

and to decrease with increasing solids volume fraction. The ratio of shear stress to normal 

stress using the kinetic theory of dense granular flow (Gidaspow, 1994) is  

*2
1

)3(
5
6

_
_

R
stressNormal
stressShear −

= π                                                                         (4.13) 

where, dimensionless group R* introduced by Lun and Savage (1986) is 
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Figure 4.12 shows the ratio of shear to normal stress obtained using the particle 

granular temperatures measured by means of the CCD camera technique for 530 µm 

glass beads. The shear rates are obtained from the velocity gradient of particles between a 

bubble phase and an emulsion phase over a given space by considering the shear due to 

bubble motion in the bubbling fluidized beds. The ratio of shear to normal stress 

increases with the shear rate as shown in Figure 4.12. The restitution coefficient was 

calculated from the production-dissipation balance for simple shear flow, with the 

measured particle granular temperature and the measured shear rate. The production-

dissipation balance was equation (10.12) discussed by Gidaspow (1994) in Section 10.1. 

The averaged restitution coefficient is a constant value of 0.99 for the bubbling fluidized 

beds. It has a good agreement with the theory of Lun and Savage (1986) over a given 

experiment range, where the restitution coefficient depended on the impact velocity.  

From Lun and Savage (1986) analysis, the restitution coefficient was assumed to 

decay exponentially with increasing impact velocity.  
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where, δ is a non-dimensional coefficient and k is the unit vector between the centers of 

the two colliding particles.  

Figure 4.13 shows the restitution coefficient as a function of δ(ρp/E*)1/2 and impact 

velocity for glass spheres. The results from the particle impact experiments presented by 

Goldsmith (1960) and Lun and Savage (1986) show the averaged restitution coefficient 
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of 0.95 in an impact velocity range between 100 cm/sec and 250 cm/sec, where a value 

for the group δ(ρp/E*)1/2 was 0.0005 s/cm and the shear rate was about 250 sec-1.  

In our study, the mean particle impact velocity (Lun and Savage, 1986) was estimated 

from particle granular temperatures. 
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= gVi                                                                          (4.16) 

The restitution coefficients estimated from the production-dissipation balance 

show the impact velocity between 50cm/sec and 100 cm/sec with a value of 0.0001 s/cm 

for the group δ(ρp/E*)1/2 as shown in Figure 4.13. The averaged restitution coefficient is 

0.99 with a shear rate of 40 sec-1 as described previously. The restitution coefficient is a 

function of the particle impact velocity or granular temperature. The small difference 

between the particle impact experiment and the bubbling fluidized beds may be due air, 

which acts as a buffer film preventing direct contact between the particle surfaces, as 

recognized by Sinclair and Jackson (1989). This effect is known as the lubrication force. 

The measurement of radial distribution functions of statistical mechanics (Gidaspow and 

Hulin, 1998a) showed that particles fluidized in water fly apart well before contact, at a 

radius of about 50% larger than the particle radius, while particles fluidized in air come 

close to contacting each other. Nevertheless, a thin air film must exist at contact. In our 

CFD simulation of Chapter 5, the restitution coefficient, as an empirical input, was 

assumed to be a constant value of 0.99 for the bubbling fluidized beds.  
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Figure 4.12 Ratio of Shear to Normal Stress Obtained from the Measured  
   Particle Granular Temperature for 530 µm Glass Beads 
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4.4 Experimental Results in Three-Dimensional Beds 

4.4.1 Granular Temperature for 530 µm Glass Beads. We measured granular 

temperatures for 530 µm glass beads in one three-dimensional gas-solids bubbling bed 

with a rectangular central jet. Figure 4.14 shows the granular temperature measured by 

means of CCD Camera technique in the jet region, where a jet velocity was 56 cm/sec 

and two grid velocities were the minimum fluidized velocity of particles. Granular 

temperatures increase from 50 cm2/sec2 to 120 cm2/sec2, with the decrease of solids 

volume fraction. This is due to the increase of mean free path in particles collisional 

regime (Gidspow, 1994). The averaged granular temperature was 70 cm2/sec2, which is 

similar to that measured in the two-dimensional bubbling bed with an uniform inlet 

velocity of 58.7 cm/sec.  

4.4.2 Solid Volume Fraction Profiles for 42 µm Glass Beads. Figures 4.15 and 

4.16 show solids volume fraction profiles and main frequencies measured by γ-ray 

densitometer for 45 µm glass beads in three-dimensional beds with a central jet. The 

volume fraction profile shows a characteristic of turbulent flows with a long tail of the 

transport disengaging height (TDH), where solids volume fraction decreases with the 

height of fluidized bed. The solids entrained by the gas can be returned into the fluidized 

beds though a cyclone. This system is similar to some commercial turbulent fluidized bed 

reactors using fine particle such as FCC regenerators. The maximum solids volume 

fraction in a central jet region is 0.4 near the fluidized height of 6 cm. The solids volume 

fraction profiles are merged with those of grid flows near the fluidized height of 7 cm and 

then decrease with height. The main frequencies in grid flows are 1.6 Hz with a power 

spectral magnitude under 0.6, generally observed in bubbling fluidized beds. But the 
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main frequencies in a central jet are not clear due to the bubble formation. Figure 4.16 

(B) shows the scattered frequency in the jet region with the main frequency of 3.15 and 

the secondary frequency of 1.8.     

4.4.3 Particle Elutriation. Transport disengaging height (TDH) is defined as the 

distance from the dense phase to the freeboard height above which entrainment doest not 

change appreciably in turbulent fluidized beds with several particle sizes. Above the 

TDH, both the size distribution and entrainment rate are close to constant (Kunii and 

Levenspiel, 1991). TDH is related to the superficial gas velocity. TDH approaches zero 

for the minimum fluidization velocity and approaches infinity for dilute suspensions. The 

elutriation of particles is significantly above the terminal velocity (Leva and Wen, 1971). 

Figure 4.17 shows the effect of jet velocity on weight of fine particles separated by 

cyclone. The slope increases with the increase of the jet velocity. A relation between the 

particle elutriation and the gas velocity for glass beads with the mean particle size of 42 

µm is presented in Figure 4.18. Ut is the terminal velocity and E (g/cm2/sec) is the rate of 

solids elutriated by air, calculated based on Figure 4.17. J is the rate of internal solids 

mixing empirically obtained by Talmor and Benenati (Leva and Wen, 1971).   

pd
mf eUUJ 3.66)(785.0 −−×=   (g/cm2/sec)                                                       (4.17) 

Elutriation of particles in the fluidized beds is due to the rising gas bubble. The 

solids carried in the rising bubble are continually exchanged with the solids in the 

emulsion phase. This is the main factor contributing to the mixing as well as the 

segregation of solids in the fluidized beds. The fact that only a small fraction of solids 

carried up by the rising bubble is thrown up can be seen from Figure 4.18. The particle 

elutriation increases linearly with the gas velocity for 42 µm glass beads.   
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Figure 4.14 Granular Temperature Obtained from the Sum of All Frames over Time  
   and Velocity Space for 530 µm Glass Beads in Three-Dimensional Beds with a 
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Figure 4.15 Solid Volume Fraction Profiles Obtained from γ-Densitometer for 42 µm 
   Glass Beads in Three-Dimensional Beds with a rectangular central Jet  
    x: Distance from Center 
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Figure 4.17 Effect of Jet Velocity on Weight of Particles Collected for   
   Glass Beads with Mean diameter of 42 µm 

Figure 4.18 Particle Elutriation for 42 µm Glass Beads  
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4.4.4 Granular Temperature for 42 µm Glass Beads. Figures 4.19 and 4.20 

show particle velocities and granular temperatures measured by means of CCD camera 

technique in central rectangular jet regions between 11 cm and 18 cm for 42 µm glass 

beads. The particle velocities are the constant over the range of measurements, 100 

cm/sec. The granular temperature increases about 2000 cm/sec2 for solids volume 

fraction of about 0.8%, a maximum value, and then the granular temperature decreases 

with the increase of solids volume fraction. As pointed out in riser by Gidaspow (1994) 

and Gidaspow and Huilin (1998a), this can be explained by kinetic theory of granular 

flow. The granular temperature rises as the two-thirds power of solids volume fraction 

due to the compression effect in kinetic flow regime, dilute flow regime. As the mean 

free path of particle decreases with a higher solids volume fraction of dense suspensions, 

the granular temperature decreases as the square of mean free path in collisional flow 

regime. A good mixing for gas-solids contact in turbulent fluidized beds can be the range 

of solids volume fraction with a maximum granular temperature.     

Figure 4.21 shows the comparison of particle shear viscosities measured by means 

of a Brookfield Viscometer to that obtained from kinetic theory in the bubbling and 

turbulent fluidized beds. The particle viscosity from kinetic theory of granular flow is as 

described in Chapter 2.     
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=                               (4.18) 

    The empirical correlation shown in Figure 4.11 has a good quantitative 

agreement with the viscosity calculated from kinetic theory of equation (4.18) in the 

range of experimental condition.  
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Figure 4.19 Particle Velocity Measured by means of CCD Camera Technique in 
   Central Jet Regions Between 11 cm and 18 cm for 42 µm Glass Beads  

Figure 4.20 Granular Temperature Obtained from the Sum of All Frames  
   over Time and Velocity Space in Central Jet Regions for 42 µm Glass Beads  
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4.5 Dispersion Coefficients and Granular Temperature in Fluidized Beds  

Fluidization has been widely used industrially because of its continuous powder 

handling ability and its good heat and mass transfer characteristics. A measure of the 

quality of mass transfer is the particle diffusivity or dispersion coefficient. The mixing 

due to the random oscillation of particles in homogeneous fluidization was first described 

by Ruckenstein (1964; 1966). He gave an expression for the mixing coefficient, E1, as   

sspvdE ε
π
3

1 =                                                                                                   (4.19) 

In agreement with the early random walk theory of Ruckenstein one can express the 

particle diffusivity (Gidaspow, 1994), using the concepts of kinetic theory of granular 

flow. The diffusivity is the product of the mean free path and the particle oscillation 

velocity.   

     Empirical Correlation 
m)(42  07.0 31 µεµ oss g=  

Figure 4.21 A Comparison of Particle Shear Viscosities Measured by Means of 
   a Brookfield Viscometer to that Obtained from Kinetic Theory 
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It is the mixing due to particle motion from the microscopic point of view in fluidized 

beds. This particle diffusivity is analogous to the molecular diffusivity.  

For the mixing of particles due to bubble motion in the bubbling and turbulent 

fluidized beds, the dispersion coefficient, E depends upon the hydrodynamics of the 

system. A relation was established by Ruckenstein (1966) based on equation (4.19) for 

non-homogeneous fluidization.   

A Particles(FCC) 

B Particles(Glass Beads) 

A Particles

B Particles

Figure 4.22 Diffusivities for Risers and Dispersion Coefficients for  
   Bubbling and Turbulent Fluidized Beds for Geldart A and B Particles,  
   Bed Diameter is Between 7.5 cm and 15 cm 

BBuubbbblliinngg  aanndd  TTuurrbbuulleenntt                                              RRiisseerr  ((CCFFBB))  
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π
3

=                                                                                                   (4.21) 

where, ϕ is the volume fraction of the fluidized bed occupied by the bubble and UB is the 

bubble rise velocity. Shi and Fan (1985) derived a similar relation. It is the global mixing 

of particles due to bubble motion in fluidized beds. 

Figure 4.22 shows the diffusivities for risers and dispersion coefficients for 

bubbling and turbulent fluidized beds for Geldart A and B particles. With an increase in 

the superficial velocity the dispersion coefficients increase in bubbling and turbulent 

fluidized beds. The dispersion coefficients for A particles are substantially larger than for 

BBuubbbblliinngg  aanndd  TTuurrbbuulleenntt                                              RRiisseerr  ((CCFFBB))  

A Particles(FCC) 

B Particles(Glass Beads) 

A Particles(FCC) 

B Particles 

Figure 4.23 Granular Temperature of Geldart Type A and B Particles 
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the B particles. They appear to correlate roughly with the granular temperature shown in 

Figure 4.23. They are very high in the industrially important turbulent region. They 

decrease by an order of magnitude for the riser flow, since in the riser they are particle 

diffusivities. For 530 µm glass beads in the bubbling bed, the dispersion coefficient is 

about 70 cm2/sec. The diffusivity coefficient estimated approximately from the mean free 

path and the granular temperature based on equation (4.20) is less than 5 cm2/sec. For 42 

µm glass beads in the turbulent fluidized bed, the dispersion coefficient based on figure 

4.22 is about 1000 cm2/sec and the diffusivity coefficient is between 20 cm2/sec and 30 

cm2/sec.  
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Figure 4.24 Effect of Bed Diameter on Dispersion Coefficients for Bubbling  
   and Turbulent Fluidized Beds for Geldart A and B Particles. The Ratio of  
   Gas Velocity to Minimum Fluidized Velocity for Geldart B Particles is Ten  
   Times Lower Than Geldart A Particles 
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In gas-solids fluidized beds the motion of particle takes place rapidly throughout 

the whole bed and the global mixing is caused by the bubbles. Hence the diffusivity 

coefficient can be negligible compare to the dispersion coefficient in bubbling and 

turbulent fluidized beds. But the diffusivity coefficient is very important factor for mass 

transfer in chemical reactions of a turbulent fluidization or a riser with a fine catalyst.  

Figure 4.24 shows that the dispersion coefficients increase with the bed diameter, 

as suggested by equation (4.21), where the ultimate bubble diameter increases with the 

bed diameter. This effect is making scale-up of fluidized beds difficult and often leads to 

the choice of more reliable fixed bed reactors (Tullo, 2003). 

 

4.6 Conclusions 

Granular temperatures were measured in two- and three-dimensional beds using 

the IIT CCD camera technique for a riser (Tartan and Gidaspow, AIChE Indianapolis 

meeting, Nov 2002). Similar to the riser study, two granular temperatures can be 

identified. The first is due to particle oscillations obtained by averaging over velocity 

space per a given frame. The second is due to the bubble motions and is like the normal 

average Reynolds stress. The granular temperature due to bubble motion is higher than 

that due to particle oscillations.  

The restitution coefficients for 530-µm glass beads were estimated from the ratio 

of shear to normal stress to be in the range of 0.99. At the low particle velocity, in the 

range of 10 cm/sec, the restitution coefficients are closer to unity than those for a riser at 

a velocity of 1 m/sec. Previous shear cell studies produced less elastic coefficients. 
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Turbulent fluidization in the three-dimensional bed with a central jet was 

estimated from solids volume fraction profiles and elutriation. The granular temperature 

has a maximum near the solids volume fraction of 0.9%. An empirical correlation for 

particle viscosity was made from measurements using a Brookfield Viscometer. This has 

a good agreement with the viscosity calculated from kinetic theory of granular flow.   

The dispersion coefficients for A particles are substantially larger than for the B 

particles in bubbling and turbulent fluidized beds. They are very high in the turbulent 

region due to global mixing of particles due to bubble motion. The experimental results 

are consistent with the literature of particle dispersion in bubbling and turbulent beds.  
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CHAPTER V 
 

BUBBLE SIMULATION  

USING KINETIC THEORY OF GRANULAR FLOW 

 

5.1 Introduction 

Fluidization has been widely used industrially because of its continuous powder 

handling ability and its good heat and mass transfer characteristics. We believe these 

properties are due to nearly elastic random oscillations of particles suspended in fluids. 

Hence kinetic theory is ideally suited to describe such flows. Stuart Savage and others 

(Savage and Jeffrey, 1981; Lun et al, 1984) showed that the dense-phase kinetic theory, 

as presented by Chapman and Cowling (1970), can be applied to granular flow of the 

particles. Gidaspow (1994, 2003) has reviewed this theory.  

Two-fluid models for describing the hydrodynamics of the fluid-solids flows in 

fluidization have been developed with the complete granular temperature balance based 

on the kinetic theory of granular flow. Here the restitution coefficient was a primary 

input. This model treated the particle phase as another fluid with its own temperature, 

called the granular temperature, its own pressure due to particle collision and its own 

viscosity. The granular temperature, which is like the thermal temperature in kinetic 

theory of gases, measures the random oscillations of particles. The particle pressure and 

the particle viscosity are a function of the granular temperature, which varies with time 

and position in a fluidized bed. 

The most significant application of kinetic theory of granular flow to fluidization 

was the prediction of the core-annular regime in risers (vertical pipes) by Sinclair and 
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Jackson (1989). Ding and Gidaspow (1990) applied the dense kinetic theory model to a 

gas-solids flow in a bubbling bed. Neri and Gidaspow (2000) computed the core-annular 

regime with clusters in the riser. The computed granular temperature, the particle 

viscosity and solids volume fraction were in a good agreement with Miller and Gidaspow 

(1992) experiments. Sundaresan's group (Agrawal, et al, 2001) has used concepts of 

kinetic theory in their cluster computations. van Wachem, et al. (2001) showed the effect 

of several factors used in the kinetic theory of granular flow for the dense gas-solids 

fluidized bed. Goldschmidt, Kuipers and van Swaaij (2001) showed the effect of the 

restitution coefficient for their dense binary kinetic theory model. Wu and Gidaspow 

(2000) and Gamwo, et al. (2003) have extended the kinetic theory model of granular flow 

to the gas-solids-liquid flows in a slurry bubble column reactor.   

In this study, the MFIX code with the complete granular temperature equation 

was used to compute bubbles, flow patterns and granular temperatures for the conditions 

of the IIT experiment. A bubble criterion for Geldart group B particles was found using 

shock theory in agreement with previous simulations done by Kuipers group 

(Goldschmidt et al, 2001) in Netherlands. There is no bubble formation for perfectly 

elastic particles. The global mixing due to the bubble can be identified by large scale 

granular temperature. For a single-size particle mixture, it can be, in principle, computed 

using available theory and CFD codes, since bubble sizes and their velocities have been 

computed (Gidaspow, 1994).  
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5.2 Hydrodynamic Model Based on Kinetic Theory 

The two-fluid model for describing the hydrodynamics of the fluid-solids flow 

was used for this study. They are a IIT code (Ding and Gidaspow, 1990; Gidaspow, 

1994) developed earlier by Illinois Institute of Technology and a public domain computer 

program MFIX (Multiphase Flow with Interphase eXchanges, Syamlal et al., 1993; 

Syamlal, 1998) developed by the National Energy Technology Laboratory (NETL) in 

Morgantown, WV(http://www.mfix.org). The hydrodynamic model uses the principles of 

mass, momentum and energy conservation for each phase. It is the granular temperature 

model without reaction shown in Chapter 2. The restitution coefficient was primary input. 

The dissipation due to interaction with fluid and the production due to fluid turbulence 

(Js) in fluctuating energy equation for the particle were not considered. The boundary and 

initial conditions as well as the numerical procedure used in the IIT and the MFIX code 

are described in the following subsections. 

5.2.1 Initial and Boundary Conditions. All simulations were carried out in two-

dimensional Cartesian coordinates with an optimum computational domain shown in 

Figure 5.1. For the gas phase a no slip velocity boundary condition was employed at the 

left and right walls. For the particle phase the Johnson and Jackson slip boundary 

condition (1987) described in Chapter 2 was used. At the top wall, Neumann boundary 

conditions were applied to the gas-particle flow with a constant pressure of 101,325 

N/m2. At the distributor of the bottom wall, the gas inlet velocity was constant with the 

gas volume fraction of unity. The particle velocity and the granular temperature were 

zero for the particle phase.   



 

 

5.4

The initial conditions and the configuration for the simulation are shown in 

Figure5.1. In order to reduce the shock to the bed at the start up, the particle volume 

fraction in the bottom of the bed was set to the uniform value of 0.405 until the bed 

height of 20 cm. Without this type of startup, the numerical divergence may occur in the 

computational domain. The trapezoidal gas velocity profile at inlet condition was actually 

closer to the real inlet feeding conditions as shown in a riser simulation (Neri and 

Gidaspow, 2000). It showed more symmetric flow patterns in the bubbling fluidized 

beds. The initial gas velocity in the bottom region of bed was set to the inlet gas velocity 

divided by the gas volume fraction in the bottom region of the bed. The granular 

temperature was set to 10.0 cm2/sec2 in the bottom of the bed and 0.001cm2/sec2 in the 

freeboard.     

5.2.2 Numerical Considerations. The ICE (Implicit Continuous Eularian, 

Harlow and Amsden, 1971) technique for solving Navier-Stokes equations has been used 

by Rivard and Torry of Los Alamos (1977) to produce a computer code, K-FIX, for 

solving two phase problems. It has been adapted, changed and generalized at IIT to solve 

a variety of multiphase flow problems (Syamlal, 1985: Jayaswal, 1991; sun and 

Gidaspow, 1999; wu and Gidaspow, 2000; Neri and Gidaspow, 2000) with the addition 

of several features such as the just described kinetic theory equations (Gidaspow, 1994). 

It used for this study in order to obtain the numerical solution of nonlinear-coupled partial 

differential equations with appropriate initial and boundary conditions. In the MFIX 

code, that method was replaced by a method based on Patankar and Spalding’s SIMPLE 

(SemiImplicit Method for Pressure Linked Equations, Patankar, 1980) algorithm, where a 

particle pressure correction equation for the numerical convergence was replaced by a 
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particle volume fraction correction equation such as the IIT code and the old MFIX code 

(Syamlal, 1998). For the numerical schemes, the MFIX code used the control volume 

(CV) method with the second order accuracy for discretizing convection-diffusion terms. 

The momentum equations are solved for the entire computational domain with the linear 

equation solvers.  

The solution of preceding conservation equations depends on the computational 

grid size adopted as well as on the initial and boundary conditions and the coordinate 

system. For the optimum grid size in the bubbling bed, Gelderbloom et al. (2003) showed 

the grid dependency by the bubble sizes computed with different grid size using the 

MFIX code. It showed that the bubble sizes computed with the grid size of about 10 

times of particle diameter agreed well with the experimental results. van Wachem at el. 

(2001) also used a similar grid size for their CFD simulation in the bubbling bed using 

the commercial CFD code, CFX. Such an optimum computational grid size should be 

properly presented for a corrected prediction of the flow hydrodynamics of local mean 

variables over regions that are large compared with the space of particles but much 

smaller compared with the dimensions (15.5 cm × 40 cm) of flow system. For this study 

we used the uniform grid size of 0.5 cm for the particles size of 530µm and 0.282 cm for 

273µm in a two-dimensional Cartesian coordinates system. The computational grid size 

for the particle size of 530 µm has a similar dimension to that of the view area for the 

streak line captured by CCD camera in experiments.  

The convergence criterion in the IIT code was 10-6 with a constant time interval of 

10-6 sec. In the MFIX code, the maximum residual for the convergence was 10-3 with the 

variable time step between 10-3 sec and 10-6 sec. The simulations are run for 20 or 40 
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seconds with different particle sizes. After about 5 seconds, a quasi steady state condition 

was reached and the time-averaged properties were determined by averaging between 10 

and 20 seconds or between 15 and 40 seconds depending on simulation cases. The bubble 

was defined as the value of 0.85 void fraction of the gas phase in the bubbling bed. The 

bubble diameter was determined from equivalent bubble diameter as shown by 

Gelderbloom et al. (2003). The physical properties and computational parameters 

employed in the simulation are shown in Figure 5.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

εg = 0.595 
vg = 98.66 cm/s 
θ  = 10 cm2/sec2  

εg = 1.0 
vg = 58.70 cm/s 
θ  = 0.001 cm2/sec2  

Figure 5.1 Initial Conditions and System Properties for the Simulation in  
   Two-dimensional Fluidized Bed with the Particle Diameter of 530 µm  

           Initial Conditions and System Properties 

Width of Bed (cm) 15.5

Height of Bed (cm) 40

Temperature (°C) 25

Density of Air (Kg/m3) 1.206

Viscosity of Air (Kg/m·sec) 1.82×10-5

Inlet Gas Velocity (cm/sec) 58.7

Diameter of Particle (µm) 530

Density of Particle (Kg/m3) 2500

Minimum Fluidization Velocity (cm/sec) 22.9

Initial Solid Height (cm) 20

Initial Solid Volume Fraction 0.405

Restitution Coefficient (e ) 0.99
Wall Restitution Coefficient (e w ) 1.0

Specularity Coefficient (Φ) 0.6

Time Interval (sec) 10-3 - 10-5

Grid Size (Dx × Dy) (cm) 0.5 × 0.5

Number of Cell 31 × 80
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5.3 Criterion of Bubble Formation for Geldart B Particles  

The void propagation equation for the gas and the particles in one dimension was 

derived from the continuity equation (Gidaspow, 1994). It is  
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Convection of voidage =   Buoyant + Drag + Wall friction 

where sgeK ε00 )1(41 ++= , gss vvv εε +=ˆ , gsr vvv −= and sgslip vvv −=  

Equation (5.1) shows that the voidage moves with the velocity, rvKv /ˆ 0εθ− . 

With the neglect of the wall friction and the buoyancy equals to drag balance at the 

minimum fluidization velocity, the right-hand side of equation (5.1) is zero. Thus the 

relative velocity (vr) of the right-hand side is a form similar to that of terminal velocity of 

particle.   

B

s
r

g
v

β
ρε ∆

=−                                                                                                      (5.2)  

This approximation has reduced the problem of void propagation to one first-order partial 

differential equation such as equation (5.3). 
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where, C is propagation velocity.  
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In the case of void injection into a bed at minimum fluidization for Geldart B 

particles, the solids velocity is zero. The inversely weighted mean velocity ( v̂ ) is related 

to the relative velocity (vr).  
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rsgsgss vvvvv εεεε −==+=ˆ                                                                             (5.5) 

Using equation (5.5) and the Ergun equation with no turbulent part, the propagation 

velocity for low particle Reynolds number becomes as follows: 
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This propagation velocity is a function of void fraction and granular temperature 

with the constant physical properties of fluid. For a constant particle diameter, Figure 5.2 

shows the shock formation by equation (5.6). Here, a constant A0 is the higher value for 

Geldart B particles. At inlet condition the second term of the propagation velocity is zero 

due to the granular temperature of zero and the void fraction of unity. At its initial 

condition, it is very small due to a low granular temperature and the low value of 1/A0. 

Hence, equation (5.6) shows that the void injected at the bottom of the bed moves faster 

than the void at minimum fluidization velocity. Figure 5.2 shows that this results in the 

intersection of paths or characteristic directions and hence in the formation of a shock. 

The faster moving void injected at the bottom catches up with the slower moving void in 

the bed and forms a reinforced void, a shock. Therefore, equation (5.6) satisfies a 

criterion for bubble formation.  
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where ko is assumed to be a constant and slip velocity is 
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In the simple shear flow the energy dissipation due to inelastic collisions equals 

the production of oscillations by shear gradient (Lun et. al, 1984; Gidaspow, 1994), 

where the granular temperature gradient of lateral direction is assumed to be zero. A 

relation between the granular temperature and particle diameter is given by  
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In this case using the granular temperature of equation (5.9), equation (5.7) gives 

an equation for the bubble criterion of Geldart B particles. 
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Figure 5.2 Bubble Formation in a Fluidized Bed initially at Minimum  
   Fluidization for Geldart B Particles 
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The criterion of bubble formation is represented by the ratio of the granular 

temperature to the square of the slip velocity. Its value is always positive. When the 

restitution coefficient equals to one (elastic collision), equation (5.10) shows that the no 

bubbles will exist. This analysis is based on equation (5.9) which equated the production 

of random kinetic energy, granular temperature, to dissipation by inelastic collisions. The 

granular temperature equation did not include dissipation due to drag. The development 

of a theory with drag is in progress following the study of Strumendo and Canu (2002). 

 

5.4 Simulation Results  

5.4.1 Bubble Formation as Function of Restitution Coefficient. The criterion 

for bubble formation was investigated by using the two fluid simulation models in a 

bubbling fluidized bed with the Geldart group B particles. Figure 5.3 shows snapshots of 

the experimental bubble and the computed bubble for several values of the restitution 

coefficients, where the superficial velocity was 2.5 times the minimum fluidization 

velocity for 530 µm particles. Figure 5.4 shows the average granular temperature as a 

function of restitution coefficient at two inlet gas velocities. The average particle pressure 

and the average particle shear viscosity are represented in Figure 5.5. The average value 

was determined by averaging between 10 sec and 20 sec, from the fluidized bed height of 

5cm to the interface with the particle volume fraction of 0.1. Here the inlet effect and the 

freeboard effect were removed. The simulation for the bubble formation consists of four 

regions of (b), (c), (d) and (e) shown in Figure 5.3. 

When the restitution coefficient equals to one shown in Figure 5.3 (e), region I, 

there is no energy loss due to the elastic collisions of particles. The particles become 
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compacted to the bottom of bed and the granular temperature increases at the top of the 

bed as an inverse function of particle volume fraction with no granular heat flow in the 

lateral direction. There is a high slip velocity, gas velocity minus particle velocity, due to 

the solid velocity of about zero in the fluidized bed. The gas passes though the bed 

without fluctuations. The shear flow, a common source of energy for turbulence velocity 

fluctuations, is negligible and the buoyancy only exists for the production of energy. 

There is the elastic potential energy for particle-particle collision. Hence the bubble 

doesn’t appear due to the high granular temperature in the computational simulation. This 

simulation agrees well with that of equation (5.10) for the bubble criterion in one 

dimension.  

In case of the restitution coefficient of between 0.996 and 1.0, region II, there is 

dissipation due to the inelastic collisions of particles with granular heat flow in lateral 

direction. The production due to shear flow increases slowly and the slip velocity 

decreases slowly. The granular temperature obtained from the fluctuating energy balance 

for the particle decreases as the restitution coefficient decreases. The dissipation due to 

inelastic collisions is higher than the production due to shear flow. But the bubble still 

doesn’t exist. Because the granular temperature divided by the square of the slip velocity 

is higher than the value of the bubble criterion given by equation (5.10).  

When the restitution coefficient has a higher value than 0.996, region III, the 

bubble is formed by the shock as described previously. Here, the shear rate due to the 

bubble formation increases quickly and the granular temperature has a high value. 

Therefore, the average granular temperature in the bed increases and the criterion for the 

bubble formation is satisfied in this region.  
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                  (a)            (b)  

                             
                              

               
                         (c)                                    (d)                                    (e) 

 
 
 
 

Figure 5.3 Experimental Bubble (a) and Computed Bubble (b, c, d, e) for 530µm Glass
   Beads at U0/Umf = 2.5 (a) dB = 4.35 cm; (b) e = 0.99,  dB = 4.15 cm; (c) e = 0.995,   
   dB = 0.43 cm; (d) e = 0.999,  dB = 0.0 cm; (e) e = 1.0,  dB = 0.0 cm  
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Figure 5.4 Granular Temperature as a Function of Restitution Coefficient 
   at Two Inlet Gas Velocities 

Figure 5.5 Particle Pressure and Shear Viscosity as a Function of Restitution  
   Coefficient at U0/Umf = 2.5 
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σ  = 1.51 cm 
dB = 4.35 cm 

σ  = 1.69 cm 
dB = 4.15 cm 

Figure 5.6 A Comparison of Computed and Measured Bubble Size Distribution  
   for 530 µm Glass Beads. Superficial Inlet Velocity is 58.7 cm/sec 

(a) Experiment 

(b) Simulation 
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When the restitution coefficient is 0.99, region IV, the computed bubble shown in 

Figure 5.3 (b) predicts well the experimental bubble of Figure 5.3 (a). The mean bubble 

size is 4.35 cm for the simulation and 4.15 cm for the experiment, as shown in Figure 5.6. 

The histogram for the simulation shows a similar trend with that for the experiment, 

except for more small bubbles. There is a good agreement with the Davison bubble 

model (Darton et al, 1977). The dissipation due to inelastic collisions may be equal to the 

production due to shear gradient in this region.  

When the restitution coefficient is less than 0.98, the numerical simulation shows 

the high packing of particles in the emulsion region or the divergence as a function of the 

radial distribution function given by Bagnold (1954).  

The average granular temperature for a low inlet velocity (U0/Umf = 1.5) shows a 

similar trend to that for the high inlet velocity with the low value, as shown in Figure 5.4. 

For elastic collision of particles, there is no bubble formation due to a high granular 

temperature, with the higher packing of particles. The particle pressure and the particle 

shear viscosity as function of the granular temperature also follow the same trend as the 

granular temperature. They have a minimum value near the bubble formation, as shown 

in Figure 5.5. The bubble formation agreement with the experiment was determined near 

the computed particle pressure equal to the buoyancy of particles in the bed. The high 

computed particle pressure due to the high packing of particles causes a divergence in the 

simulation. The results are similar to the two-fluid simulation results of Goldschmidt et 

al. (2001) performed with particle diameter of 1500 µm.   

5.4.2 Bubble Criterion. Figures 5.7 and 5.8 show the criterion for bubble 

formation represented by several inlet gas velocities and particle diameters in the 
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numerical simulation. The bubble criterion for Geldart B particles in the one dimensional 

analysis is represented as the ratio of the granular temperature to the square of slip 

velocity given by equation (5.10).  

At the same particle diameter, the restitution coefficient is a function of particle 

volume fraction and shear gradient. As ε3/k0 increases faster than ( )2/ yus ∂∂  with an 

increase of the superficial gas velocity (U0), the restitution coefficient will be increase 

with the superficial velocity. Hence, in the riser region with low particle volume fraction, 

the restitution coefficient will be close to one. There is no bubble formation. This was 

predicted well in the numerical simulation with 530 µm particles, as shown in Figure 5.7. 

The criterion for bubble formation has an inlet gas velocity as a power function. The 

computed bubble, which agrees well with the experimental bubble, was represented by 

the restitution coefficient of 0.99 at U0/Umf = 2.5.  

At a constant U0/Umf, a dependence of the restitution coefficient on the particle 

diameter will be negligible due to the proportionality relation between the particle 

diameter (1/dp)2 and shear gradient ( )2/ yus ∂∂  given by equation (5.10). Figure 5.8 shows 

that the criterion for bubble formation for Geldart B particles is an approximately 

constant restitution coefficient of 0.997.   

5.4.3 Flow Patterns and Averaged Velocity Profiles. Figure 5.9 shows initial 

bubble formation obtained from the simulation, where the inlet gas velocity was 58.7 

cm/sec for 530 µm particles and the restitution coefficient was 0.99. There is a slug 

formation of a large bubble due to the sudden inlet gas flow into a stagnant bed. Small 

bubbles form in the bed after the slug formation of large bubbles breaks up.  
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Figure 5.7 The Criterion for Bubble Formation Represented  
   by Inlet Gas Velocity for 530 µm particles 
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Figure 5.8 The Criterion for Bubble Formation Represented  
   by Particle Diameter at U0/Umf = 2.5 



 

 

5.18

Figure 5.10 shows the volume fraction and velocity vector plots of particles 

averaged from 15 sec to 40 sec with a trapezoidal inlet gas velocity profile. The 

distribution of the computational particle concentration shows uniformity in the bubbling 

fluidized bed, except for low values in the bubble burst region.  

The computational particle flow patterns show a gulf-stream effect, consisting of four 

vortex cells with upward flow in the center region and downward flow near the wall. The 

velocity vectors give an approximately symmetric flow over the averaged time. This flow 

structure of multiple vortex cells causes the particle concentration to be uniform 

throughout the bed. This gives rise to good mixing in the system. Such flow patterns were 

described in detail by Lin et al. (1985) and Gidaspow (1994). Two basic flow patterns are 

observed for the bubbling beds 1) central downflow at low velocities and shallow bed and 

2) central upflow and bubble coalescence at high velocities and tall bed. The present 

experiment is in between these regimes. There is no downflow at the center. The central 

bubble oscillates between the left and the right sides.   

The average granular temperature in the domain of bed is 46 cm2/sec2 with the 

average particle volume fraction of 0.4. The dominant frequency (f) of particle 

oscillations in the bubbling bed is given by equation (5.11) from Gidaspow et al. (2001). 
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where εs0 and H0 are some initial solid volume fraction and height of bed filled with 

particles.  εs0 = 0.6 and H0 = 14 cm for this study.  
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 (a)  (b)  (c) 

       
 
 
 
 

                                            
 
 
 
 

Figure 5.10 Volume Fraction and Velocity Vector Plots of Particle Averaged 
   from 15 sec to 40 sec with a Trapezoidal Inlet Velocity Profile at U0/Umf = 
   2.5, e = 0.99 

Figure 5.9 Initial Slug Formation Obtained from Simulation at U0/Umf = 2.5, 
   e = 0.99 (a) 0.3sec, (b) 0.4sec and (c) 0.5sec 
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Figure 5.11 Comparison of Computed and Measured Axial Particle Velocity 
   Averaged from 15 sec to 40 sec at Bed Height of 14 cm 

Figure 5.12 Computed Particle Pressure and Particle Viscosities  
   Averaged from 15 sec to 40 sec at Bed Height of 14 cm 
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The dominant frequency is 2.17 Hz. The vortex size, the square root of granular 

temperature divided by the frequency, is 3.2 cm. It shows a good agreement with the 

computed vortex size of between 2 cm and 4.5 cm in Figure 5.10.    

More results are reported in Figures 5.11 and 5.12. Figure 5.11 shows the 

comparison of computed and measured axial particle velocity at a bed height of 14 cm. 

The computed axial velocity shows a bell type profile with the upflow at the center and 

downflow near the wall. It agrees well with experimental results in the center region. 

Figure 5.12 shows the time-averaged lateral profiles of the particle pressure, particle 

shear viscosity and particle bulk viscosity as computed to the kinetic theory model at a 

bed height of 14 cm. As we can see from the reported profiles, the particle viscosities are 

flat in the center region and increase near the wall. The particle pressure has the same 

trend, except for a high increase near the wall. It is interesting to contrast it with the 

profiles computed by Neri and Gidaspow (2000) in the riser, where the particle shear 

viscosity was lower in the dense annular region and particle pressure was flat over radial 

direction. In the bubbling beds, it may be induced by the radial distribution function of 

the particle collisional part. As shown in Figure 4.11 of Chapter 4, the shear viscosity is a 

strong function of radial distribution function in range of the high solids volume fraction. 

It is the cause for the particle pressure and viscosities high in near the wall of bubbling 

fluidized beds. The computed particle shear viscosity in the center region agrees well 

with a value measured by means of a Brookfield viscometer, at similar conditions.  

5.4.4 Granular Temperature and Turbulence Intensity. Figure 5.13 shows the 

comparison of computed and measured granular temperatures as function of lateral 

distance at a bed height of 14cm. The computed granular temperatures were estimated 
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from the fluctuating energy balance of particles, where the time scale was 10-4 with a grid 

size of 0.5 cm. Such granular temperature is due to an oscillation of particles in the small 

space as described previously. It predicts the particle granular temperature, the kinetic 

energy due to a random motion. The computed granular temperature, in the center region, 

between 4 cm and 12 cm lateral distance, gives a good agreement with the measured 

particle granular temperature.  

Gidaspow and Mostofi (2003) derived the relation between the granular 

temperature and the mean particle velocity from a balance between conduction and 

generation of kinetic theory for the flow of elastic particles in a pipe. For flow between 

parallel flat plates it can be shown to be as follows: 

 2
max 4

3
s

s

s
w v








=−

κ
µ

θθ                                                                                      (5.12) 

Equation (5.12) is mathematically identical to the relation between thermal 

temperature and the mean velocity for laminar flow between parallel plates derived in 

many books on fluid mechanics or transport.  In the bubbling fluidized beds with a low 

particle velocity, equation (5.12) may be modified for the turbulent intensity of the 

bubble flow region in the center of the bed. The dissipation due to inelastic collision of 

particles was neglected in the center region. As far as the center region is concerned, the 

granular temperature is flat approximately, as shown in Figure 5.13. Hence the turbulence 

intensity is defined as the average granular temperature scaled with the average solid 

axial velocity ( save v/θ ), where the wall granular temperature is negligible.  
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In the computational simulation, the granular temperature is 33.21cm2/sec2 and 

the particle axial velocity is 11.30 cm/sec in the center region of between 4 cm and 12 cm 

lateral distance, as shown in Figures 5.11 and 5.13. The turbulence intensity defined by 

the left hand side of equation (5.13) is 0.51. The ratio of viscosity to conductivity from 

the simulation is 0.2558, which is close to that of (4/15) of kinetic theory of gases. The 

right hand side of equation (5.13) is 0.44. It is similar to that of the measured turbulence 

intensity based on the particle granular temperature in the experiment. Hence equation 

(5.13) shows that turbulence intensity theory for the riser regime may be extended to the 

bubbling regime. The discrepancy between the left hand side and the right hand side of 

equation (5.13) may be due to the inelastic dissipation of particles and neglect of the 

dissipation due to drag in the granular temperature equation, used so far by most 

investigators.  

The mixing due to the random oscillation of particles in bubbling fluidized beds 

was first described by Ruckenstein (1964; 1966). He gave an expression for the 

dispersion coefficient, E1 for homogeneous fluidization, as   

sspvdE ε
π
3

1 =                                                                                                   (5.14) 

From the computational simulation, the axial mixing coefficient (E1) is 0.23 cm2/sec. 

Such mixing index may be represented as the particle collisional diffusivity using the 

kinetic theory of granular flow (Gidaspow, 1994). It is the product of the mean free path 

and the particle oscillation velocity.   
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Figure 5.13 Comparison of Computed and Measured Granular Temperature 
   Averaged from 15 sec to 40 sec at Bed Height of 14 cm 

Figure 5.14 Computed Large Scale Granular Temperature Obtained from Local 
   Mean Particle Velocity at Bed Height of 14 cm, Time Interval: 0.1 sec,  
   Averaged Computed Time is from 15 sec to 40 sec 
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The particle collisional diffusivity (Dcollision) is 0.15 cm2/sec, similar to that given by 

Ruckenstein. It is the mixing due to particle motion from the microscopic point of view in 

the bubbling fluidized bed.   

5.4.5 Large Scale Granular Temperature and Bubble Rise Velocity. The gas–

solids behavior in the fluidized bed, described as a two-phase mixture consisting of a 

dense gas–solids phase, can be visualized in two ways. Microscopically, it is considered 

that the particles in the fluidized bed are suspended in fluids as described previously by 

the kinetic theory of dense gases. Macroscopically, it is considered that the particles are 

uniformly distributed in the bed and a gas phase traverses the bed as bubbles. The 

transition from the microscopic to global is made by inserting the large scale granular 

temperature and the bubble rise velocity in equation (5.13) instead of the relation of 

particle granular temperature to solid axial velocity for turbulence intensity.   
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Figure 5.14 shows the large-scale granular temperature obtained from local mean 

particle velocity (v) in our simulation, where a time interval is 10-1 sec and the fluidized 

bed height is 14 cm. The large scale granular temperature was calculated from the same 

method as the bubble-like granular temperature described in Chapter 4. The mean particle 

velocity )(v  was calculated by averaging the local mean particle velocities (v) of between 

15 sec and 40 sec. We obtain the high granular temperature of 500cm2/sec2 due to the 

bubble motion in the center region. From equation (5.13), the averaged solid axial 

velocity is 50.82 cm/sec with the value of 0.44 in the right side hand. It is the bubble rise 

velocity observed visually in the bubbling fluidized bed. The measured average bubble 
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rise velocity is 54.3 cm/sec between 30 cm/sec and 90 cm/sec. It is good agreement with 

that obtained from large scale granular temperature of equation (5.16). In another 

comparison between simulation results and experimental data will be obtained for 273 

µm glass beads.  
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This simulation has been performed in order to investigate the relation of the large 

scale granular temperature to the bubble rise velocity. The bubble size and the bubble rise 

velocity were measured for 273 µm glass beads. In the simulation, the restitution 

coefficient was 0.994 with the initial particle volume fraction of 0.48 in the bed. Such a 

value is reasonable due to lower impact velocity at given simulation conditions, as shown 

in Figure 4.13 of Chapter 4. The simulations predicted similar flow patterns and bubble 

Figure 5.15 Bubble Rise Velocity Calculated from Large Scale Granular  
   Temperature of Simulation for a Particle Diameter of 273 µm. 
   Line Represents the Equation (5.17) 
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shapes to those for the simulation of 530 µm particle size. The turbulence intensity theory 

for the bubbling beds applied very well at the fluidized bed height of 10 cm. Figure 5.15 

shows the bubble rise velocity obtained from the large scale granular temperature in the 

simulation, where the right side hand of equation (5.16) was 0.445. The line represents 

the bubble rise velocity (UB) calculated from the bubble diameter of Figure 4.10 at gas 

velocities in excess of minimum fluidization, as reviewed by Gidaspow (1994).   

BmfB gDUUU 711.0+−=                                                                            (5.17) 

The simulation results have a good agreement with the experiment results except 

for the lower bubble rise velocity in the viscous region of the simulation, where the 

simulated bubble size was smaller than the experimental bubble and the bubble rise 

velocity was underestimated. Hence the simulations show how the hydrodynamic model 

described by the kinetic theory of granular flow is applied to the gas-particle flow in 

bubbling fluidized beds. As regards the particle movement, the particle granular 

temperature represents small scale mixing due to particle oscillations, while, the large 

scale granular temperature represents global mixing due to bubbles. 

For the mixing of particles due to bubble motion in fluidized beds, a relation was 

established by Ruckenstein (1966) for the dispersion coefficient, as  

BBUDE ϕ
π
3

=                                                                                                   (5.18) 

where, ϕ is the volume fraction of the fluidized bed occupied by the bubble.  

The dispersion coefficient (E) is 68 cm2/sec at U0/Umf = 2.5 for 530 µm glass beads. For 

273µm, with the bubble rise velocity of 53.68 cm/sec, it is 51 cm2/sec. With an increase 

in the superficial velocity the dispersion coefficient of particles increases in the bubbling 
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fluidized bed. It is the global mixing of particles due to bubble motion in the bed. Hence 

most of the energy is associated with large-scale motions (Tennekes and Lumley, 1972).  

5.4.6 Numerical Schemes. Computational Fluid Dynamics (CFD) modeling 

based on Eulerian approach is a reliable method for describing the hydrodynamics of the 

fluid-solids flows. The two fluid models can be solved using a finite volume method over 

an arbitrary control volume. The general discretized transport equation may be written as   
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where, i is gas or particle, φ is scalar properties, Γ is coefficients and S indicates the 

source term.  

To solve the nonlinear-coupled partial differential equation of equation (5.19), several 

numerical schemes are used. The diffusion term of LHS usually can be solved using the 

upwind finite differencing scheme with second order accuracy. The convection term may 

be solved using different discretization schemes in order to improve the numerical 

accuracy. Guenther and Syamlal (2001) used four different discretization schemes in 

order to determine the effect of numerical diffusion on the bubble shape in a gas-solids 

fluidized bed with a jet.  

In the IIT code, the convection term was given by the upwind finite differencing 

or donor cell method with the second order accuracy. 
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where, e represents the east boundary of cell, w represents the west boundary of cell, C 

represents the cell point, E represents the next cell point and W represents the previous 

cell point as shown in Figure 5.16.  

In the MFIX code, equation (5.19) was integrated over a control volume (CV) and 

the convection term was  
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where, A is the cross sectional area of the control volume, ξ is the convection weighting 

factor expressed in terms of downwind weighting factors (Leonard and Mokhtari, 1990) 

and ξξ −= 1 .  

 The second order total variation diminishing (TVD) scheme, superbee, was used in this 

study for MFIX. It has second order accuracy. The numerical scheme with the downwind 

weighting factors of 0.5 is the central finite differencing scheme. It is similar to the donor 

cell method for the convection term in the IIT code. The numerical scheme for MFIX was 

described by Syamlal (1998) and Guenther and Syamlal (2001) in great detail. 

Table 5.1 show the comparison of the IIT and the MFIX codes for different 

schemes for a fluidized bed height of 14 cm, where the simulations are performed for the 

conditions given by Figure 5.1. The nmerical schemes for the convection term are a 

Superbee and an upwind finite differencing. The upwind scheme for the IIT code is the 

donor cell method. The cell Peclet number, the ratio of the convection to the diffusion, 

for particle phase is  
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Large cell Peclet number represents the convection dominant flow at the scale of the grid 

size, while, low cell Peclet number represents the diffusion dominant flow.  

 The numerical diffusion may be driven by considering the convection term in the 

general discretized transport equation for a two-dimensional flow.  
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The truncation error of Taylor series expansion in equation (5.23) satisfies a wave 

equation and is written by  

( ) ( ) 2

2

2

2

21
4
121

4
1

yy
tv

yv
xx

tv
xv y

y
x

x ∂
∂









∆

∆
−∆+

∂
∂







∆
∆

−∆=
φφτ                                (5.24) 

where, we obtain the numerical diffusion coefficient Dx and Dy 
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For the exact solution of equation (5.23), the numerical diffusion coefficient should be 

zero along the characteristics. 

yx vv
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dx

==
dt
dy                ,                                                                                (5.26) 

Also note that for a diffusion coefficient to be positive, a requirement of the second law 

of thermodynamics, stability requires that 
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The cell Peclet number, the particle collisional diffusivity and the numerical 

diffusion coefficient were averaged over the total lateral length. The average value of 

numerical diffusion coefficient in Table 5.1 was given by  
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The comparison of experimental bubbles and the computed bubbles based on the 

difference numerical schemes are shown in Figures 5.3 and 5.17. For the simulation of 

the bubbling beds, the bubbles predicted with a superbee numerical scheme have the 

physically realistic rounded shapes, similar to the experimental bubbles shown in Figure 

5.3. The upwind finite differencing numerical scheme usually produces the clouded or 

non-rounded bubble shapes.  

 

Table 5.1 Comparison of IIT Code and MFIX Code based on the Difference Numerical 
                 Scheme at the Fluidized Bed Height of 14 cm for 530 µm Particle 
 

Property Experiment MFIX MFIX MFIX IIT IIT 
Scheme Method   Superbee Upwind Upwind Upwind Upwind
Grid Size (cm)   0.5 0.5 0.5 0.5 0.5 

Restitution Coefficient 0.99 0.99 0.99 0.95 0.99 0.95 
Bubble very good very good no good Good no good good 

Cell Peclet No.(Lateral)   21.58 12.16 59.61 28.47 61.77 
Cell Peclet No.(Vertical)   19.13 5.89 57.11 10.56 40.36 

Numerical Diffusion              
Coefficient (cm2/sec)*   -0.008 -0.081 0.452 -0.058 0.073 

Particle Collisional             
 Diffusivity (cm2/sec)   0.205 0.058 0.060 0.071 0.055 

Granular Temperature             
(cm/sec)2 33.37 33.290 8.314 6.962 17.345 9.867 

 # The upwind scheme for the IIT code is the donor cell method 
 * The minus sign represents the numerical diffusion of the reverse direction  
    due to velocity vector 

 

Bubble shapes may be change with the restitution coefficient as described previously for 

the criterion of bubble formation. With the restitution coefficient of 0.99, the upwind 

numerical scheme of the IIT and the MFIX codes only predicted the small computed 

bubbles near the top surface of bed. This is not realistic to compare to the experimental 
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bubbles. With the restitution coefficient of 0.95, both codes produce the computed 

bubbles shown in Figure 5.17. Bubbles predicted with the IIT code generally have the 

clouded shapes, and are smaller than the experimental bubbles. Bubbles predicted with 

the MFIX code have the non-rounded bubble shapes. As discussed below, such computed 

bubble shapes may be caused by the numerical diffusion in the convection dominant 

flow, as described by Guenther and Syamlal (2001). 

As we can see from table 5.1, the simulations predicted higher cell Peclet 

numbers than 10 obtained from the particle momentum balance. The cell Peclet number 

based on the particle lateral velocity and particle viscosity is higher than that based on the 

vertical velocity. The simulations with restitution coefficient of 0.95 are characterized by 

very high Peclet numbers. This shows that particle flow in the bubbling fluidized bed is 

dominated by the convection.  

The numerical diffusion coefficient due to the discretization of the convection 

term is compared to the particle collision diffusivity over the lateral distance. It should be 

close to the zero and be lower than the particle collision diffusivity for the numerical 

solution. Figure 5.18 shows the numerical diffusion coefficient as a function of lateral 

direction, where the minus sign represents the numerical diffusion of the reverse direction 

due to velocity vector. The superbee numerical scheme of the MFIX code is the 

symmetric about the lateral axis, whereas the upwind numerical scheme of the MFIX and 

the IIT codes show the non-symmetric structure. As regards the numerical diffusion 

coefficient, the superbee numerical scheme has a much smaller value than the upwind 

numerical scheme. The particle collision diffusivity based on the particle granular 

temperature, is higher than that of other numerical schemes, as shown in table 5.1.  
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Figure 5.16 Computational Mesh and Node Location for the IIT Code  
   and the MFIX Code 

Figure 5.17 Experimental Bubbles and Computed Bubbles Obtained from (b) IIT  
   Code and (d) MFIX Code with the Up-Wind Numerical Scheme For the Same  
   Initial and Boundary Conditions (e = 0.95), Particle Diameter : 530 µm,  
   Superficial Velocity : 58.7 cm/sec 
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Figure 5.18 Numerical Diffusion Coefficient Based on (a)Vertical and (b) Lateral  
   Particle Velocity Obtained by the Difference Numerical Scheme at a Fluidized  
   Bed Height of 14cm 
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Hence the superbee numerical scheme with the second order accuracy predicts 

realistic rounded bubbles due to the low numerical diffusion in the convection dominant 

flow, in the gas-solids bubbling fluidized bed. The MFIX code with the upwind 

numerical scheme has sharp bubble shapes due to the high numerical diffusion and lower 

particle collision diffusivity. It has first order accuracy due to the convection dominant 

flow with a high Peclet number. The IIT code with the donor cell method has clouded or 

pointed bubble shapes due to the fact that the numerical diffusion coefficient is of the 

order of particle diffusivity. The IIT code also has first order accuracy due to the high 

Peclet number for e = 0.95. This analysis has quantified the computations of Guenther 

and Syamlal (2001).  

 

5.5 Conclusions 

Bubble behavior, flow patterns, and granular temperatures were studied using two 

hydrodynamic kinetic theory based computer codes. The results were compared to 

experiments in a two-dimensional fluidized bed. Experimental bubble sizes and their 

distributions agreed with the computations. The computed axial solids velocity, the 

granular temperature near the center of the bed, and the bubble rise velocity agree with 

measurements done using our CCD camera technique. The particle viscosity computed 

from the code agreed with the measurement using a Brookfield viscometer. 

A bubble criterion was developed using shock theory in agreement with previous 

simulations done by Kuipers group in Netherlands. There is no bubble formation for 

perfectly elastic particles with neglect of drag in the granular temperature balance. Hence 
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nondissipative systems have no bubble formation. The computed bubble size is a function 

of the restitution coefficient which is of the order of 0.99 for Geldart B particles. 

A higher order numerical scheme, the Superbee in the MFIX code, produces more 

realistic bubbles than lower order numerical schemes. This is due to smaller numerical 

diffusion compared to the physical particle diffusivity. In some lower order schemes the 

numerical diffusion is of the same order of magnitude as the particle diffusivity. 
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CHAPTER VI 
 

CFD SIMULATION OF SLURRY BUBBLE COLUMN  

WITH LIQUID CIRCULATION 

 

6.1 Introduction 

Slurry bubble column reactors have recently (Parkinson, 1997) become 

competitive with traditional fixed bed reactors for converting synthesis gas into liquid 

fuels. The gas refinery based on Fischer-Tropsch and methanol-to-gasoline technology 

(Katzer, Ramage and Sapre, 2000) is driven by the availability of large quantities of 

remote natural gas and the abundant coal resources. For conversion of synthesis gas into 

methanol or hydrocarbon liquid fuels, a slurry bubble column reactor has several 

advantages over a fixed bed reactor (Bechtel Group, 1990; Viking Systems International, 

1991). It has better heat and mass transfer due to constant agitation of catalyst, the ability 

to introduce and remove the catalyst into the reactor and lower operating and capital costs. 

The design of these reactors require, among others, precise knowledge of the kinetics, 

hydrodynamics, and heat as well as mass transfer characteristics. To date, there is no 

adequate mathematical model available which can predict the performance of slurry 

bubble column reactors with reasonable accuracy. 

Several types of CFD models are being used in the literature to model multiphase 

flow for bubble column reactors. The viscosity input model is a method similar to the 

DNS (Direct Numerical Simulation) of the Navier-Stokes equations in single phase 

turbulent flow. With particular empirical viscosities, a system of coupled Navier-Stokes 
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equations is solved producing instantaneous fluctuating velocities. Averaging of these 

velocities produces the normal and the shear Reynolds stresses for the various phases. 

Such computations were recently done by Matonis, Gidaspow and Bahary (2002) for gas-

liquid-solid flow and by Pan, Dudukovic and Chung (1999, 2000) for gas-liquid flow. 

Matonis, Gidaspow and Bahary (2002) treated the gas phase as a dispersed phase with a 

constant bubble size. This model is used in this study.  

Pan, Dudukovic and Chung (1999, 2000) compared the Particle Image Velocity 

(PIV) data of Mudde, et al (1997) to the computed results using the Los Alamos CFDLIB 

code. Pfleger, et al (1999) and Krishna, et al (1999) applied the commercial CFX code to 

bubble columns in the churn-turbulent regime using the k-epsilon model, where three 

phases which consisted of liquid, small bubbles (1-6mm) and large bubbles (20-80mm). 

Joshi et al. (2002) reviewed the flow patterns in bubble columns with a focus on the 

churn-turbulent regime. Wu and Gidaspow (2000) developed the model based on the 

kinetic theory of granular flow (Savage, 1983; Sinclair and Jackson, 1989; Gidaspow, 

1994). This model treated the catalyst phase as another fluid with its own temperature, 

called the granular temperature, its own pressure due to particle collision and its own 

viscosity. Wu and Gidaspow (2000) modeled the production of methanol from synthesis 

gas in an Air Products/DOE LaPorte slurry bubble column reactor. Gamwo, et al (2003) 

applied the kinetic model for predicting the maximum production of methanol in an Air 

Products/DOE LaPorte reactor.  

This study shows a similar computation as that of Matonis, Gidaspow and Bahary 

(2002) for three phases, using Bahary`s(1994) experimental data. It was compared with 

the granular temperature model based on the kinetic theory of granular flow. The 
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computed time average gas and solids hold-ups generally agree with the measurements in 

a slurry bubble column.  

 

6.2 Experimental Setup for IIT Slurry Bubble Column 

6.2.1 IIT Slurry Bubble Column. The experimental setup used for the slurry 

bubble column simulation is shown schematically in Figure 6.1. A rectangular bed was 

constructed from transparent acrylic (Plexiglas) sheets to facilitate visual observation and 

video recording of the bed operations such as gas bubbling and coalescence, and the 

mixing and segregation of solids. The bed height was 213.36 cm and cross-section was 

30.48 cm by 5.08 cm. A centrifugal pump was connected to the bottom of the bed by a 

1.0-inch (2.54 cm) diameter stainless steel pipe. Gas injection nozzles from an air 

compressor were connected to the sides of the bed. Liquid was stored in and recycled 

back to a fifty-five gallon storage tank. The liquid and gas distributors were located at the 

bottom of the bed. Two perforated Plexiglas plates with many 0.28 cm diameter holes 

distributed the liquid. They were placed at 35.6 cm and 50.8 cm above the bottom of the 

bed, with 0.25 cm size glass bead particles filled inside. The gas distributor consisted of 

six staggered porous tubes of 15.24 cm length and 0.28 cm diameter. The fine pores of 

porous tubes had a mean diameter of 42 µm. The porous tubes were placed at the bottom 

of the bed just below the top liquid distributor plate. Both gas and liquid from the top of 

the bed were directed through three openings of 1.0-inch (2.54 cm) diameter back to the 

storage tank, where the gas was separated from the liquid.  

Air and water were used as the gas and liquid, respectively, in this experiment. 

Ballotini (leaded glass beads) with an average diameter of 800µm and a density of 2.94 
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g/cm3 were used as the solids. The minimum fluidization velocity was 0.76cm/sec. The 

initial bed height for experiment was from 22cm to 24cm. Figure 6.1 shows a picture of 

the experiment for Ug = 3.37 cm/s and Ul  = 2.02 cm/s. Two distinct bubbles are seen in 

the middle of the bed.  

6.2.2 Volume Fraction Determination. X-ray and γ-ray densitometers have been 

used previously to measure porosities of fluidized beds (Seo and Gidaspow, 1987; Miller 

and Gidaspow, 1992; Gidaspow, et al, 1995) and solids concentrations in nonaqueous 

suspensions (Jayaswal, 1991). These techniques are based on the fact that the liquid, gas 

and solid phases under consideration have different absorptivities for X-ray and γ-rays. 

The intensity of the transmitted X-rays or γ-rays can described as a linear function of the 

volume fractions of liquid, gas and the solid phases. The X-ray and γ-ray densitometer 

were calibrated and performed in order to calculate the volume fractions of each phase 

using same methods described earlier by Gidaspow et al (Seo and Gidaspow, 1987; 

Bahary, 1994). The same concept was adapted to measure concentration profiles inside 

our three phase fluidization systems. Two densitometers were used alternatively for 

measuring the time-averaged volume fractions of three phases at a designated location by 

means of the X-ray and y-ray adsorption techniques. The X-ray and γ ray densitometer 

assembles are that described in Gidaspow’s book (1994). They consist of a source, a 

detector and a positioning table, respectively.  

Radioactive Source is a 200-mCi Cu-244 source having 17.8-year half-life. It 

emitted X-rays with photon energy between 12 and 23 keV. The source was contained in 

ceramic enamel, recessed into a stainless steel support with a tungsten alloy packing, and 

sealed in welded Monel Capsule. The device had brazed Beryllium window. For the γ-ray 
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Figure 6.1 Schematic Diagram and Typical Bubble Photograph of IIT 
   Slurry Bubble Column with VG = 3.37cm/sec and VL = 2.02cm/sec 



 6.6

densitometer, a 20-mCi Cs-137 source having a single y-ray of 667 keV and a half-life of 

30 years was used. The source was sealed in a welded, stainless steel capsule. The source 

holder was welded, filled with lead, and provided with a shutter to turn off the source. 

This is the same unit used previously by Seo andGidaspow (1987). 

6.2.3 Velocity Measurements. The particle velocity was measured by means of 

CCD camera technique shown in Figures 6.1. The particle velocity is measured by means 

of a length of a steak divided by the elapsed time described in the previous Chapter 3. It 

was first used by Bahary (1994) and Gidaspow et al. (1995) for measurements in a three-

phase fluidized bed.  

 

6.3 Numerical Simulation  

For the simulation of the three-phase flow, we used the hydrodynamic B model 

with no reaction described in Chapter 2. We used the input viscosity model, in which the 

solid viscosity has the value of 10poises times the particle concentration obtained by 

fitting the experimental viscosity values for given superficial liquid and gas velocities 

(Bahary, 1994). The solids’ pressure as a function of a particular phase is calculated by the 

solids stress modulus obtained from well-defined hopper experiments (Gidaspow, 1994). 

It was used for 75µm FCC particles (Sun and Gidaspow, 1999) in the riser. 

( ) 577.8686.810 +−= g
gG εε                                                                                            (6.1) 

The liquid phase was a continuous phase. The gas phase was treated as a particulate 

phase with a bubble diameter of 100µm, since it consists primarily of small bubbles.  

We also used the granular temperature model based on the kinetic theory of 

granular flow, in which the value of restitution coefficients shown in Figure 6.2 was 



 6.7

primary input.  The dissipation due to interaction with fluid and the production due to 

fluid turbulence (Js) were not considered for the three-phase simulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To obtain the numerical solution of nonlinear-coupled partial differential 

equations, the IIT code was used for all the simulations. The simulations used the 

viscosity input model were carried out in a two-dimensional Cartesian coordinates with a 

Figure 6.2 Inlet and Initial Conditions for Simulation 

           Initial Conditions and System Properties 

Width of Bed (cm) 30

Height of Bed (cm) 90

Depth of Bed (cm) 5.02

Temperature (°C) 25

Inlet Gas Velocity (cm/sec) 3.37

Inlet Liquid Velocity (cm/sec) 2.02

Inlet Gas Volume Fraction 0.5

Inlet Liquid Volume Fraction 0.5

Diameter of Particle (µm) 800

Density of Particle (Kg/m3) 2940
Viscosity of Particle (Poise) 10×εs

Diameter of Bubble (µm) 100

Initial Slurry Height (cm) 23

Restitution Coefficient (e ) 0.9995
Wall Restitution Coefficient (e w ) 1.0

Specularity Coefficient (Φ) 0.6

Time Interval (sec) 0.5 - 1.0 × 10-5

Grid Size (Dx × Dy) (cm) 1.0 × 1.0

Grid Size (Dx × Dy × Dz) (cm) 1.09×2.8125×1.02

εl = 1.0 
vl = 2.0 cm/s 
θ  = 0.001 cm2/sec2  

εl = 0.42, εs = 0.58 
vl = 4.5 cm/s 
θ  = 10 cm2/sec2  
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total of 32 × 90 computational meshes and in a three-dimensional Cartesian coordinates 

with a total of 30 × 34 × 7 computational meshes. No slip velocity boundary conditions 

were employed for three phases at the left and right walls. While, the simulations used 

the granular temperature model were carried out in a two-dimensional Cartesian 

coordinates with a total of 40 × 114 computational meshes. Johnson and Jackson slip 

boundary condition described in Chapter 2 was employed for solid phase.  

For all simulation, Neumann boundary conditions were applied to the three-phase 

flow with the constant pressure of 1.01625×105 N/m2 at the top wall. Dirichlet boundary 

conditions were applied with a constant liquid and gas velocity and zero solid velocity at 

the bottom wall. The initial conditions and the configuration for the simulation are shown 

in Figure 6.2. The convergence criterion for the simulation was 10-5. The simulations 

were run for 40 seconds and then averaged from 15sec to 36sec.  

 

6.4 Simulation Results and Discussion 

6.4.1 Two-Dimensional Viscosity Input Model. The flow patterns in IIT slurry 

bubble column are obtained from the simulation, in which the particle and bubble 

diameter are 800µm and 100µm, respectively as described previously by Matonis (2000). 

Figure 6.3 (A) shows the two-dimensional time-averaged, 16 to 42 seconds, solid volume 

fraction contour plots, along with the time-averaged velocity vectors. Figures 6.3 (B) - (D) 

illustrates the instantaneous solid contour plot with corresponding velocity vectors as a 

function of time. The computational averaged solid flow patterns show uniformity in 

solids concentration distribution. The velocity profiles depend on the selected range for 

time-averaging in our computed rectangular coordinates system. Figure 6.3 (C) shows  
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(A) (B) 

(C) (D) 

Figure 6.3 Volume Fraction and Velocity Vector Plots of Solid for 800µm Particles  
   at Two-Dimensional Viscosity Input Model A) Averaged from 15 to 36 sec,    
   Instantaneous Time B) 17sec,  C) 28sec and  D) 32sec 
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upward flow in the center region and downward flow near the wall of lower part of the 

bed. There is also downward flow in the center region and upward flow near the wall of 

middle part of the bed. Figure 6.3 (D) shows the gulf -stream effect consisting of two 

vortex cells with downward flow in the center region and upward flow near the wall. 

Such vortex cells will be related to the dominant frequencies and granular temperatures 

described in the tree-dimensional simulation.    

Figure 6.4 Large and Small Scales Oscillations for Axial Velocity of Solid  
   As a Function of Time at x=15.5cm, y=11.5cm of Two-Dimensional  
   Viscosity Input Model 

Average = 
2.91cm/sec 
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Figure 6.4 shows the large- and small-scale oscillations for axial velocity of solids 

as function of time at 15.5 cm from left wall and at a vertical height of 11.5 cm from 

bottom of bed. The averaged mean velocity for the large-scale oscillation is –2.91 cm/sec 

in the computed range and the particle fluctuation velocity, the instantaneous velocity 

minus mean velocity, is about ± 8 cm/sec. The fluctuation velocity for the small-scale 

oscillation is less than ± 0.1 cm/sec. The turbulent kinetic energy of the large-scale 

oscillation calculated from square of the fluctuation velocity is significantly higher than 

that of the small-scale oscillation. Hence the energy from the large-scale oscillation is 

dominant in the slurry bubble column. It agrees well with the theory that small-scale 

energy is small compared to the large-scale energy. Therefore, most of the energy is 

associated with large-scale motions (Tennekes and Lumley, 1972).  

6.4.2 Three-Dimensional Viscosity Input Model. Figure 6.5 and 6.6 show the 

three-dimensional solid volume fraction contour plots, along with corresponding velocity 

vectors in the center (z = 2.5 cm) and near the wall. The average velocity vectors in the 

center region of fluidized beds show upward flow with uniform solids volume fraction, 

whereas the average velocity vectors near the wall show downward flow. This flow 

pattern predicts global circulation of particles observed in IIT slurry bubble column.  As 

we can see from Figure 6.7 for z = 2.5cm, the particle axial velocity as function of lateral 

distance shows the symmetrical profile at the fluidized bed height of 14 cm. This profile 

has the downward flow near the wall with two peaks in the center region due to bubble 

shown in Figure 6.1. Figure 6.8 predicts only the downward flow of the averaged axial 

velocity in the wall region. The instantaneous particle velocity fluctuates upward and 

downward as visually confirmed in the experiment. There is more vigorous fluctuation of 
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particles in the center region. This flow structure due to fluctuating particle velocity 

causes the particle concentration to be uniform throughout the bed. Hence it gives good 

mixing in the slurry bubble column. The flow patterns agree with the literatures (Chen at 

al, 1989; Gidaspow, 1994). Figure 6.9 shows the three-dimensional solid volume fraction 

contour plots with corresponding velocity vectors in depth direction (x = 15 cm), not 

predicted by two-dimensional simulation. The model predicts one vortex cell in depth 

direction. This shows there is a particle mixing of depth direction in the three-

dimensional beds.   

The dominant frequencies due to particle velocities in three-dimensional 

simulation are presented in Figure 6.10. The dominant frequency (A) in the bottom 

region of bed is 0.29 Hz with the maximum power spectral magnitude of 6.0 and the 

second frequency is about 1.33 Hz with the maximum power spectral magnitude of 5.0. 

The dominant frequency (B) in the middle region of bed is 0.34 Hz with the maximum 

power spectral magnitude of 12.5. There is no second frequency with the decrease of 

power spectral magnitude. This frequency also was obtained from two-dimensional 

simulation. Bahary (1994) has measured similar low frequencies and Muddle, et al., 

(1997) had found a similar low frequency in the bubble columns with no solids. Those 

are calculated from the Fast Fourier Ttransform (FFT) method. Gidaspow, et al (2001) 

showed that the dominant frequency (f) of particle oscillations in the bubbling beds is that 

caused by gravity, (g/Ho)1/2 and that the frequency becomes very small as the volume 

fraction of particles becomes small.  
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Figure 6.5 Volume Fraction and Velocity Vector Plots of Solid for 800µm Particles  
   at Center (Z = 2.5 cm) of Three-Dimensional Viscosity Input Model  
   A) Averaged from 15 to 36 sec, Instantaneous Time B) 25 sec 



 6.14

 
 
 
 
 

        

                      
                   
 
                                         (A)                                                  (B) 
 
 

 

 

 

Figure 6.6 Volume Fraction and Velocity Vector Plots of Solid for 800µm Particles  
   Near the Wall of Three-Dimensional Viscosity Input Model  
   A) Averaged from 15 to 36 sec, Instantaneous Time B) 25 sec 
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Figure 6.7 Particle Velocity at Center (Y = 14 cm, Z = 2.5 cm) of Three-Dimensional  
   Viscosity Input Model Averaged from 15 to 36 sec 

Figure 6.8 Particle Velocity Near the Wall (Y = 14 cm) of Three-Dimensional  
   Viscosity Input Model Averaged from 15 to 36 sec 
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Figure 6.9 Volume Fraction and Velocity Vector Plots of Solid for 800µm Particles  
   At Depth Direction (X = 15cm) of Three-Dimensional Viscosity Input Model  
   Averaged from 15 to 36 sec 
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(A) 

Figure 6.10 Dominant Frequencies Obtained from Three-Dimensional Viscosity 
   Input Model. (A) x = 14.8 cm, y = 12.7 cm and z = 2.5 cm, (B) x = 14.8 cm,     
   y = 38.0 cm and z = 2.5 cm    

(B) 

0.29 Hz  
1.33 Hz  

0.34 Hz  
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where εs0 and H0 are some initial solid volume fraction and height of bed filled with 

particles.  εs0 = 0.65 and H0 = 22 cm for this study.  

From equation (6.2), the dominant frequency is 1.15 Hz with solids volume 

fraction of 0.25 measured by Bahary (1994) in the IIT slurry bubble column. This is a 

good agreement with the second frequency shown in Figure 6.10 (A), the range of 

frequency normally observed in bubbling beds. The vortex size, the square root of 

granular temperature divided by the frequency, is less than 6.0 cm. The granular 

temperature (about 60 cm2/sec2) is obtained from normal stresses described in Section 

6.4.4 for three-dimensional simulation. Such vortex sizes are observed in two-

dimensional (Figure 6.3 C) and three dimensional simulation (Figure 6.5 B), but not clear 

due to grid size in three-dimensional simulation. This frequency analysis confirms the 

formation of one vortex cell for the depth direction shown in Figure 6.9.  

Another main frequency of 0.3 Hz predicts the vortex size between 20 cm and 30 

cm shown in Figure 6.3. This shows the global mixing in slurry bubble column. Hence, 

the simulation predicts a flow pattern that particle motions due to the small vortex cells in 

the bottom of bed coexist with the mixing due to the larger vortex cells in whole bed. 

This may be related the bubble motions, such as grow, coalesce and burst of bubbles, 

generally observed in the bubbling beds.     

6.4.3 Two-Dimensional Granular Temperature Model. Figure 6.11 and 6.12 

show the comparison of measured and computed gas hold-up and solid volume fraction 

in the bubbly coalesced regime at 6 cm from horizontal center of bed. The experimental 

values obtained from the calibration curves of the x-ray and γ-ray densitometers were 

presented by Bahary (1994) for the same bubble coalesced regime. The simulation values 
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are obtained from the granular temperature model based on kinetic theory of granular 

flow, where the range of the restitution coefficients for particles was between 0.999 and 

0.9995. The computational results have a reasonable agreement with the experimental 

results in the slurry bubble column. The computed result with the restitution coefficient 

of 0.9995 predicts the better profile for gas hold-up. The flow patterns have similar trends 

with those of the viscosity model shown in Figure 6.3. But the gas hold-up and solid 

volume fraction profiles are close to experiments than those of viscosity input model.   

6.4.4 Granular Temperature. The granular temperature, 2/3 turbulence kinetic 

energy, can be introduced as a function of the particle fluctuation velocity. Figure 6.13 

shows the comparison of computed and experimental granular-like temperatures at a bed 

height of 13 cm. The computed results were presented from the two- and three-

dimensional numerical simulation using the viscosity input model, where inlet air 

velocity was 3.37 cm/sec and liquid velocity was 2.02 cm/sec for 800 µm particles. The 

experimental results were obtained from particle velocity measurements using a CCD 

camera technique as a function of lateral distance by Bahary (1994) with inlet air velocity 

of 7.45 cm/sec and liquid velocity of 3.7 cm/sec. The granular-like temperature was 

defined as the mean of particle normal stresses obtained from the sum of all frames over 

time and velocity space. The method was described in Chapter 4 in detail.   

The stresses for the simulation are calculated from the velocity vectors directly 

using equations presented in Table 6.1. The granular-like temperature was defined as the 

mean of particle normal stresses of three directions over given time.  

( )><+><+><= ''''''
3
1 wwuuvvθ                                                                     (6.3) 
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Figure 6.11 Comparison of Measured and Computed Gas Hold-up at 6 cm from  
   Horizontal Center of the Bed. Computed Results are Averaged from 15 to 36 sec 
   Using Two-Dimensional Granular Temperature Model 

Figure 6.12 Comparison of Measured and Computed Solid Volume Fraction at 6 cm  
   from Horizontal Center of the Bed. Computed Results are Averaged from 15 to  
   36 sec Using Two-Dimensional Granular Temperature Model 
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Figure 6.13 Comparison of Measured and Computed Granular-like Temperature  
   Calculated from Normal Stresses at the Fluidized Bed Height of 13 cm.  
   Simulations were Obtained with Viscosity Input Model (Vl = 2.02 cm/s,  
   Vg = 3.37 cm/s, Average Time: 15s to 36s). Experiment Result were  
   Obtained with CCD Camera Technique (Vl = 3.7 cm/s, Vg = 7.45 cm/s) 
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Figure 6.14 Shear Stress Obtained from Three-Dimensional Viscosity Input Model  
   at the Fluidized Bed Height of 13 cm (Vl = 2.02 cm/s, Vg = 3.37 cm/s,  
   Average Time: 15s to 36s) 
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Table 6.1 Equations for Stress Calculations 
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n(t) is the number of vectors in the time-average  

For two-dimensional simulation, particle stress in z-direction is assumed to be equal the 

particle stress in x direction, since the velocity components in x- and z-direction are small 

compared to y-direction, the vertical direction. Hence, granular temperature is given as 

following. 

( )><+><= ''2''
3
1 uuvvθ                                                                                    (6.4) 

It is reasonable as shown in Figure 6.13. The granular-like temperatures for two- 

and three-dimensional simulations are constant values of about 60 cm2/sec2 with the 

viscosity input model. Experimental result is approximately four times higher than that of 

simulation due to two times higher inlet velocity. Matonis et al. (2002) reported similar 

results with those measured by Bahary (1994) in the two-dimensional simulation with 

high inlet velocities. Hence, the simulation results are reasonable compare to 

experimental results at given condition.   
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The particle shear stresses (Reynold’s type shear stresses) for three-dimensional 

simulation are represented in Figure 6.14. The particle shear stresses are lower than 

particle normal stresses. The shear stresses <v’u’> show higher values than <v’w’> and 

<u’w’>, except for center. Two variable v’ and u’ are correlated (<v’u’> ≠ 0), while u’ 

and w’ are uncorrelated (<u’w’> = 0) at given condition. 

Figure 6.15 show a comparison of granular-like temperature obtained from 

viscosity input model to particle granular temperature obtained from granular temperature 

model at two-dimensional simulation. The particle granular temperature is due to the 

oscillation of particles over small regions for a small time period. While, the granular-like 

temperature is include the particle motions due to bubble over given average time. The 

granular-like temperature can be higher than particle granular temperature in bubbling 

beds as described in Chapter 4. The granular temperatures are sensitive to the restitution 

coefficients from 0.999 to 0.9995. The simulation with the restitution coefficient of 0.999 

is more reasonable compare to granular-like temperature. In consider of the 

computational time and the uncertainty of restitution coefficients in the slurry bubble 

column, a search for the optimum particle size was investigated with two-dimensional 

viscosity model.         

6.4.5 Optimum Particle Ssize for Slurry Bubble Column. Wu and Gidaspow 

(2000) used the catalyst size of 50µm for the methanol synthesis in an Air products/DOE 

LaPorte slurry bubble column reactor. Krishna, et al. (1997, 1999) used the porous silica 

particles with a mean diameter of 38µm in the slurry bubble column reactor. The size of 

catalyst is typically in the range of 20µm to 100µm.  
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Figure 6.16 Optimum Particle Size for Mixing (Maximum Granular-like Temperature) 
    in the IIT Slurry Bubble Column. (VL=2.02cm/sec, VG=3.37cm/sec) 

Figure 6.15 Comparison of Granular Temperature from Viscosity Input Model to that  
    from Granular Temperature Model at Two-Dimensional Computation.  
    (Vl = 2.02 cm/s, Vg = 3.37 cm/s, Average Time: 15s to 36s, Fluidized Bed Height:  
    13 cm)  
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The granular-like temperature as a function of particle size was computed for the 

optimum condition in the slurry bubble column. Figure 6.16 depicts it for particles in the 

range of 20µm to 200µm. The computed granular temperature is about 202 (cm/sec)2 for 

20µm. It rises to 356 (cm/sec)2 for 60µm and then decreases to 138 (cm/sec)2 for 200µm. 

The maximum granular-like temperature is at 60µm, with a solid loading of about 10%. It 

agrees well with the experimental results of Buyevich and Cody (1998) for gas-solid 

bubbling bed. They showed that Geldart A glass spheres exhibit an order magnitude 

higher granular temperature than neighboring Geldart B glass spheres based on the 

experiments in a gas-solid bubbling bed. The maximum granular temperature at a ratio of 

fluid velocity to the velocity of minimum fluidization of two is about 35 (cm/sec)2 for 

88µm monodispersed glass beads, where the gas was Argon. This difference exists due to 

the use higher superficial velocity in our computation. The decrease of the granular 

temperature with the solids volume fraction can be explained due to the decrease of the 

mean free path of the particles. The rise of granular temperature with the solids volume 

fraction under dilute conditions is analogous to compression of a gas, where the gas gets 

hot upon compression (Gidaspow and Mostofi, 2003).      

 

6.5 Conclusions 

The computed time averaged particle concentrations agree with experimental 

measurements obtained using a combination of γ- ray and X-ray densitometers in a slurry 

bubble column reactor. Both the experiment and the simulation show several flow 

patterns as a function of time and nearly uniform particle concentration in a slurry bubble 

column reactor. 
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Three-dimensional computation using the viscosity input model predicted the 

upward flow in the center region, downward flow near the wall and one vortex cell in the 

depth direction due to the coexistence of two main frequencies. They had a good 

agreement with the flow patterns visually observed in slurry bubble column. 

A research was made to determine the optimum catalyst size. Computations were 

made over a range of particle size. The granular temperature was the height for 60µm 

particles. A review of the literature, suggests that there exists on optimum catalyst size in 

the slurry bubble column reactor. The numerical simulation has shown that this size is 

60µm.  
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CHAPTER VII 
 

OPTIMUM CATALYST SIZE  

FOR SLURRY BUBBLE COLUMN REACTORS 

 

7.1 Introduction 

An issue of interest to the energy industries throughout the world is the size of 

catalyst they should make for slurry bubble column reactors. Tullo (2003) shows that the 

industry is gearing up to make catalysts for slurry bubble column reactors. Fischer-

Tropsch catalysts, such as those used to produce methanol and other liquids from 

synthesis gas normally come in powder form. Catalyst particles used in most fluidized 

bed process are small enough for external mass transfer and internal diffusion resistance 

to be negligible. The size of catalyst is typically in the range of 20µm to 120µm (Grace, 

1986; Mareto and Piccolo, 1998; Clark and Walker, 2000). Singleton et al. (2001) 

describe a method of preparation of such catalysts with preferred particle size to be 

between 20 and 80 µm. Small particle sizes are needed to have good effectiveness for 

reaction. However, small particles are entrained in the product gas stream and are known 

to cause liquid product filtration problems.  Small particles also cause the formation of 

the clusters, which give large effective particle sizes and hence poor mass transfer.    

In petroleum refining the fluidized bed catalysts have been optimized to lie in a 

range of 60 to 75µm. Cody et al., (1996) have shown that that the granular temperature 

(turbulent kinetic energy of particles) has an optimum at about 70 µm. For this particle 

size, the heat and the mass transfer coefficients have the highest values. 
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A decade ago, Gary Stiegel of NETL (1991) published an excellent review of 

DOE Research in Fischer-Tropsch Technology. It described the advantages of the slurry-

phase reactor over the fixed bed reactor, which have the excellent heat and mass transfer 

and the ability to easily replace the catalyst due to its fluid-like properties, when properly 

prepared. The potentially excellent heat and mass transfer in the slurry reactor bubble 

column reactor is due to the near elastic random oscillations of the particles.  

Degaleesan et al. (1997) measured eddy diffusivities using computer aided 

radioactive particle tracking (CARPT) in air-water system for slurry bubble column 

reactor. Behkish et al. (2002), Kluytmans et al. (2003) and Vandu and Krishna (2003) 

measured mass transfer coefficients in slurry bubble column of three-phase flows 

including small particles. We have developed a mathematical model to describe the 

hydrodynamics of slurry bubble column reactors (Gamwo et al., 2003, Matonis et al., 

2002). In this model the mass transfer coefficient is an input. Here we have estimated 

from fundamental equations of momentum and diffusion a relationship between the mass 

transfer coefficient and the fluctuating velocities (granular temperature) computed by the 

hydrodynamic model. 

The liquid phase methanol process in slurry bubble column reactors were 

reviewed by U.S. DOE, Air Products and Eastman (Heydorn et al., 1999). Here we have 

applied the mathematical model for gas-liquid-solid flows to determine the optimum 

particle size, which is the size that has the maximum granular temperature, similar to the 

experiments for gas-solid systems done at EXXON (Cody et al., 1996).  
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Figure 7.1 LaPorte Slurry Bubble Column Reactor For Liquid Phase Methanol
   Synthesis Process 
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7.2 Hydrodynamics Model 

Hydrodynamic model for the production of methanol from syn-gas in the slurry 

bubble column reactor was developed. It was the granular temperature model based on 

the kinetic theory of granular flow, including the reaction and mass transfer described in 

Chapter 2. The reaction and mass transfer for this study will be described in detail. The 

restitution coefficient and mass transfer coefficient were primary inputs. The dissipation 

due to interaction with fluid and the production due to fluid turbulence (Js) in fluctuating 

energy equation for the particle were not considered.    

A search for an optimum catalyst size was carried out for methanol synthesis in 

DOE Laporte slurry bubble column reactor shown in Figure 7.1. The powdered catalyst is 

suspended in an inert liquid to form slurry, and feed gas is introduced into the bottom of 

the reactor through a distributor. The upward flowing gas bubbles provide the energy to 

keep the slurry highly mixed. The reactants from the gas phase dissolve in the liquid and 

diffuse to the catalyst surface, where they react. The products then diffuse through the 

liquid back to the gas phase. Heat is removed by generating steam in an internal tubular 

heat exchanger (Heydorn et al, 1999). The kinetic theory model of Wu and Gidaspow 

(2000) and the computer code were extended to include the effect of the mass transfer 

coefficient between the liquid and the gas and the water gas shift reaction. The reaction 

rate for methanol synthesis used by Wu and Gidaspow (2000) were all in the gas phase 

and the catalyst. The more realistic rate should be in the liquid phase as describing in 

Figure 7.1. Here they were modified as given by Graaf et al. (1988). 

7.2.1 Reaction for Methanol in Slurry Phase. A review of the literature showed 

that the following chemical reactions are accepted for production of methanol from syn-
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gas. The reactions included are methanol production from hydrogen and CO, water gas 

shift reaction, and the production of methanol from CO2-hydrogenation. 

OHOHCHHCO
HCOHCO

OHCHHCO

2322

222

32
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O                                            

             2          

+↔+
+↔+
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                                               (7.1)          

Graaf et al. (1988) developed the reaction rate for methanol synthesis in gas-

catalyst phases and extended it to three phase methanol synthesis using gas-liquid 

solubilities in thermodynamical equilibrium described by Henry’s law. The rates for the 

three reactions in liquid phase are given as follows: 
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where, "
IXr  (mol/Kgcat⋅sec) is the rate of reaction on catalyst surface for three 

reaction.   
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where, chemical equilibrium constants are  
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Reaction rate constants are  
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Cjx (mol/m3) is the bulk concentration the jxth species in the liquid phase and R is the gas 

constant of 8.314 (J/mol-K).   

7.2.2 Mass Transfer. Mass transfer between gas phase and liquid phase was only 

considered in this study.  
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Mass transfer rate between gas phase and liquid phase can be expressed in terms 

of the volumetric mass transfer coefficient and the concentration difference between gas-

liquid interface phase and liquid phase.  
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where, kla (sec-1) is the volumetric mass transfer coefficient and Cg-l
jx is the concentration 

of the jxth species at gas-liquid interface phase which can be defined by Henry’s law. The 

fugacity of a very dilute species in a liquid phase is linearly proportional to its mole 

fraction at low mole fractions. 

lg
jxjxjx CHf −= (mol/m3)                                                                                     (7.10) 

In gas-liquid phase equilibrium, the fugacity of liquid phase can be the fugacity of 

gas phase defined by partial pressure of species in the gas phase. 

Pyf jxjx
'= (bar)                                                                                                 (7.11) 
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where, fjx (bar) is the Fugacity of the jxth species, y’jx is the mole fraction of jxth species 

and Hjx  (bar⋅m3/mol) is the Henry’s constant of the jxth species used by Graaf et al. 

(1988).   









= RT
CO eH

638

175.0 ,  






 −

= RT
CO eH

6947

2 402.0 ,  








= RT
H eH

4875

2 0782.0                     (7.12) 







 −

= RT
OH eH

8633

2 330.0 , 






 −

= RT
OHCH eH

17235

3 49.1      

7.2.3 Numerical Considerations. The initial conditions and the configuration for 

the simulation are shown in Figure 7.2. The operating conditions are same as those of 

LaPorte’s Run E-8.1 (Air Products, 1991). To obtain the numerical solution of nonlinear-

coupled partial differential equations, the IIT code was used. The simulations using the 

granular temperature model were carried out in a two-dimensional Cartesian coordinates 

with a total of 34 × 160 computational meshes. Johnson and Jackson slip boundary 

condition described in Chapter 2 was employed for solid phase. Neumann boundary 

conditions were applied to the three-phase flow with the constant pressure of 753.2 pisg 

at the top wall. Dirichlet boundary conditions were applied with a constant gas velocity at 

the bottom wall.  

The restitution coefficient due to particle-particle collisions was 0.9995 for the 

simulation. The measurement of radial distribution functions of statistical mechanics 

(Gidaspow and Hulin, 1998a) showed that particles fluidized in water fly apart well 

before compact, at a radius of about 50% larger than the particle radius. In liquids there 

exists a film between the particles that gives rise to a lubrication force. Thus the 

restitution coefficient can be close unity. Compare with Figure 6.15 of the previous 

Chapter with liquid recirculation, the restitution coefficient of 0.9995 is reasonable for 
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this simulation. The syn-gas composition fed into the bottom of reactor showed in Table 

7.1. In the initial condition of the simulation, the syn-gas composition in the reactor was 

only Nitrogen. The convergence criterion for the simulation was 10-4. The simulations 

were run for 40 seconds and then averaged from 15sec to 30sec.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.2 Initial and Operating Conditions for Methanol Synthesis  

εg = 0.01, εl = 0.81 
εs = 0.18 
vg = 15.24 cm/s 
θ  = 10 cm2/sec2  

εg = 1.0 
vg = 15.24 cm/s 
θ  = 0.001 cm2/sec2  

           Initial Conditions and System Properties 

Diamter of Reactor (cm) 57

Height of Reactor (cm) 813

Temperature (°C) 250.3

Pressure (psig) 753.2

Inlet Gas Velocity (cm/sec) 15.24

Inlet Liquid Velocity (cm/sec) 0.0

Inlet Catalyst Velocity (cm/sec) 0.0

Diameter of Catalyst (µm) 50

Density of Catalyst (Kg/m3) 3011

Liquid Wax

Density of Liquid (Kg/m3) 851.5

Restitution Coefficient (e ) 0.9995
Wall Restitution Coefficient (e w ) 0.95

Specularity Coefficient (Φ) 0.6

Time Interval (sec) 1.0 × 10-4

Grid Size (Dx × Dy) (cm) 1.677 × 5.082

Number of Cell 34 × 160
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Table 7.1 Syn-Gas Composition (CO-rich) 

 CO CO2 H2 CH3OH H2O N2 Wax 
Mol % 51.00 13.00 35.00 0.0 0.0 1.00 0.0 
Wt % 68.07 27.26   3.34 0.0 0.0 1.33 0.0 

 
 

7.3 Relationship between the Mass Transfer and Granular Temperature  

An approximate relationship between the granular temperature and the particle 

velocity from the kinetic theory analysis (Gidaspow and Mostofi, 2003) is as follows: 

5.0=
vs

θ                                                                                                            (7.13) 

where θ  is the maximum granular temperature in the system and vs is the average particle 

velocity in the upstream portion of the fluidized bed column. 

The relationship between the granular temperature and the mass transfer coefficient in the 

slurry bubble column reactor can be obtained as follows. 

7.3.1 Mass Transfer coefficient. In the fluidized bed the catalyst particles have 

random and deterministic velocity components. Fluidized bed dynamics for such systems 

without an input for mass transfer coefficient is beyond the present state-of-the art of the 

present CFD computations. The fluid dynamics of liquid-solid fluidization is being done 

by Daniel D. Joseph (http://www.aem.umn.edu/Solid-Liquid_Flows/video.html) of the 

University of Minnesota in Minneapolis. So far he has only been able to predict the bed 

expansion in such systems using solutions of the Navier-Stokes equations for the fluid 

and letting the particles oscillate. The computations with mass transfer will require 

resolution of very thin boundary layers. Hence such computations are beyond the state-
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of-the art of computers. Instead we have carried out an order of magnitude analysis to 

relate the mass transfer coefficient to the granular temperature. 

By definition the mass transfer coefficient (kL) is related to the diffusivity (DL) of 

gas in liquid and the concentration boundary layer thickness (δc), Figure 7.3, as follows: 

c

L
L

Dk
δ

=                                                                                                             (7.14) 

The momentum boundary layer thickness (δb) can be related to the characteristic 

velocity, square root granular temperature ( θ ) and the characteristic length, the particle 

diameter (dp) by the following relationship: 

θ
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where, v is the kinematic viscosity.  

The concentration boundary layer thickness is related to the momentum boundary 

layer thickness through the Schmidt number (Sc) as follows: 

bc
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Substitution yields the following relationship between the mass transfer coefficient and 

the granular temperature. 

3
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Equation (7.17) shows how the mass transfer coefficient can be deduced from the 

computed granular temperature. Substitution for the optimum particle size of 60 µm in 

Chapter 6 gives a reasonable value for mass transfer coefficients compared to literature 

values and rate constants for the reaction. The mass transfer limitation for 60 µm will be 
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negligible for the slurry bubble column reactor with liquid recirculation. The mass 

transfer limitation without liquid recirculation will probably be small but not negligible. 

7.3.2 Volumetric Mass Transfer coefficient. Figure 7.4 shows the mass transfer 

coefficient obtained from computed granular temperatures of Figure 6.16. The mass 

transfer coefficient generally increases with decrease of particle diameter. This has a 

good agreement with the literature (Fogler, 1992). As catalyst size is decreased, the 

combined resistance to internal diffusion, reaction, and external diffusion will be 

negligible. As a result, the absorption from the gas phase into the liquid phase will be 

main resistance. The catalyst concentration should increase for the higher production rate. 

The process of coagulation due to random motion and subsequent collision of particles 

may be considered in the slurry bubble column reactor.   

The effective particle diameter was obtained from coagulation theory (Hinds, 

1982).  

31
00 )1()( KtNdtd +=                                                                                         (7.18) 

where, d  is the particle size at time t, d0 is the initial particle size, N0 is the particle 

concentration and K is the coagulation coefficient. 

The solid volume fractions for Geldart A particles were a constant value of about 

10% from the simulation. The particle concentrations were estimated from the particle 

diameters with the solid volume fraction of 10%. As a rule of thumb, if the particle 

concentration is less than 106/cm3, for particles larger than 120 µm in our simulation, the 

coagulation of particles is neglected (Hinds, 1982). Time (t) was determined by such a 

principle. There is no coagulation for particles larger than 120 µm. The coagulation 

coefficients were calculated for particles at standard conditions. The effective particle  
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Figure 7.3 Concentration and Momentum Boundary Layers in a Slurry Bubble  
   Column Reactor. It is assumed that the liquid layer surrounds the particles 

Figure 7.4 Mass Transfer Coefficient Obtained from Computed Granular-like  
   Temperatures of Figure 6.16 

dp

δc
δb

dp  : Particle Diameter 
δc   : Concentration Boundary Layer Thickness 
δb   : Momentum Boundary Layer Thickness 

Fluidized Bed 
 



 7.13

 

        

0

50

100

150

200

250

0.001 0.01 0.1 1 10 100 1000

Initial Particle Diameter (µm)

Pa
rt

ic
le

 D
ia

m
et

er
 a

t t
im

e 
t (

µm
)

 
 
 
 

0.0

0.5

1.0

1.5

2.0

1 10 100 1000 10000

Particle Diameter (µm)

Vo
lu

m
et

ric
 M

as
s 

Tr
an

sf
er

 
C

oe
ffi

ci
en

t (
se

c
-1

)

 
 
 
 
 
 

Figure 7.5 Effective Particle Diameter Obtained from Coagulation Theory  
   After t = 120 min 

Figure 7.6 Volumetric Mass Transfer Coefficient Based on Effective Particle 
   Diameter Using Coagulation Theory 
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diameters calculated from the coagulation theory are shown in Figure 7.5. The volumetric 

mass transfer coefficient based on an effective particle diameter is given as 

s
p
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L d
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ak ε

ν
θ 63

14

⋅=⋅                                                                                    (7.19) 

where, DL is the diffusivity of 10-5 cm2/sec and a is the interfacial area per unit volume 

estimated from effective particle diameter.  

The volumetric mass transfer coefficient based on an effective particle diameter 

shown in Figure 7.6 has a maximum value near the particle diameter of 50 µm. It may be 

larger than the estimated value due to non-spherical particle effects or electrical forces. 

As pointed out previously, small particles cause the formation of the clusters, which give 

large effective particle sizes and hence poor mass transfer. Large particles, Geldart B 

particles, have very low mass transfer coefficients and hence poor production rate. Our 

results show a good agreement with that of a slurry bubble column reactor in the Viking 

Systems International Report given by Prakash and Bendale (1991).   

 

7.4 Computational Results and Discussion  

A search for an optimum catalyst size was carried out for methanol synthesis in 

the DOE Laporte slurry bubble column reactor using the kinetic theory model of granular 

flow. This model included the effect of the mass transfer coefficient between the liquid 

phase and the gas phase and the water-gas shift reaction, which was not presented 

previously by Wu and Gidaspow (2000).  

Figures 7.7, 7.8 and 7.9 show the computed liquid and gas holdups, the flow 

patterns, the granular temperature, and the slurry viscosity averaged from 15 sec to 30 sec 
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for Laporte’s methanol synthesis. The computed average gas volume fraction is around 

0.35. As expected, it is higher at the center of the reactor. The average liquid volume 

fraction is around 0.52 and the average catalyst volume fraction is about 0.13. The basic 

computed flow pattern is upflow in the center and downflow at the wall as observed in 

the pilot plant. There are however many additional vortices around the heat exchanger 

tubes not shown in Figure 7.8 due to time averaging. The average computed granular 

temperature is around 30 cm2/sec. It is close to that measured in the SBCR at IIT (Wu 

and Gidaspow, 2000). The average computed catalyst viscosity is close to 1 cp. It is much 

higher around the heat exchanger tubes due to the higher granular temperature at this 

location. This effect was not seen previously in the paper of Wu and Gidaspow (2000). 

The new effect is due to the use of a more realistic Johnson-Jackson boundary conditions 

(Johnson and Jackson, 1987). Hence, there may be the higher corrosion or collisions near 

the heat exchanger. 

The mole fraction of methanol and water in the gas and the liquid phases are 

shown in Figure 7.10 and 7.11. The product water concentration is small, since we 

assumed the inlet synthesis gas was dry. Figure 7.10 and 7.11 show that the mixing in the 

reactor is very good. With the water gas shift reaction, the ratio of H2 to CO is 0.5 due to 

chemical equilibrium in the liquid phase of the simulation.  

Figure 7.12 shows the effect of the volumetric mass transfer coefficient estimated 

by the simulation in slurry bubble column reactor without liquid circulation. Methanol 

production increases 6.5 mol/kgcat⋅hr for the volumetric mass transfer coefficient of 0.75 

and then the methanol production is no longer limited by volumetric mass transfer 

coefficient. In this region, granular temperature has a maximum of 33 (cm/sec)2. It 
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suggests that the maximum production can be at the maximum granular temperature 

shown in Figure 6.16. The estimated volumetric mass transfer coefficient has a good 

agreement with experimental values shown in literatures (Prakash and Bendale, 1991; 

Behkish et al, 2002; Vandu and Krishna, 2003). Figure 7.13 shows the effect of water in 

synthesis gas fed into reactor. The methanol production has a maximum at water mole 

fraction of 0.05, and then decreases slowly with increasing water. The enhance of 

production due to the addition of water can be determined by a balance between the rates 

of water gas shift reaction and CO2-hydrogenation as well as the composition of the 

synthesis gas fed into reactor. However, the addition of lots of water decreases the rate of 

the production due to deactivation of catalyst as recognized by Parameswaran et al., 

(1989). Hence, the ratio of the fresh gas and recycle gas in the slurry bubble column 

reactor can be set near the water mole fraction of 0.05. The ratio of H2 and CO in the 

liquid phase increases linearly with adding the water due to the chemical equilibrium.     

Figure 7.14 shows the methanol production for five different catalyst sizes. For 75 

microns, the production has increased, then decreases substantially for 100 microns. 

Hence the optimum particle size is about 70 microns. This agrees with the previous 

simulations of about 60 microns for the case of no reaction. 

 

7.5 Conclusions  

Our computations show that there is a factor of about two difference between 20 

and 60 µm size particles in the granular temperature (turbulent kinetic energy). Here we 

have developed an algorithm for computing the optimum particle size for fluidized bed 

reactors. The mathematical technique can be applied to gas-solid, liquid-solid, and gas-



 7.17

liquid-solid fluidized bed reactors, as well as the LaPorte slurry bubble column reactor 

for methanol and other hydrocarbons productions from synthesis gas. 

We also present a new method to theoretically estimate the mass transfer 

coefficient in slurry bubble column reactors and other fluidized beds, as well as bubble 

columns where the catalyst particle is replaced by an effective droplet or oscillating small 

bubble in a bubble column. The volumetric mass transfer coefficient estimated by the 

simulation in slurry bubble column reactor has a good agreement with experimental 

values shown in the literature.  

The mathematical model predicts the optimum size to be 60 µm similar to FCC 

particle used in petroleum refining. For synthesis of methanol in the DOE Laporte reactor, 

the optimum size is about 70 microns. For this size, the methanol production is at its 

maximum value. Hence the optimum particle size is between 60 and 70 microns. 
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Figure 7.7 Computed Gas (A) and Liquid (B) holdup Averaged from 15sec 
   to 30sec in the Simulation of LaPorte’s Methanol Synthesis Using the  
   Kinetic Theory 
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Figure 7.8 Computed Catalyst Volume Fraction and Flow Pattern Averaged  
   from 15sec to 30sec in the Simulation of LaPorte’s Methanol Synthesis 
   Using the Kinetic Theory 
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Figure 7.9 Granular Temperature (A) and Catalyst Shear Viscosity (B) Averaged  
   from 15sec to 30sec in the Simulation of LaPorte’s Methanol Synthesis Using 
   the Kinetic Theory 
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Figure 7.10 Computed Mole Fraction of Methanol (A) and Water (B) in the Gas 
   Phase Averaged from 15sec to 30sec in the Simulation of LaPorte’s Methanol  
   Synthesis Using the Kinetic Theory       
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Figure 7.11 Computed Mole Fraction of Methanol (A) and Water (B) in the Liquid 
   Phase Averaged from 15sec to 30sec in the Simulation of LaPorte’s Methanol  
   Synthesis Using the Kinetic Theory   
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Figure 7.12 Methanol Production and Granular Temperature Obtained from the  
   Different Volumetric Mass Transfer Coefficients in Slurry Bubble Column  
   Reactor Without Liquid Circulation  
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Figure 7.13 Methanol Production and H2/CO Mole Ratio in Liquid Phase due 
   to Water Feed Effect in Slurry Bubble Column Reactor Without Liquid    
   Circulation 
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Figure 7.14 Methanol Production for Five Different Catalyst Sizes Obtained  
   from Slurry Bubble Column Reactor Without Liquid Circulation 
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CHAPTER VIII 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Two computational fluid dynamic (CFD) codes, the IIT code and MFIX code, 

were used to resolve some of the critical issues in the scale-up of chemical reactors, such 

as the slurry bubble column reactors. 

Fluidization and collapsing bed experiments of nano-size particles were 

performed. Nanosize particles can be fluidized due to formation of light agglomerates. 

There exists a classical type minimum fluidization velocity, where the weight of the bed 

equals the pressure drop. For Tullanox, 10 nm silica particles, the volume fraction of the 

solid at minimum fluidization is extremely low, 0.77% solids. The minimum fluidization 

velocity is 0.0115 m/sec. No large bubbles were observed during fluidization. There were 

also no bubbles computed using the CFD code used previously to compute bubbles for A 

and B particles.   

Standard bed collapse experiments conducted with the nanosize particles 

produced a settling velocity similar to that for Geldart A particles. The bed expansion 

ratio was higher than that for A particles. Our CFD model predicted the observed 

sedimentation process. The important input into the code was an effective size of the 

agglomerate and the measured stress modulus, which was a function of solids volume 

fraction obtained by means of a γ-ray densitometer. The standard collapsing bed 

experiment widely used in industry to characterize particles is an effective tool for 

understanding particle rheology. 
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Granular temperatures were measured in two- and three-dimensional bubbling 

and turbulent fluidized beds using the IIT CCD camera technique. Similar to the riser 

study, two granular temperatures can be identified. The first is due to particle oscillations 

obtained by averaging over velocity space per a given frame. The second is due to the 

bubble motions and is like the normal average Reynolds stress. The granular temperature 

due to bubble motion is higher than that due to particle oscillations. The restitution 

coefficients for 530-µm glass beads were estimated from the ratio of shear to normal 

stress to be in the range of 0.99. At the low particle velocity, in the range of 10 cm/sec, 

the restitution coefficients are closer to unity than those for a riser at a velocity of 1 m/sec.  

In order to understand in turbulent flow, we measured solids fraction and elutriation in 

three-dimensional fluidized beds with a rectangular central jet. The granular temperature 

has a maximum near the solids volume fraction of 0.9% for gas-solids flows with 42 µm 

glass beads. The dispersion coefficients for A particles are substantially larger than for 

the B particles in bubbling and turbulent fluidized beds. The dispersion coefficients for A 

particles are very high in the turbulent region due to global mixing of particles due to 

bubble motion. 

The IIT code and the MFIX code with the complete granular temperature equation 

were used to compute bubbles, flow patterns and granular temperatures for two-

dimensional bubbling beds at IIT with 530 micron glass beads.  The computed bubble 

sizes and shapes matched the observed sizes and shapes determined using a video camera. 

The use of higher order numerics produces better bubble resolution due to smaller 

numerical diffusion. The computed axial solids velocity, the granular temperature near 
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the center of the bed, and the bubble rise velocity agree with measurements done using 

our CCD camera technique.  

A criterion for bubble formation was found. For the bubble formation the inelastic 

particle dissipation must be greater than the ratio of the granular temperature to the 

square of the slip velocity. This means there will be no bubble formation for sufficiently 

elastic particles. The computed bubble size is a function of the restitution coefficient 

which is of the order of 0.99 for Geldart B particles. 

A critical issue in the SBCR which has not been addressed in the literature is that 

of optimum particle size. Optimum sizes were determined in two different ways. A 

computational research was made to determine the optimum catalyst size based on IIT 

experiment with gas-liquid solids flows. We have varied the particle size from 100µm to 

20 µm and discovered a maximum in the granular temperature. The size was 60 microns. 

The second optimum particle size was determined for the synthesis of methanol in the 

LaPorte slurry bubble column reactor. The optimum particle size for maximum methanol 

production was 70 microns. The volumetric mass transfer coefficient estimated by the 

simulation in slurry bubble column reactors has a good agreement with experimental 

values shown in literatures. Hence the optimum particle size is between 60 and 70 

microns similar to FCC particles used in petroleum refining. 

The current CFD code has predicted the performance of slurry bubble column 

reactors used to convert synthesis gas to liquids. This code should be modified for 

Fischer-Tropsch technology with addition of a hydrocarbon selectivity model. A three-

dimensional code needs to be developed for predict correctly the effect of the heat 

exchangers in slurry bubble column reactors with a diameter as large as 7 m and a height 
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of 30 m. A fine grid in the simulation will be required to get good bubble formation in the 

slurry bubble column reactor and to compute new flow patterns of 10nm particle sizes, 

with lots of vortex cells. This works will require lots of computational time. A parallel 

process version of the MFIX code may be applied to solve these problems.  
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In 2003, we focused on the following two tasks: 
 
1. Frictional Dense Granular Flow using the Dilatant Double Shearing Model 
 
In this work, we used the Dilatant Double Shearing Model (DDSM) to study Couette flow between two 
parallel plates and compared its predictions with the results generated by a two-dimensional DEM  
simulation by Karion and Hunt (2000).  Figure 1 shows the vector plot of the relative velocity field. Figures 
2 and 3 show the comparisons of velocity profiles and relative density distribution between DEM 
simulation and our FEM computation (using the DDSM) respectively. These figures show that the dilatant 
double shearing constitutive equations can capture the two main features, i.e., the velocity profile and the 
relative density distribution in granular Couette flow.  We have also used the DDSM to study the frictional 
flow in a silo. 
 

Figure 1 Results from numerical simulation of Couette flow: Vector plot of the velocity field. 
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Figure 2: Results from numerical simulation of Couette flow: Comparison of velocity profiles between 
DEM simu lation and our FEM model.   
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Figure 3. Results from numerical simulation of Couette flow: Comparison of relative density distribution 
between DEM simulation and our FEM model.   
 
 
 
2. Incorporating the Effect of Fabric in the Dilatant Double Shearing Model for Granular Materials 
 
In this work we develop a dilatant double shearing model for granular materials by incorporating the fabric 
of the microstructures into the constitutive equations, i.e. by considering the effects of the fabric, we get 
different shearing rates along the two slip systems when the principal axes of the fabric tensor and stress 
tensor are not coincident, which directly lead to non-coaxiality of the principal stress axes of stress and 
strain rate, a known characteristic of the flow of granular materials. We implement the constitutive model 
into ABAQUS EXPLICIT by writing a user material subroutine and use it to conduct the biaxial 
compression tests under different initial bedding angles; we then investigate the behavior of this model 
under the cyclic loading conditions. The predictions from the model are compared with the experiments of 
Park and Tatsuoka (1994), and Nemat-Nasser and Zhang (2002), the results we obtain are in good 
quantitative agreement with the experiments, which show that our newly developed constitutive model is 
capable of capturing the important features of the behavior of granular materials. 
 
The student sponsored under the University Partnership Program, Huaning Zhu, is making progress toward 
achieving the goals of this project and is expected to complete his Ph.D. dissertation at the end of August 
2005.  His NETL advisor, Dr. Massoudi organized a symposium in the 2003 Society of engineering 
Science held in Ann Arbor, Michigan on November 14-17.  This symposium consisted of four sessions and 
included the latest research in studies of granular material behavior.  Huaning Zhu presented the paper 
entitled: Incorporating the Effect of Fabric in the Dilatant Double Shearing Model for Granular Materials. 
This paper is coauthored by M. Mehrabadi and M. Massoudi and will be submitted for publication in 
January 2004.  
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1. A 2D Discrete Element Method Simulation of Liquid-induced Capillary Forces in Granular Materials 
 
The purpose of this study is to simulate the effect of adding a small amount of water to an assembly of 
granular materials. We achieved this by incorporating capillary forces into the Discrete Element Method. 
Fisher’s (1926) model is used to calculate capillary forces between two particles. This study shows that 
DEM simulation is capable of modeling the complex interactions that occur within moist granular 
materials. 
 
Figure 4 is the final stage of a hopper flow.  The angle of repose in the wet granular assembly is much 
steeper than that of the dry assembly due to the capillary-induced tensile strength.  The solid lines between 
particles are the contact forces which get thicker as the forces increase in magnitude. 
 
              Dry  granular material                                           Wet granular material 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.   Angle of repose in the final stage of a silo flow for dry and wet granular material. 
 
The student sponsored under the University Partnership Program, Katherine Mills, is making progress 
toward achieving the goals of this project and has completed all the course work required for a masters 
degree. She is expected to complete her thesis at the end of summer 2004. 
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ABSTRACT 

 
FORMATION OF HYDRATE FROM SINGLE-PHASE AQUEOUS SOLUTIONS 

 
Yi Zhang, M.S. 

 
University of Pittsburgh, 2003 

 
 

Experimental and theoretical research on the formation of hydrate from single-phase 

solutions of the hydrate former dissolved in water is described in this work.  Two-phase 

equilibrium between carbon dioxide hydrate (H) and a water-rich liquid (L) are experimentally 

measured and theoretically described between 273 K and 280 K and at pressures to 60 MPa.  

Concentrations of carbon dioxide in the water phase ranging between 0.014 and 0.022 were 

studied.  The theoretical and experimental results both indicate that the equilibrium pressure is 

very sensitive to concentration at all temperatures.  These equilibria represent the solubility of 

carbon dioxide hydrate in a water phase and if a constant aqueous composition LH curve is 

extrapolated to the three-phase VLH curve, the composition characterizing the LH curve also 

represents the solubility of carbon dioxide in water at the VLH conditions.  Since the solubility 

of carbon dioxide in water at hydrate- forming conditions is difficult to obtain, this method 

provides an excellent way of indirectly measuring this three-phase solubility. 

 
DESCRIPTORS 

 
 
                                   Carbon dioxide solubility           Hydrate formation      

                                   Phase equilibrium                       Single-phase solution                          
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1.0 INTRODUCTION 

 
The potential impact of rising greenhouse gas levels in the atmosphere is a current global 

concern. Carbon sequestration offers the potential to reduce the buildup of CO2 in the atmosphere 

and is a topic of ongoing research and debate (U. S. Department of Energy, 1999).  Oceanic CO2 

sequestration has been proposed as a method of long-term sequestration of anthropogenic 

emissions of CO2.  Understanding the fate of CO2 released into the deep ocean is therefore 

important to assessing the utility of this strategy for long-term sequestration.  The environmental 

impact and economics are also important and are under investigation (U. S. Department of 

Energy, 1999).  

 Direct injection of CO2 through pipes to ocean depths ranging from 1000 m to 3000 m is a 

leading candidate for introducing CO2 into the deep ocean. However, formation of the ice- like 

CO2 clathrate hydrate at the interface of CO2 and seawater complicates the fate of liquid CO2 

injected into the ocean (Holder, et al., 1995). The physical and chemical behavior of CO2 in the 

ocean needs to be understood, especially the impact of CO2 hydrate on the injection and 

sequestration process.  

Formation of CO2 hydrate from a single-phase aqueous solution using only the hydrate 

former dissolved in the aqueous phase is the focus of this work. Generally, in the laboratory, 

hydrates are formed from two-phase systems consisting of a hydrate former in a separate gas (V) 

or liquid phase (L2) and liquid water (L1).  Information in the literature addressing the formation 

of hydrate from a single-phase solution of hydrate former dissolved in water is limited (Holder, 

et al., 2001). Prior work done at the National Energy Technology Laboratory (NETL) has 
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demonstrated that if CO2 hydrate forms from a two-phase system of either gaseous or liquid CO2 

and water, the hydrate formed was initially less dense than the aqueous solution.  This is likely 

due to occluded bubbles or drops of CO2 in the hydrate clusters. Such floating hydrate particles 

will diminish the effectiveness of ocean sequestration of CO2. However, if CO2 hydrate forms 

from a single-phase system, the hydrate formed was initially more dense than the aqueous phase. 

The formation of hydrates could enhance the ocean sequestration effort by causing the CO2  to 

sink to even greater depths before it dissolves.  (Holder, et al., 2001). 

In this work, additional experimental single-phase CO2 hydrate formation research was 

performed that compliments and extends previous work (Holder, et al., 2001) and further 

validates the thermodynamic model (Holder, et al., 1988) which describes the phase equilibrium 

of hydrate formation. Further modification and improvement to this model were also performed. 

Two-phase equilibrium between CO2 hydrate (H) and a water-rich liquid (L1) were 

experimentally measured and theoretically described between 273 K and 280 K and at pressures 

to 60 MPa.   
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2.0 LITERATURE REVIEW 

 

2.1 CO2 and carbon sequestration 

 
 

Carbon dioxide levels in the atmosphere arising from the combustion of fossil fuel (gas, oil, 

and coal) and other human activities have increased substantially since the Industrial Revolution, 

and are expected to continue doing so. Although the long-term consequences of these changes 

are hotly debated, many scientists agree that rising atmospheric CO2 concentrations could give a 

variety of serious environmental problems and CO2 is quantitatively by far the greatest 

contributor (64%) to climate forcing among the gases arising from anthropogenic activity 

(Johnston, et al., 1999). 

This problem has drawn attention throughout the world. In 1992, 167 nations signed the 

United Nations Framework Convention on Climate Change, which includes the objective to 

achieve “ stabilization of greenhouse gas concentrations in the atmosphere at a level that would 

prevent dangerous interference with the climate system” (Johnston, et al., 1999). 

Three approaches to manage carbon dioxide were proposed. One is to reduce the need for 

carbon source energy by improving energy efficiency. Another approach is to increase the use of 

low-carbon and carbon-free fuels and technologies. The third and newest approach-- carbon 

sequestration, which receives less attention to date than the other two approaches, is truly radical 

in a technology context. (U. S. Department of Energy, 1999) 

Carbon sequestration is to capture and secure storage of carbon that would otherwise be 

emitted to or remain in the atmosphere. Six scientific/technological focus areas relevant to 

carbon sequestration were identified in order to achieve carbon emission reductions needed to 

mitigate the atmospheric CO2 (U. S. Department of Energy, 1999): 
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1. Separation and Capture of CO2  

2. Ocean Sequestration 

3. Carbon Sequestration in Terrestrial Ecosystems (Soils and Vegetation)  

4. Sequestration of CO2 in Geological Formations 

5. Advanced Biological Processes for Sequestration 

6. Advanced Chemical Approaches to Sequestration 

Approximately 1 billion tones of carbon (GTC)/yr by 2025, and  4 GTC/yr by 2050 need to 

be sequestered in order to meet the goal adopted by Intergovernmental Panel on Climate Change 

(IPCC) of stabilizing the atmosphere at about 550 ppm CO2. (Brewer,   2000) It is clear that 

advanced CO2 sequestration is required. “Carbon Sequestration could be a major tool for 

reducing carbon emissions from fossil fuels. However, much work remains to be done to 

understand the science and engineering aspects and potential of carbon sequestration options.”  

(U. S. Department of Energy, 1999)  

 
 
 

2.2 Oceanic Sequestration of CO2   

 
 

The direct disposal of CO2 to the deep oceans is one of the approaches that are receiving the 

greatest focus, as a means of ameliorating greenhouse gas induced climate change (Handa, 1990; 

Wong & Hirai, 1997; Ormerod, 1996; Ormerod & Angel, 1996). Specifically the proposals fall 

into three distinct categories: (Johnston, et al., 1999) 

• Ocean fertilization, which fertilize open waters to increase primary production and 

hence to absorb more carbon in fixed form that will eventually be incorporated into 

the ocean sediments (Coale et al., 1996; Boyd et al., 2000; Markels, 2001) 
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• Disposal of captured CO2 directly into oceans (Brewer, 2000) 

• Injection of captured CO2 into sub-seabed geological formations (Winter & Bergman, 

1993) 

The ocean represents a large potential sink for sequestration of anthropogenic CO2 emissions. 

It is generally accepted that more than 80% of today’s anthropogenic CO2 emissions will 

eventually be absorbed naturally into the oceans, on a time scale of 1000 years. Ocean 

sequestration strategies attempt to investigate the possibility to speed up this process to reduce 

the peak of carbon dioxide concentration in the atmosphere and the rate of increase.   

Technical approaches to introduce CO2 into oceans include the following three methods 

(Johnston, et al., 1999): 

 

• Introduction by pipeline into deep ocean by dissolution 

• Dispersion following discharge of dry-ice blocks or liquid CO2 from a ship 

• Formation of a lake of liquid CO2 in the deep sea 

Most research effort has focused on the introduction of CO2 by pipeline. The concept is 

illustrated in Figure 1 below: 

If CO2 is introduced into ocean at depths of less than 500m, carbon dioxide exists as a gas at 

ambient pressures and temperatures, and the bubble plumes created will rise in the seawater with 

most gas dissolving but some possibly escape to the atmosphere. Optimistically, the retention 

time of the gas would be relatively short (about 50 years). At depth between 500m and 3000m, 

carbon dioxide exists as a positively buoyant liquid. It will form a droplet which will probably be 

which are solid, negatively buoyant, ice-like compounds (Adams et al., 1995). “Retention times  
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Figure 1 Concept for introducing CO2 captured from power and industrial plant into deep ocean 
by land based pipelines. 

 
 
 
in these cases should be much greater since deep water exchanges with surface water at a much 

lower rate than surface water interacts with the atmosphere in the upper mixed layer of the sea.” 

(Johnston, et al., 1999) In general, the retention time for disposal of CO2 into the ocean is 

considered as a function of the depth where it is discharged (Wong & Matear, 1993).  There are 

considerable variations and uncertainty in likely residence times because the models (Bacastow 

et al., 1993; Ormerod, 1996) used to predict these times depend upon the data used to tune them 

and upon the accuracy of constant factors describing physical and chemical phenomena. An 

accurate description of the fate of CO2 injected into ocean water is necessary for predicting the 

behavior of large-scale ocean disposal schemes. The first successful field experiment where CO2 

hydrate was formed in the deep ocean was performed by Monterey Bay Aquarium Research 

Institute (Brewer et al., 1999). Associated costs of oceanic disposal of CO2 in terms of energy 

and economic penalties and impacts on the marine environment also need careful investigation 

and full understanding. 
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2.3 Nature of Hydrates 

 

Gas hydrates are non-stoichiometric, crystalline molecular complexes formed from water and 

low molecular weight gases. The water molecules form a lattice structure and the gas molecules 

occupy the interstitial vacancies of the lattice. There is no chemical association between gas and 

water molecules. The gas molecules interact with the water molecules through van der Waals 

type dispersion force. Instead, the water molecules that form the lattice are strongly hydrogen 

bonded with each other (Holder, et. al., 1988; van der Waals, et. al., 1959; Parrish & Prausnitz, 

1972). Although hydrates were first discovered by Davy in 1810, gas hydrates became a subject 

of investigation after it was been found out that formation of gas hydrates was responsible for the 

plugging of natural gas process and transportation lines (Hammerschmidt, 1934).  

All common natural gas hydrates belong to the three crystal structures: cubic I (sI), cubic 

structure II (sII), and hexagonal structure (sH). Structure I is formed with gas molecules smaller 

than 6 
o
A , such as methane, ethane, carbon dioxide and hydrogen sulfide. Structure II is formed 

with gas molecules somewhat lager (6 
o
A < d < 7 

o
A ), such as propane or iso-butane. Still larger 

molecules (7 
o
A < d < 9 

o
A ), such as iso-pentane or neo-hexane can form structure H when 

accompanied by smaller molecules such as methane, hydrogen sulfide or nitrogen. Structure I 

and II are shown in Figure 2 (Sloan, 1998).  

At high pressure and low temperature, CO2 and water can form structure I hydrate. The unit 

cell of the structure I hydrate contains eight cavities, two small and six large, which are 

constructed from 46 water molecules. Each cavity can at most hold one CO2 molecule. Research 

in CO2 hydrates formation has been performed in the laboratory at the temperature range from 
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151.5 K to 292.7 K and the pressure range from 5.35 kPa to 186.2 kPa (Miller & Smythe, 1970; 

Takenouchi & Kennedy, 1965; Sloan, 1998).  

 

 

                               

                                     Figure 2 Gas Hydrate Structure I and Structure II 
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2.4 Formation of CO2 Hydrate 

 
 

A considerable amount of research and experimental data in formation of CO2 hydrate from 

two-phase system cons isting of CO2 in a separate gas (V) or liquid phase (L2) and liquid water 

(L1) have been published (von Stackelberg & Muller, Unruh & Katz, 1949; Takenouchi & 

Kennedy, 1946; Robinson & Mehta, 1971; Berecz & Balla-Achs, 1983; Ng & Robinson, 1985). 

Several research results indicate that hydrates formed from two-phase system are initially less 

dense than water and float. Such floating hydrate particles will diminish the effectiveness of 

ocean sequestration of CO2. Research in formation of hydrate from single-phase is limited in 

literature. However, the previous research performed at the NETL has demonstrated that if CO2 

hydrate forms from a single-phase system, the hydrate formed was initially more dense than the 

aqueous phase (Holder, et al., 2001; Warzinski, et al., 2000; Warzinski, et al, 1995). This may 

have application to carbon sequestration. 
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3.0 DESCRIPTION OF EXPERIMENT 

 
 
The experimental observations were made in a high-pressure, variable-volume viewcell 

(HVVC) of about 10 cm3 to 40 cm3 capacity. A sapphire window permits visual observation of 

the contents of the HVVC.  A small oval-shaped high-density Teflon coated magnetic stirring 

bar was used to promote mixing within the HVVC. The entire system was enclosed in a 

temperature programmable environmental chamber that could maintain the temperature of 

interest to within 0.1 K.  Water purified by reverse osmosis and deionization (18 mega ohm-cm) 

and CO2 (SFC grade, 99.99+% purity) were used in the experiments reported here. Platinum 

Resistance Temperature Detector (RTD) used in the experiments has an accuracy of ± 0.2% of 

reading. Pressure of the viewcell was measured by Heise ATS2000 Digital Pressure Transducer 

with an accuracy of ± 0.02% of span. Ethylene Propylene Diene Monomer (EPDM) O-ring was 

used to provide the sealing of the cell. 

The HVVC was filled with water injected into the HVVC with a syringe pump. The amount 

of liquid CO2 injected through another syringe pump was determined from the volume delivered 

by using the density for CO2 obtained from the IUPAC International Thermodynamic Tables of 

the fluid state for carbon dioxide at the pressure and the temperature of the laboratory.  After 

dissolution of the added CO2, the system was quickly subcooled to 271 K, and then heated up to 

290 K at the rate of 0.3 K/hr. Overview of the laboratory setup and schematic of equipment are 

shown in Figure 3 and Figure 4, respectively.  
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                                      Figure 3 Overview of Laboratory Setup 

 
 
 
 
 
 
 



 

 

 

12 

 
 
 

 
 
 
 

                                         Figure 4 Schematic of Equipment 
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4.0 RESULTS AND DISCUSSION 

 

4.1Analysis of the Experimental Results 

 
 

Five sets of experiments were performed in which CO2 hydrate was formed from single-

phase aqueous solutions.  Mole fractions of CO2 from 0.0160 to 0.020 were studied with 

accuracy of ± 2%. The pressure versus temperature trace for a typical cycle is presented in the 

Figure 5. Note that this trace is not consistent with the formation of ice. Ice was not observed in 

these experiments. 

Because of metastability in hydrate formation, the hydrate dissociation trace obtained during 

heating was used to evaluate the equilibrium point. Due to the difficulty in qualifying the 

equilibrium point from the pressure vs. temperature trace, the slope of dissociation curve vs. 

temperature was determined as shown in Figure 6. The peak of this curve represents the point of 

maximum dissociation, but does not represent the equilibrium for the overall CO2 concentration, 

because the water phase composition is changed due to removal of CO2 into the hydrate phase. 

The minimum in this trace indicates the absence of any further hydrate dissociation and 

represents a temperature slightly above the equilibrium value. The equilibrium is taken as the 

midpoint between the peak and the minimum. This produces an estimated uncertainty (±0.5K). 

Visual observation confirms the selection of this point. The equilibrium point is indicated in the 

Figure 6. Experiments are continuing at NETL to reduce the uncertainty of this point. 

From the experiments, we found out that mixing was a very important factor in obtaining 

accurate equilibrium data, and the stirring bar played a key role.  Different shapes and ma terials 

of the stirring bar were tested and it turned out that oval-shaped high-density Teflon coated 

magnetic stirring bar gave the best performance. We also found out that cooling rate had no 
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effect on equilibrium and 0.3K/hr of heating rate was satisfactory to obtain accurate equilibrium 

data.  

 

 

 

 

Figure 5 Pressure vs. Temperature history of an experiment in which hydrates were formed and 
decomposed in a single-phase solution of dissolved CO2 in water. The trace was preceded as 
indicated in light arrows. 
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Figure 6 dP/dT vs. Temperature for dissociation of CO2 hydrate in a single-phase solution 
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4.2 Thermodynamic Models for Hydrate Equilibrium 

 
 

The basic model for hydrate equilibrium used by author is based on the work of van der 

Waals and Platteeuw(vdWP) (1959) and extended by Parrish and Prausnitz (1972) by using the 

Kihara potential with modified Kihara parameters. This method was substantially simplified by 

John and Holder (1981). Bazant and Trout (2001) applied an analytical “inversion” method 

based on the standard statistical model of vdWP to extract cell potentials directly from 

experimental data. In this work, the John and Holder model was modified to allow its application 

to our experimental data. 

 For the water species in the hydrate phase, the value of ∆µH (the chemical potential of water 

in the hydrate phase) is obtained by using the following equation (Holder, et al., 1988): 

∑ ∑ 







−−=∆

cavitiesj i
jijH RT

,

1ln θνµ                                                                                 (1) 

                                                                            
Where, νj is the ratio of j-type cavities present to the number of water molecules present in the 

hydrate phase and  

 

∑+
=

i
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ji fC

fC

1
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Where, Cji is the Langmuir constant for species i in cavity j; if  is the fugacity for the hydrate 

forming species; θji is the fraction of j-type cavities, which are occupied by i-type gas molecules. 

The value of ∆µL (the chemical potential difference of water in the water-rich phase) is 

calculated from the following equation (Holder, et al., 1980): 
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The terms h∆ and V∆ are the molar enthalpy and volume differences, respectively, between 

the empty hydrate or liquid water phases. 

At equilibrium, ∆µH = ∆µL, hydrates can exist.  

For the present work, the above models were simplified by omitting the last term in Equation 

(3), because the concentration of water ( wx ) is very close to unity in water-rich solutions. The 

first two terms on the right represent )0,( =∆ PTLµ , the chemical potential difference at a fixed 

temperature and zero pressure. At a fixed temperature, hydrate forms from single-phase solution. 

The following relationship is obtained: 

 
 
When hydrate forms from two-phase solution, the following relation is obtained: 

 
Subtracting equation (5) from equation (4), following equation is obtained: 

 
      Since for single hydrate species, 
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The following equation is obtained: 

 

Where, satP  and satf  are the pressure and corresponding fugacity of the CO2, which are 

required to dissolve the experimental levels of CO2 in the water phase of the given temperature. 

We use the experimental solubility of CO2 in water (Kirk-Othmer, 1993) to obtain these values. 

The exponential term is the Poynting correction (J. M. Prausnitz, 1969) to satf , giving the 

fugacity at pressure P.  
−

iV   is the partial molar volume of  CO2 in liquid water.              

Equation (7) can be solved for the pressure. In this approach, reference state properties are 

not relevant, and the values of the pressures can be easily compared to those obtained in our 

experiments. Further simplification was also applied as following: 

 

      Then, the following equation is obtained: 
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In this equation, P is the equilibrium pressure for hydrates formed from single-phase 

solutions. The values of all the other variables can be obtained from either experiments or 

literature data. Figure 7 presents the comparison of experimental and predicted data that are 

calculated by equation (7) and (8). 

   The vertical dash line represents T=273.15 K region. The lines for the calculated results 

obtained by equation (7) are compared to the dash lines obtained by equation (8).   

   More information can be obtained from Figure 3 as shown in Figure 8 and 9. 
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Figure 8 Hydrate equilibrium temperature vs. Mole fraction of CO2 at constant pressure 
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  Figure 9 Pressure vs. Mole fraction of CO2 at constant Temperature 
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temperature, the higher the concentration of CO2, the lower pressure will be required in order to 

form hydrate.  

Comparison of experimental data and calculated results by simplified and exact models is 

shown below. X is mole fraction of CO2; Texp is the experimental temperature; Tsim is the 

calculated temperature calculated by simplified model; Texa is the calculated temperature 

calculated by exact model. 

 

Table 1 Comparison of experimental data and calculated results by simplified and exact models 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 
 

      X P (MPa) Texp (K)  Tsim (K)  Texa (K) 

0.0199 50.58   279.3 280.0 280.6 

 37.87 279.1 279.6 280.1 

 23.58 277.9 279.2 279.6 

     

0.0177 45.26 277.8 277.8 278.0 

 18.00 277.2 277.1 277.1 

 6.65 276.5 276.6 276.6 
     

0.0160 50.01 276.8 275.7 275.8 

 31.14 275.6 274.6 274.7 

 16.47 274.0 273.6 273.7 
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5.0 SUMMARY AND CONCLUSIONS 

 
 

Formation of CO2 hydrate from single-phase aqueous solutions was performed in this work. 

The modified and simplified theoretical models can give reasonable prediction of the conditions 

of hydrate formation equilibria from single-phase aqueous solutions, and will have potential 

usage in ocean sequestration of CO2. Further investigation of phase equilibrium condition is 

needed to have better understanding of these phenomena. In addition, the approximations made 

in the model should be examined and a more rigorous approach taken. 
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C       ******************************************************** 
C 
C       CALCULATION OF HYDRATE PHASE EQUILIBRIA. 
C       ********************************************************* 
C       THIS PROGRAM CALCULATES PCALC WHEN TENURED PEXP. 
C       LANGMUIR COEFFICIENTS ARE CALCULATED BY USING 
C       Q* CORRELATION METHOD. 
C 
C 
C       25 GASES ARE INCORPORATED INTO THE PROGRAM. 
C       MIXTURES OF UP TO 10 COMPONENTS CAN BE STUDIED. 
C 
C       ********    COMMON STATEMENTS     ******** 
C 
        PROGRAM HYD 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z)  
        IMPLICIT INTEGER (I-N)        
        CHARACTER*5 YCOMP,YNAME,YNAMEL,YNAMEIM 
        CHARACTER*4 AQ 
        DIMENSION YNAME(25) 
        DIMENSION YCOMP(10) 
        DIMENSION ICASE(30),ILEN(31) 
        DIMENSION A(10),SIGMA(10),EPS(10),AMW(10),TC(10),VC(10),PC(10) 
        DIMENSION ZAA(1,25),AK(25,25) 
        DIMENSION IISCO(25),PPEXP(100) 
        DIMENSION KYP(20),NCODE(25) 
        DIMENSION OMEGA(10),ESTAR(10),C1RKV(10),C2RKV(10),C1RKL(10) 
        DIMENSION C3FREF(10),C4FREF(10),C1FREF(10),C2RKL(10) 
        DIMENSION C2FREF(10),C0FREF(10)  
        DIMENSION XX(13),KK(25),ZA(20),ICODE(10) 
        DIMENSION YNAMEIM(10)  
        DIMENSION YNAMEL(10) 
        COMMON/BKSB/NPT,NSETS,IFLAG 
        COMMON/BLOCK/ISOLVE 
        COMMON/AZ/KK,N,MK 
        COMMON/NC/NCODE,NCOMP  
        COMMON/DV/PVAP(100),AA(3),AB(3),PSAT(3,100),XY(100)  
        COMMON /AMOL/MA,ISCODE(10) 
        COMMON/TEXPT/PEXP(100),X(15,100),IS(100),T(100),YEXP(100) 
        COMMON/SERDAT/T1(100),DT(100),T2(100) 
        COMMON/FUND/SIGMA,EPS,A 
        COMMON/XXX/XX,DH 
        COMMON/COR/EPSH,DDU,DDH,BETA1,GAMMA 
        COMMON/VDO/SIGH1,SIGH2 
        COMMON/BKSA/AK 
        COMMON/BKSC/IWATER,IPOS,ISTR,IDH 
        COMMON/PHAS/NVLLH 
        COMMON/STRUC/NSTRUC 
        COMMON/IMP/IMPURE,IMCODE,XIMP(100),YCO2(100) 
        COMMON/SOLUT/XSOLU,ACTIV,YYYCO2  
        COMMON/SEQ/ISEQ,TMIN,DELT,TMAX,TQL 
        COMMON/LIQUID/LIQ 
C       ******************************************* 
C 
C 
C       ****  READ IN EACH COMPONENT  **** 
C 
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        DATA YNAME/'CH4','C2H6','C2H4','C3H8','C-C3', 
     *'N-C4','I-C4','C-C4','C5H12','I-C5','NE-C5','C-C5', 
     *'H20','H2','CO2','O2','N2','H2S','XE','AR','KR', 
     *'SF6','CIC4','TRC4','NONE'/ 
        DATA YCOMP / 'Y-1','Y-2','Y-3','Y-4','Y-5','Y-6','Y-7', 
     *'Y-8','Y-9','Y-10'/ 
        DATA YNAMEL/'XL1','XL2','XL3','XL4','XL5','XL6','XL7', 
     *'XL8','XL9','X10'/ 
        DATA YNAMEIM / 'MEOH','ETOH','PROH','NACL','CACL2','KCL' 
     * ,'NH3','ETGLY','DEGLY','TRGLY'/ 
C 
C 
C 
C 
C 
C 
C 
C 
C       COMPONENT IDENTIFIERS,WHERE FOLLOWING CODE APPLIES.  
C 
C 
C               **** 1= METHANE 
C               **** 2= ETHANE 
C               **** 3= ETHYLENE 
C               **** 4= PROPANE 
C               **** 5=CYCLO-PROPANE 
C               **** 6= N-BUTANE 
C               **** 7= ISO-BUTANE 
C               **** 8= CYCLO-BUTANE 
C               **** 9= PENTANE 
C               **** 10= ISO-PENTANE 
C               **** 11= NEO-PENTANE 
C               **** 12= CYCLO-PENTANE 
C               **** 13= WATER 
C               **** 14= HYDROGEN 
C               **** 15= CARBON-DI-OXIDE 
C               **** 16= OXYGEN 
C               **** 17= NITROGEN 
C               **** 18= HYDROGEN SULFIDE 
C               **** 19= XENON 
C               **** 20= ARGON 
C               **** 21= KRYPTON 
C               **** 22= SULFUR HEXAFLOURIDE 
C               **** 23= CIS-2-BUTENE 
C               **** 24= TRANS-2-BUTENE  
C               **** 25= NO COMPONENT PRESENT 
C 
C 
C 
C          IMPURITY IDENTIFIERS, WHERE THE FOLLOWING CODE APPLIES 
C 
C             ** 1=METHANOL 
C             ** 2=ETHANOL 
C             ** 3=PROPANOL 
C             ** 4=SODIUM CHLORIDE 
C             ** 5=CALCIUM CHLORIDE 
C             ** 6=POTTASIUM CHLORIDE 
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C             ** 7=AMMONIA 
C             ** 8=ETHYLENE GLYCOL 
C             ** 9=DIETHYLENE GLYCOL 
C             ** 10=TRIETHYLENE GLYCOL 
C 
C 
C 
C 
C       FOLLOWING DATA IS READ FROM FILE FOR12.DAT:  
C       1>ISOLVE=SELECT EQ. OF STATE: 1=PENG ROB. 2=RED. KWONG 
C       2>ISTR=PRINT STRUCTURE DATA: 1=YES, 2=NO 
C       3>ILANG=PRINT LANGMUIR CONSTS.: 1=YES, 2=NO 
C       4>IN=PRINT SWITCH: 1=PRINT COMP. LIST 2=NO COMP LIST 
C       5>NSETS=NUMBER OF ON LINE DATA SETS TO RUN 
C              =0 IF USES ENTERS HIS OWN EXPT. OR GUESSED DATA 
C       6>IWATER= SWITCH FOR WATER CONTENT CALC FOR 2 & 3 PHASE SYS 
C               = 0 : DONT PERFORM CALCULATIONS 
C               = 1 : CALCULATE YH2O  GIVEN P 
C               = 2 : CALCULATE YH2O AND COMPARE WITH EXPMTL DATA 
C       7>IPOS=COMPONENT POSITION OF WATER I.E. 1,2,0R 3 ... 
C      8>NVLLH=SWITCH FOR QUADRUPLE POINT CALCULATION 
C             =0 :DONT PERFORM QUAD POINT CALCULATIONS 
C             =1 :CALCULATE QUADRUPLE POINT. IF NVLLH IS 1 THEN 
C                           NSTRUC SHOULD NOT BE ZERO. 
C      9>NSTRUC=SWITCH FOR CHECKING THE PRESENCE OF 'V L H1 H2' QUAD POINTS 
C              =1 :ONLY ONE HYDRATE STRUCTURE IS FORMED AND IS THE ONE 
C                           GIVEN IN DATA. 
C              =2 :CHECK FOR 'V L H1 H2' QUAD POINTS 
C     10>IMPURE=SWITCH FOR CALCULATIONS IN THE PRESENCE IMPURITIES 
C              =0 :NO IMPURITIES IN WATER 
C              =1 :IMPURITIES ARE PRESENT (SEE IMPURITY CODES) 
C     11>ISEQ=SWITCH FOR CALCULATING EQUILIBRIUM CURVE BETWEEN TEMPERATURES 
C                  T1(I) AND T2(I) AT INTERVALS OF DT(I) 
C            =0 :NO SEQUENTIAL CALCULATIONS 
C            =1 :SEQUENTIAL CALCULATIONS UPTO TEMPERATURE T2(I) 
C            =2 :SEQUENTIAL CALCULATIONS UPTO THE QUADRUPLE POINT(VLLH) 
C     12>LIQ=SWITCH FOR CALCULATING  L1 L2 H EQUILIBRIA ONLY 
C             =0 :GAS COMPOSITION IS GIVEN 
C             =1 :LIQUID COMPOSITION IS GIVEN 
C       13>IDH=SWITCH FOR CALCULATING HEAT OF DISSOCIATION 
C             =0 NO CALCULATIONS PERFORMED 
C             =1 HEAT OF DISSOCIATION IS CALCULATED 
C 
C       14>MA=NUMBER OF COMPONENTS 
C       15>KK(I)=CODE OF EACH COMPONENT  
C       16>N=NUMBER OF DATA POINTS 
C       17>EXPERIMENTAL HYDRATE CONDITIONS SUCH AS 
C       P/PSIA,T/DEG.R,Y(I),I=1,MA 
C 
C 
C       * * READ IN OPTION SWITCHES * *  
C 
 OPEN(12,FILE='TAPE12.DAT',STATUS='OLD') 
        OPEN(06,FILE='HYDOUT.DAT',STATUS='UNKNOWN') 
        READ(12,104)AQ 
        READ(12,200)ISOLVE,ISTR,ILANG,IN 
        GO TO(90,91),IN 
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  90    CONTINUE 
        WRITE(06,301) 
  91    CONTINUE 
C 
C       * * READ IN NUM OF ON LINE SETS TO RUN AND WATER SWITCH * * 
C 
        READ(12,104)AQ 
        READ(12,302)NSETS,IWATER,NVLLH,NSTRUC,IMPURE,ISEQ,LIQ,IDH 
        IF(NVLLH.EQ.1.AND.NSTRUC.EQ.0)GO TO 1002 
        IF(IWATER.NE.0.AND.NVLLH.EQ.1)GO TO 1003 
        IF(ISEQ.EQ.2.AND.NVLLH.EQ.0)GO TO 1004 
        IF(LIQ.EQ.1.AND.ISEQ.EQ.1.AND.NVLLH.EQ.1)GO TO 1005  
        IF(LIQ.EQ.1.AND.ISEQ.EQ.2)GO TO 1006 
        IFLAG=1 
C 
C       * * SET CONDITIONS FOR USER'S EXPT OR GUESSED DATA * * 
C 
        IF(NSETS.NE.0)GO TO 56 
        ILEN(1)=0 
        ICASE(1)=1 
        IFLAG=0 
C 
        NSETS=1 
        GO TO 57 
C 
  56    READ(12,104)AQ 
C 
C       * * READ IN CODES FOR ON LINE DATA SETS TO BE RUN * * 
C 
        DO 51 I=1,NSETS 
        READ(12,202)ICASE(I) 
  51    CONTINUE 
        READ(12,104)AQ 
C 
        ILEN(1)=0 
C 
C       * * READ IN TOTAL NUMBER OF ON LINE DATA SETS * * 
C       * * PRESENT IN FOR12.DAT 
C 
        READ(12,202)NTSETS 
        READ(12,104)AQ 
        NTSETS=NTSETS+1 
C 
C       * * READ IN LENGTH OF EACH DATA ON LINE DATA SET * * 
C 
        DO 50 I=2,NTSETS 
        READ(12,202)ILEN(I) 
  50    CONTINUE 
        READ(12,104)AQ 
C 
C       * * CONVERT ILEN VALUES TO CUMULATIVE VALUES * * 
C 
        DO 55 I=2,NTSETS 
        ILEN(I)=ILEN(I)+ILEN(I-1) 
  55    CONTINUE 
C 
C 
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  57    IMOVE=ILEN(ICASE(1)) 
C 
C       * * MOVE THROUGH FOR12.DAT AND GET DESIRED DATA * *  
C 
        DO 983 IJK=1,NSETS 
        IF(IMOVE.EQ.0)GO TO 54 
        IF(IJK.EQ.1)GO TO 65 
        IMOVE=ILEN(ICASE(IJK))-ILEN(ICASE(IJK-1)+1) 
        IF(IMOVE.EQ.0)GO TO 54 
C 
  65    DO 53 I=1,IMOVE 
        READ(12,104)AQ 
 104    FORMAT(A4) 
  53    CONTINUE 
  54    IMOVE=1000 
C 
C 
        READ(12,202) MA 
C 
C   ** CHECK WHETHER IMPURITY CALCULATION IS REQUIRED ** 
        IF(IMPURE.EQ.1)GO TO 185 
        READ(12,308) (KK(I),I=1,MA) 
        GO TO 186 
 185    READ(12,309)(KK(I),I=1,MA),IMCODE 
C 
C   ** CHECK FOR PRESENCE OF CO2 WITH INHIBITOR ** 
C 
        DO 1060 JJ=1,MA 
        IF(KK(JJ).EQ.15)JJ1=JJ 
 1060   CONTINUE 
C       *********    READ IN NUMBER OF DATA POINTS   ********** 
C 
 186    READ(12,305) N 
        NPT=N 
C 
C       CHECK FOR HEAT OF DISSOCIATION CALCULATIONS 
C 
        IF(IDH.EQ.0) GO TO 327 
        IF(ISEQ.EQ.1) GO TO 378 
        IF(IMPURE.EQ.1) GO TO 326 
        DO 328 I=1,N 
        READ(12,329) PEXP(I),T(I),IS(I),(X(J,I),J=1,MA) 
 328    CONTINUE 
        GO TO 12 
  378    CONTINUE 
        IF(IMPURE.EQ.0) GO TO 675 
        DO 468 I=1,N 
        READ(12,969) PEXP(I),T1(I),DT(I),T2(I),IS(I),(X(J,I),J=1,MA),  
     1  XIMP(I) 
 468    CONTINUE 
        GO TO 12 
 675    CONTINUE 
        DO 8132 I=1,N 
        READ(12,968) PEXP(I),T1(I),DT(I),T2(I),IS(I),(X(J,I),J=1,MA) 
 8132   CONTINUE 
        GO TO 12 
 326    CONTINUE 
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        DO 341 I=1,N 
        READ(12,330) PEXP(I),T(I),IS(I),(X(J,I),J=1,MA),XIMP(I) 
 341    CONTINUE 
        GO TO 12 
 327    CONTINUE 
C       CHECK FOR WATER CALCULATION 
        IF(IWATER.EQ.0.OR.IWATER.EQ.1)GO TO 67 
C 
C       **********    READ IN N DATA POINTS     ********** 
        DO 123 I=1,N 
        READ(12,100) PEXP(I),T(I),IS(I),(X(J,I),J=1,MA),YEXP(I) 
 123    CONTINUE 
        GO TO 12 
 67     IF(IMPURE.EQ.0)GO TO 567 
C       **CHECK WHETHER SEQENTIAL CALCULATION WITH IMPURITIES IS REQUIRED 
C 
C 
        IF(IMPURE.EQ.1.AND.ISEQ.EQ.0)GO TO 569 
        DO 221 I=1,N 
        READ(12,181) PEXP(I),T1(I),DT(I),T2(I),IS(I),(X(J,I),J=1,MA) 
     1,XIMP(I) 
C 
C    ** CHECK FOR PRESENCE OF CO2 WITH IMPURITY ** 
C 
        YCO2(I)=X(JJ1,I) 
 221    CONTINUE 
        GO TO 12 
 569    DO 222 I=1,N 
        READ(12,111) PEXP(I),T(I),IS(I),(X(J,I),J=1,MA),XIMP(I) 
        YCO2(I)=X(JJ1,I) 
 222    CONTINUE 
        GO TO 12 
C   ** CHECK WHETHER SEQUENTIAL CALCULATION IS REQUIRED ** 
 567    IF(ISEQ.EQ.0)GO TO 568 
        DO 240 I=1,N 
        READ(12,180) PEXP(I),T1(I),DT(I),T2(I),IS(I),(X(J,I),J=1,MA) 
 240    CONTINUE 
        GO TO 12 
 568    DO 122 I=1,N 
        READ(12,100) PEXP(I),T(I),IS(I),(X(J,I),J=1,MA) 
 122    CONTINUE 
C 
C 
 12     CONTINUE 
C 
C 
C       ********    WRITE OUT ALL INPUT DATA    ***********  
        DO 978 I=1,MA 
C 
        WRITE(06,310) I,YNAME(KK(I)) 
 978    CONTINUE 
        IF(IMPURE.EQ.1)WRITE(6,344)YNAMEIM(IMCODE) 
        IF(IFLAG.NE.0)GO TO 58 
        WRITE(06,105)(YCOMP(I),I=1,MA) 
        GO TO 59 
  58    IF(LIQ.EQ.0)WRITE(06,101)(YCOMP(I),I=1,MA) 
        IF(LIQ.EQ.1)WRITE(06,101)(YNAMEL(I),I=1,MA) 
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  59    WRITE(06,103) 
        IF(IMPURE.EQ.0)GO TO 182 
        DO 95 I=1,N  
        IF(ISEQ.EQ.1.OR.ISEQ.EQ.2)T(I)=T1(I) 
        WRITE(6,112) PEXP(I),T(I),IS(I),(X(J,I),J=1,MA),XIMP(I) 
 95     CONTINUE 
        GO TO 97 
 182    DO 94 I=1,N  
        IF(ISEQ.EQ.1.OR.ISEQ.EQ.2)T(I)=T1(I) 
        WRITE(6,102) PEXP(I),T(I),IS(I),(X(J,I),J=1,MA) 
 94     CONTINUE 
 97     WRITE(6,315) 
C 
C       CALL FUN TO EVALUATE PCALC AS A FUNCTION 
C       OF TEMPERATURE AND MOLE FRACTION. 
C 
C 
        CALL FUN(NN,XX,FF) 
        XX(1)=SIGH1  
        XX(2)=SIGH2  
        XX(3)=EPSH 
        XX(4)=DDU 
        XX(5)=DDH 
        XX(6)=BETTA1 
        XX(7)=GAMMA  
        IF(ILANG.NE.1)GO TO 983 
        WRITE(06,812) XX(1),XX(3),XX(4),XX(5),XX(6),XX(7),XX(2) 
C 
C 
 983    CONTINUE 
C 
C 
C 
C 
C 
C 
C       *******    THE FOLLOWING ARE FORMAT STATEMENTS ONLY  ******* 
 309    FORMAT(1(/),11(I2,1X)) 
 968    FORMAT(4(F5.0,1X),I1,1X,9(F5.0,1X)) 
 969    FORMAT(4(F5.0,1X),I1,1X,9(F5.0,1X)) 
 344    FORMAT(' IMPURITY',A15,'  PRESENT IN WATER') 
 112    FORMAT(3X,2(F10.3,4X),4X,I1,6X,11(F6.4,2X)) 
 853    FORMAT(' ERROR IN INPUT DATA ISEQ=2 AND LIQ=1') 
 843    FORMAT(' ERROR IN INPUT DATA LIQ=1 ISEQ=1 NVLLH=1')  
 833    FORMAT(' ERROR IN INPUT DATA ISEQ=2 NVLLH=0') 
 823    FORMAT(' ERROR IN INPUT DATA NVLLH=1 AND WATER CALCULATION') 
 803    FORMAT(' ERROR IN INPUT DATA NVLLH=1 AND NSTRUC=0')  
 100    FORMAT(2(F5.0,1X),I1,1X,10(F5.0,1X)) 
 111    FORMAT(2(F5.0,1X),I1,1X,11(F5.0,1X)) 
 180    FORMAT(4(F5.0,1X),I1,1X, 9(F5.0,1X)) 
 181    FORMAT(4(F5.0,1X),I1,1X, 9(F5.0,1X)) 
 101    FORMAT(100('-'),/,30X,'EXPERIMENTAL HYDRATE DATA', 
     */,100('-'),/,4X,'PRESSURE',3X,'TEMPERATURE', 
     *2X,'STRUCTURE',4X,10(A5,3X)) 
 102    FORMAT(3X,2(F10.3,4X),4X,I1,4X,10(F7.4,1X)) 
 103    FORMAT(4X,'PSIA',7X,'DEG.R',/,100('-'),//)  
 105    FORMAT(100('-'),/,6X,'INPUT HYDRATE DATA 
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     A WITH INITIAL PRESSURE GUESSED', 
     B/,100('-'),/,'PRESSURE',3X,'TEMPERATURE', 
     C2X,'STRUCTURE',10(8X,A5)) 
  200   FORMAT(5(I1,1X)) 
  202   FORMAT(I2) 
  301   FORMAT(20X,5('*'), 1X,'1 = METHANE'/,20X,5('*'),1X,'2 = ETHANE' 
     *  ,/,20X,5('*'),1X,'3 = ETHYLENE',/,20X,5('*'),1X,'4 = PROPANE 
     *  ',/,20X,5('*'),1X,'5 = CYCLO-PROPANE',/,20X,5('*'),1X, 
     *  '6 = N-BUTANE 
     * ',/,20X,5('*'),1X,'7 = ISO-BUTANE',/,20X,5('*'),1X, 
     *  '8 = CYCLO-BUTANE 
     * ',/,20X,5('*'),1X,'9 = PENTANE',/,20X,5('*'),1X,'10 = ISO-PENTANE 
     * ',/,20X,5('*'),1X,'11 = NEO-PENTANE',/,20X,5('*'),1X,'12 = 
     * CYCLO-PENTANE 
     * ',/,20X,5('*'),1X,'13 = WATER',/, 20X,5('*'),1X, 
     *  '14 = HYDROGEN',/,20X,5('*'),1X, 
     *  '15 = CARBON-DI-OXIDE',/,20X,5('*'), 
     *  1X,'16 = OXYGEN',/,20X,5('*'),1X,'17 = NITROGEN',/,20X,5('*'), 
     * 1X,'18 = HYDROGEN SULFIDE',/,20X,5('*'),1X,'19 = XENON',/,20X,  
     * 5('*'),1X,'20 = ARGON',/,20X,5('*'),1X,'21 = KRYPTON',/, 
     * 20X,5('*'),1X,'22 = SULFUR HEXAFLOURIDE',/,20X,5('*'),1X,' 
     *23 = CIS-2-BUTENE',/,20X,5('*'),1X,'24 = TRANS-2-BUTENE',/,20X 
     * ,5('*'),1X,'25 = NO COMPONENT',///) 
  302   FORMAT(8(I1,1X)) 
  330   FORMAT(2(F5.0,1X),I1,1X,11(F5.0,1X)) 
  329   FORMAT(2(F5.0,1X),I1,10(F5.0,1X)) 
  305   FORMAT(I2) 
  306   FORMAT(10X,5(2X,E12.5),/,10X,5(2X,E12.5),/,10X,5(2X,E12.5),/ 
     1 ,10X,5(2X,E12.5)) 
  307   FORMAT(10X,6(2X,E12.5),/,10X,6(2X,E12.5),/,10X,6(2X,E12.5),/,  
     1  10X,6(2X,E12.5),/,12X,E12.5) 
  308   FORMAT(1(/),10(I2,1X)) 
  310   FORMAT(10X,'COMPONENT',I2,'=',A5) 
  315   FORMAT(100('-'),/) 
  812   FORMAT(///,25('*'),5X,' VALUES USED TO CALCULATE PRESSURES', 
     15X,25('*'),///,' SIGMA,H2O SC...............',F10.5,/, 
     2' EPSILON,H2O .................',F10.5,/, 
     3' DELTA U .....................',F10.5,/, 
     4' DELTA H .....................',F10.5,/, 
     5' BETA ........................',F10.5,/, 
     6' GAMMA .......................',F10.5,/, 
     7' SIGMA  H20 LC  ..............',F10.5,///)  
        GO TO 1000 
 1002   WRITE(6,803) 
        GO TO 1000 
 1003   WRITE(6,823) 
        GO TO 1000 
 1004   WRITE(6,833) 
        GO TO 1000 
 1005   WRITE(6,843) 
        GO TO 1000 
 1006   WRITE(6,853) 
*1000   END 
1000    stop 
        end 
C 
C 
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C 
C 
C       ****************************************************** 
             SUBROUTINE FUN(NN,XX,FF) 
C       ****************************************************** 
C 
C         THIS PROGRAM CALCULATES THE DIFFERENCES BETWEEN 
C       EXPERIMENTAL AND THEORETICAL HYDRATE FORMING 
C       CONDITIONS.  THE CALCULATED HYDRATE FORMING CONDITIONS 
C       DEPEND UPON THE CHOICE OF KIHARA PARAMETERS 
C       , SIGMA AND EPSILON, FOR THE VARIOUS COMPONENTS IN 
C       THE GAS PHASE. 
C 
C 
C       HYDRATE PHYSICAL PROPERTIES ARE ASSIGNED. SUBROUTINE DATA 
C       IS CALLED TO READ GAS PROPERTIES. SUBROUTINE HYDRAT IS 
C       CALLED TO CALCULATE HYDRATE FORMING CONDITIONS OR SUB- 
C       ROUTINE QUAD IS CALLED FOR QUADRUPLE POINT CALCULATIONS 
C       OR FOR SEQUENTIAL CALCULATIONS.  
C 
C 
C       ************ COMMON STATEMENTS  ************ 
         IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
        DIMENSION ICODE(10) 
        DIMENSION KK(10),XA(11) 
        DIMENSION XX(13),PCALC(100),SS(100),AXC(10,2),Y(10)  
        DIMENSION ERROR(100) 
        DIMENSION A(10),SIGMA(10),EPS(10) 
        DIMENSION Y3(100) 
        DIMENSION ERR(100),SW(100) 
        DIMENSION XL(10) 
        DIMENSION NCODE(10) 
        DIMENSION GAMMA1(2) 
        DIMENSION ZZV(100) 
        COMMON/BKSB/NPT,NSETS,IFLAG 
        COMMON/STAT/SS 
        COMMON/NC/NCODE,NCOMP  
        COMMON/AMOL/MA,ISCODE(10) 
        COMMON/FUND/SIGMA,EPS,A 
        COMMON/TEXPT/PEXP(100),X(15,100),IS(100),T(100),YEXP(100) 
        COMMON/SERDAT/T1(100),DT(100),T2(100) 
        COMMON/DHDATA/DU(2),DH(2) 
        COMMON/AZ/KK,N,MK 
        COMMON/JK/JCHK 
        COMMON/BEGA/BETA1,GAMMA1 
        COMMON/COR/EPSH,DDU,DDH,BETA,GAMMA 
        COMMON/VDO/SIGH1,SIGH2 
        COMMON/BKSC/IWATER,IPOS,ISTR,IDH 
        COMMON/HO/YH3 
        COMMON/X/XL  
        COMMON/PHAS/NVLLH 
        COMMON/STRUC/NSTRUC 
        COMMON/IMP/IMPURE,IMCODE,XIMP(100),YCO2(100) 
        COMMON/SOLUT/XSOLU,ACTIV,YYYCO2  
        COMMON/TBLOC/ITAG 
        COMMON/SEQ/ISEQ,TMIN,DELT,TMAX,TQL 
        COMMON/LIQUID/LIQ 
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        COMMON/ZV/ZV 
        COMMON/HEAT/DDELH(100),DELH 
C       ********************************************** 
        IF(IWATER.EQ.0)GO TO 105 
        IF(IWATER.EQ.1)GO TO 102 
        WRITE(6,104) 
        GO TO 105 
 102    WRITE(6,103) 
 105    CONTINUE 
        N=NPT 
        SUM=0.0 
        WSUM=0.0 
        IF(ISEQ.EQ.1.OR.ISEQ.EQ.2)GO TO 80 
        IF(NVLLH.EQ.0)GO TO 80 
        IF(NSTRUC.EQ.2)GO TO 845 
        IF(LIQ.EQ.0)WRITE(6,201) 
        IF(LIQ.EQ.1)WRITE(6,2011) 
        GO TO 80 
 845    WRITE(6,202) 
 80     CONTINUE 
        DO 9 K=1,N 
C       REFERENCE PARAMETERS FOR STRUCTURE I AND II 
        SIGH1=3.56438 
        SIGH2=SIGH1  
        EPSH=102.13357 
        DU(2)=222.371 
        DDU=DU(2) 
        DH(2)=300.984 
        DDH=DH(2) 
        BETA1=0.0 
        BETA=BETA1 
        GAMMA1(2)=-0.00045 
        GAMMA=GAMMA1(2) 
4       CONTINUE 
        SIGH1=3.56438 
        SIGH2=SIGH1  
        EPSH=102.13357 
        DU(1)=267.74141 
        DDU=DU(1) 
        DH(1)=301.32093 
        DDH=DH(1) 
        BETA1=0.0 
        BETA=BETA1 
        GAMMA1(1)=-0.00145 
        GAMMA=GAMMA1(1) 
 3      CONTINUE 
        DO 10 KI=1,MA 
        Y(KI)=0.0 
 10      CONTINUE 
        DO 101 I=1,MA 
        Y(I)=X(I,K)  
  101   CONTINUE 
        XSOLU=XIMP(K) 
        YYYCO2=YCO2(K) 
        CALL DATA(Y,XA,T(K)) 
        DO 901 I=1,MA 
 708    Y(I)=XA(I) 
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        EPS(I)=(EPS(I)*EPSH)**0.5 
        SIGMA(I)=0.5*(SIGMA(I)+SIGH1) 
  901   CONTINUE 
        PCALC(K)=PEXP(K) 
        IF(NVLLH.EQ.0.AND.ISEQ.EQ.0)GO TO 79 
        IF(ISEQ.EQ.0)GO TO 846 
        T(K)=T1(K) 
        TMIN=T1(K) 
        DELT=DT(K) 
        TMAX=T2(K) 
 846    CALL QUAD(T(K),PCALC(K),Y,IS) 
        GO TO 9 
 79     ITAG=0 
        IF(LIQ.EQ.1)ITAG=2 
          CALL HYDRAT( T(K), PCALC(K), Y, AXC, IS(K)) 
        Y3(K)=YH3 
        DDELH(K)=DELH 
        ZZV(K)=ZV 
        PCALC(K)=PCALC(K)*6.8948 
        PEXP(K)=PEXP(K)*6.8948 
        T(K)=T(K)/1.8 
        IF(IWATER.EQ.1)GO TO 9 
        IF(IWATER.EQ.2)GO TO 905 
        ERROR(K)=ABS(PCALC(K)-PEXP(K))*100.0/PEXP(K) 
        SS(K)=(1.0-PCALC(K)/PEXP(K))**2  
        SUM=SUM+SS(K) 
        GO TO 9 
 905    ERR(K)=ABS(Y(IPOS)-YEXP(K))*100.0/YEXP(K)  
        SW(K)=(1.0-Y(IPOS)/YEXP(K))**2 
        WSUM=WSUM+SW(K) 
        WRITE(6,909)T(K),PEXP(K),Y(IPOS),YEXP(K),ERR(K),PCALC(K),Y3(K) 
 9       CONTINUE 
        IF(NVLLH.NE.0)GO TO 960 
        IF(ISEQ.NE.0)GO TO 960 
        IF(IWATER.EQ.2)GO TO 906 
        IF(IWATER.EQ.1)GO TO 960 
        FF=SUM/N 
        FF=(FF**0.5)*100.0 
        IF(IFLAG.EQ.0)GO TO 950 
        IF(IDH.EQ.0) GO TO 435 
        IF(IDH.EQ.1) WRITE(6,778) 
        DO 434 K=1,N 
        WRITE(6,779) T(K),PCALC(K),DDELH(K),ZZV(K),(X(J,K),J=1,MA) 
 434    CONTINUE 
 435    CONTINUE 
        IF(IDH.EQ.1) GO TO 962 
        WRITE(06,902) 
        DO 913 K=1,N 
        WRITE(06,900)T(K),PEXP(K),PCALC(K),ERROR(K),IS(K) 
 913    CONTINUE 
        WRITE(6,206)FF 
        GO TO 960 
 906    YFF=WSUM/N 
        YFF=(YFF**0.5)*100.0 
        WRITE(6,908)YFF 
        GO TO 960 
 950    WRITE(6,951) 
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        DO 952 K=1,N 
        WRITE(6,953)T(K),PCALC(K) 
 952    CONTINUE 
 962    CONTINUE 
C 
C      * * FORMAT STATMENTS * * 
C 
 778    FORMAT(///20X,'CALCULATED RESULTS'//1X,'TEMPERATURE',3X, 
     1  'PRESSURE',4X,'DELTA H',13X,'Y-1',5X,'Y-2',5X,'Y-3'  
     2  /5X,'(K)',8X,'(KPA)',5X,'(KJ/MOLE)',5X,'Z',/80('-')) 
 779    FORMAT(2X,F6.2,5X,F8.2,6X,F6.2,4X,F6.4,2X,10(F6.4,2X)) 
 909    FORMAT(5X,F7.3,2X,F9.3,1X,F15.9,1X,F15.9,3X,F6.1,4X,':',2X, 
     AF9.3,1X,F15.9) 
 206    FORMAT(/,3X,'AVERAGE ERROR IS',3X,F6.2,'%') 
 201    FORMAT(///20X,'CALCULATED RESULTS'//18X,'V L1 L2 H   QUADRUPLE 
     1 POINTS'/70('-')/5X,'TEMP',7X,'PRESS',5X,'STRUC',5X,'LIQUID COMP 
     1OSITION'/6X,'(K)',7X,'(KPA)',16X,'WATER FREE'/70('-')/) 
 2011   FORMAT(///20X,'CALCULATED RESULTS'//18X,'V L1 L2 H   QUADRUPLE 
     1 POINTS'/70('-')/5X,'TEMP',7X,'PRESS',5X,'STRUC',5X,'VAPOR  COMP 
     1OSITION'/6X,'(K)',7X,'(KPA)',16X,10X/70('-')/) 
 202    FORMAT(///,20X,'CALCULATED RESULTS',//,3X,'V H1 H2 L1  QUADRUPLE 
     1 POINTS',3X,':',3X,'V L1 L2 H  QUADRUPLE POINTS',/,3X,28('-'),3X 
     2,':',3X,28('-'),/,2X,'STRUCT',3X,'TEMP',8X,'PRESS',6X,':',6X,'TEMP 
     3',8X,'PRESS',7X,'LIQUID COMPOSITION',/,2X,'BELOW',5X,'(K)',8X, '(K 
     4PA)',6X,':',7X,'(K)',8X,'(KPA)',8X,'X1',7X,'X2',/,1X,'QUAD PT',  
     526X,':',30X,'WATER FREE',/,3X,28('-'),3X,':',3X,28('-'),//) 
 900    FORMAT(1X,4(F10.3,2X),8X,I1) 
 902    FORMAT(///,20X,'CALCULATED RESULTS',/,20X,10('-'), 
     *1X,7('-'),//,6X,'TEMP',8X,'PEXP',7X,'PCALC',7X, 
     *'ERROR',7X,'STRUCTURE'/,6X,'(K)',9X,'(KPA)',6X, 
     *'(KPA)',/,80('-'),//) 
 951    FORMAT(///,20X,'CALCULATED RESULTS',/,20X, 
     A  10('-'),1X,7('-'),//,21X,'TEMP',7X, 
     B  'PCALC',/,21X,'(K)',8X,'(KPA)',/,18X,21('-'), 
     C  //) 
 953    FORMAT(19X,F10.3,2X,F10.3) 
 908    FORMAT(' AVERAGE ERROR IN YH2O CALCULATION',F8.2) 
 103    FORMAT(///20X,'CALCULATED RESULTS'/20X,18('-')//10X,'2-PHASE', 
     A45X,'3-PHASE'/4X,36('-'),14X,22('-')/5X,'TEMP',6X,'PRESS', 
     A10X,'Y-2PHASE',10X,':',9X,'PRESS',5X,'Y-3PHASE'/5X,'(K)', 
     A9X,'(KPA)',9X,'H2O',14X,':',6X,'(KPA)',10X,'H2O'/) 
 104    FORMAT(///20X,'CALCULATED RESULTS'/20X,18('-')//20X,'2-PHASE', 
     A50X,'3-PHASE'/5X,60('-'),7X,25('-')/6X,'TEMP',7X,'PRESS',8X, 
     A'YCALC',12X,'YEXP',8X,'ERROR',4X,':',4X,'PRESS',10X,'Y-3PHASE' 
     A/7X,'(K)',7X,'(KPA)',9X,'H2O',15X,'H2O',16X,':',5X,'(KPA)', 
     A11X,'H2O'/) 
 960    RETURN 
        END 
C 
C 
C       ******************************************************* 
        SUBROUTINE QUAD(T,P,Y,IS) 
C       ******************************************************* 
C 
C      THIS SUBROUTINE CALCULATES QUADRUPLE POINTS BY FINDING THE 
C      POINT OF INTERSECTION OF 'V L1 H' AND DEW POINT CURVES TO 
C       GET THE 'V L1 L2 H' POINT ; OR INTERSECTION OF 'L1 L2 H' 
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C       AND BUBBLE POINT CURVE TO GET 'V L1 L2 H'; 
C        AND 'V L1 H1' AND 'V L1 H2' 
C      CURVES TO GET THE 'V L1 H1 H2' POINT. 
C 
C       THIS SUBROUTINE IS ALSO CALLED FOR SEQUENTIAL CALCULATIONS 
C       AT SPECIFIC INTERVALS. 
C 
C       IST0=STRUCTURE AT STARTING TEMP T0 
C       IST2=STRUCTURE BEYOND THE QUAD POINT 
C       ID=VARIABLE INDICATING WHETHER  VLH1H2 QUAD POINT HAS BEEN 
C       CALCULATED. 0--NOT CALCULATED;  1--CALCULATED. 
C       ITAG=VARIABLE INDICATING WHICH FUGACITY COEFFICIENTS ARE 
C           REQUIRED FROM SUBROUTINE PHIMIX.  0--ONLY VAPOR  
C                       1--VAPOR AND LIQ; 2--LIQUID ONLY. 
C 
         IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
        DIMENSION Y(15),XL(10) 
        DIMENSION PH(2),PRESS(2),ISCHEC(2),PBD(2),TQ(60),PQ(60) 
        DIMENSION PLP2(60) 
        DIMENSION PLP1(60) 
        DIMENSION NCODE(10) 
        COMMON/STRUC/NSTRUC 
        COMMON/PHAS/NVLLH 
        COMMON/X/XL  
        COMMON/NC/NCODE,NCOMP  
        COMMON/TBLOC/ITAG 
        COMMON/SEQ/ISEQ,TMIN,DELT,TMAX,TQL 
        COMMON/LIQUID/LIQ 
        COMMON/CRITCL/NCRIT,TCRIT 
        COMMON/HEAT/DDELH(100),DELH 
        COMMON/BKSC/IWATER,IPOS,ISTR,IDH 
        COMMON/ZV/ZV 
        COMMON/HELP/IST0,IST2,ISLOW,N0,NQ 
        DOUBLE PRECISION YNEW(100) 
C 
C 
        T0=T 
        ITER=0 
        DTQ=1.0 
        DTH=1.0 
        N0=1 
        AXC=0 
        NQ=N0 
        ID=0 
        IDEW=0 
        M=1 
        IF(NVLLH.NE.0)GO TO 107 
C 
C       IF NVLLH IS ZERO THEN NO QUAD POINTS ARE REQUIRED BUT THIS 
C       SUBROUTINE HAS BEEN CALLED FOR SEQUENTIAL CALCULATIONS. 
C 
        THH=TMAX+2.*DELT 
        TQL=TMAX+2.*DELT 
        IF(LIQ.EQ.1)TQL=TMIN-2*DELT 
        GO TO 10 
 107    DO 105 K=1,2 
 17     IF(NSTRUC.EQ.2.AND.ID.EQ.0)GO TO 101 
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        PRESS(K)=P 
        ITAG=0 
        IF(LIQ.EQ.1)ITAG=2 
        CALL HYDRAT(T,PRESS(K),Y,AXC,IS) 
        IF(NCRIT.EQ.1)GO TO 801 
        GO TO 103 
 101    DO 102 IQ=1,2 
        IS=IQ 
        PH(IS)=P 
        ITAG=0 
        CALL HYDRAT(T,PH(IS),Y,AXC,IS) 
        IF(NCRIT.EQ.1)GO TO 801 
 102    CONTINUE 
C 
C  ** CHECK WHICH STRUCTURE IS FORMED AT TEMP T ** 
        IF(PH(2).LT.PH(1))IS=2 
        IF(PH(1).LT.PH(2))IS=1 
        IF(PH(1).EQ.PH(2))GO TO 130 
        ISCHEC(K)=IS 
 16     PRESS(K)=PH(IS) 
C 
C  ** IST0 IS THE STRUCTURE FORMED AT THE STARTING TEMP (GIVEN TEMP) ** 
        IF(NQ.EQ.N0)IST0=IS 
        NQ=NQ+1 
 103    CONTINUE 
        CALL BUBDEW(T,PBD(K),Y) 
        IF(LIQ.EQ.1)GO TO 140  
        IF(PBD(K).GE.PRESS(K))GO TO 150  
        IDEW=IDEW+1  
        IF(IDEW.GT.5)T=T-1.0 
        IF(IDEW.LT.5)T=T-0.4 
        IF(IDEW.GT.20)GO TO 152 
        GO TO 107 
 140    IF(PBD(K).LT.PRESS(K))GO TO 150  
        IDEW=IDEW+1  
        IF(IDEW.LE.2)T=T+0.2 
        IF(IDEW.GT.2)GO TO 110 
        GO TO 107 
 150    TCOMP=T 
        IF((NSTRUC.EQ.1.OR.ID.EQ.1).AND.ABS(TQL-T).LT.5.0)GO TO 45 
        IF(LIQ.EQ.0)T=T+1.0 
        IF(LIQ.EQ.1)T=T-1.0 
        IF(LIQ.EQ.0)DTQ=1.0 
        IF(LIQ.EQ.1)DTQ=-1.0 
        GO TO 105 
 45     IF(LIQ.EQ.0)T=T+0.05 
        IF(LIQ.EQ.1)T=T-0.1 
        IF(LIQ.EQ.0)DTQ=0.05 
        IF(LIQ.EQ.1)DTQ=-0.1 
 105    CONTINUE 
        IF(NSTRUC.EQ.1)GO TO 106 
        IF(ID.EQ.1)GO TO 106 
        IF(ISCHEC(1).EQ.ISCHEC(2))GO TO 106 
        T=T-3 
        GO TO 107 
 106    AMH=(DLOG(PRESS(2))-DLOG(PRESS(1)))/DTQ 
        CH=DLOG(PRESS(2))-AMH*(T-DTQ) 
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        AML=(DLOG(PBD(2))-DLOG(PBD(1)))/DTQ 
        CL=DLOG(PBD(2))-AML*(T-DTQ) 
        TQL=(CH-CL)/(AML-AMH)  
        PQL=EXP(AMH*TQL+CH) 
        IF(NSTRUC.EQ.1)GO TO 109 
        IF(ID.EQ.1)GO TO 182 
        IF(T.EQ.(T0+1))PQLOW=PQL 
        IF(PQL.GT.PQLOW)GO TO 113 
        PQLOW=PQL 
        ISLOW=IS 
 113    TQ(M)=TQL 
        PQ(M)=PQL 
        PLP1(M)=PRESS(1) 
        PLP2(M)=PRESS(2) 
        IF(IS.NE.IST0)GO TO 111 
        IF(T.GT.TQL)GO TO 120  
        M=M+1 
        IF(M.EQ.50)GO TO 112 
        GO TO 107 
C    **IF IST0=ISLOW NO VLHH PRESENT **  
 111    IF(IST0.EQ.ISLOW)GO TO 114 
        IST2=IS 
        AM1=(DLOG(PLP2(M-1))-DLOG(PLP1(M-1)))/DTH  
        AM2=(DLOG(PLP2(M))-DLOG(PLP1(M)))/DTH 
        C1=DLOG(PLP2(M-1))-AM1*(T-3) 
        C2=DLOG(PLP2(M))-AM2*(T-1) 
        THH=(C1-C2)/(AM2-AM1)  
        PHH=EXP(AM2*THH+C2) 
 182    ID=1 
        IF(ABS(TQL-TCOMP).LE.0.1)GO TO 181 
        ITER=ITER+1  
        IF(ITER.GT.500)GO TO 151 
        T=(TQL+TCOMP)/2.0 
        GO TO 107 
 181    CONTINUE 
        IF(ISEQ.EQ.1.OR.ISEQ.EQ.2)GO TO 10 
        THH=THH/1.8  
        TQL=TQL/1.8  
        PHH=PHH*6.8948 
        PQL=PQL*6.8948 
        WRITE(6,203)IST0,THH,PHH,TQL,PQL,(XL(I),I=1,NCOMP) 
        GO TO 120 
 114    WRITE(6,117) 
        TQ(1)=TQ(1)/1.8 
        PQ(1)=PQ(1)*6.8948 
        WRITE(6,118)IST0,TQ(1),PQ(1),(XL(I),I=1,NCOMP) 
        GO TO 120 
 109    IF(ABS(TQL-TCOMP).LE.0.1)GO TO 110 
 455    ITER=ITER+1  
        IF(ITER.GT.500)GO TO 151 
        T=(TQL+TCOMP)/2.0 
        IF(LIQ.EQ.1)T=TCOMP 
        GO TO 107 
 110    IF(ISEQ.EQ.0)GO TO 104 
 10     T=TMIN-DELT  
        DO 257 J = 1,NCOMP 
        YNEW(J) = Y(J) 



 

40 

 257     CONTINUE 
        IF(NSTRUC.EQ.2)IS=IST0 
C 
C    ** CHECK FOR HEAT OF DISSOCIATION CALCULATIONS ** 
C 
        IF(LIQ.EQ.0.AND.IDH.EQ.0)WRITE(6,250) 
        IF(LIQ.EQ.1)WRITE(6,2501) 
        IF(IDH.EQ.1)WRITE(6,886) 
        ITAG=0 
        IF(T.GT.TQL)ITAG=2 
        IF(ISEQ.EQ.2)TMAX=TQL  
        IF(ISEQ.EQ.2.AND.LIQ.EQ.1)GO TO 853 
        DO 91 I=1,100 
        T=T+DELT 
        IF(T.GT.TMAX)GO TO 120 
        CALL HYDRAT(T,P,YNEW,AXC,IS) 
        TT=T/1.8 
        PP=P*6.8948  
        IF(IDH.EQ.0) GO TO 14  
        WRITE(6,885) TT,PP,DELH,ZV,(YNEW(N),N=1,NCOMP) 
        GO TO 8567 
 14     CONTINUE 
        IF(T.LT.TQL)WRITE(6,904)TT,PP,IS,(YNEW(N),N=1,NCOMP) 
        IF(T.GT.TQL)WRITE(6,904)TT,PP,IS,(XL(N),N=1,NCOMP) 
 8567   CONTINUE 
        TTHH=THH/1.8 
        PPHH=PHH*6.8948 
        IF(NSTRUC.EQ.2.AND.(T+DELT).GT.THH)IS=IST2 
        IF(NSTRUC.EQ.2.AND.T.LT.THH.AND.(T+DELT).GT.THH)WRITE(6,153) 
     1TTHH,PPHH 
        IF((T+DELT).GE.TQL)GO TO 191 
        GO TO 91 
 191    PPQL=PQL*6.8948 
        TTQL=TQL/1.8 
        IF(T.LT.TQL.AND.(T+DELT).GE.TQL.AND.ISEQ.NE.2)WRITE(6,71)TTQL  
     1,PPQL 
        IF(T.LT.TQL.AND.(T+DELT).GE.TQL.AND.ISEQ.EQ.2)WRITE(6,72)TTQL  
     1,PPQL 
        ITAG=2 
        IF(LIQ.NE.0)GO TO 91 
        DO 53 J=1,NCOMP 
        Y(J)=XL(J) 
  53    CONTINUE 
 91     CONTINUE 
        WRITE(6,123) 
        GO TO 120 
 104    TQL=TQL/1.8  
        PQL=PQL*6.8948 
        WRITE(6,444)(XL(I),I=1,NCOMP) 
        WRITE(6,444)(Y(J),J=1,NCOMP) 
 444    FORMAT(' XL=',10(4X,F6.3)) 
C 
        WRITE(6,119)TQL,PQL,IS,(XL(I),I=1,NCOMP) 
        GO TO 120 
 112    WRITE(6,121) 
        GO TO 114 
 130    WRITE(6,108)PH(1) 
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 120    T=T0 
        GO TO 800 
 151    WRITE(6,100) 
        GO TO 800 
 152    TQL=TQL/1.8  
        PQL=PQL*6.8948 
        WRITE(6,154)TQL,PQL 
        GO TO 800 
 853    WRITE(6,823) 
        DO 258 I=1,NCOMP 
        Y(I)=YNEW(I) 
 258    CONTINUE 
C  ---------FORMATS----------------- 
 885    FORMAT(1X,F6.2,3X,F8.2,4X,F7.3,5X,F6.4,4X,10(F6.4,2X)) 
 886    FORMAT(///25X,'CALCULATED RESULTS',////3X,'TEMP',4X,'PRESSURE' 
     2  ,3X,'DELTA H',8X,'Z',10X,'GAS COMPOSITION',/4X,'(K)',6X,'(KPA)' 
     3  ,4X,'(KJ/MOLE)',15X,'Y-1',5X,'Y-2',5X,'Y-3'/80('-')) 
 121    FORMAT(' NOT CONVERGED IN QUAD, PROBABLY NO  V L H1 H2  EXISTS') 
 100    FORMAT(' QUADRUPLE POINT CALCULATIONS NOT CONVERGED IN QUAD 
     1. INITIAL TEMP MAY NOT BE IN RANGE.') 
 119    FORMAT(4X,F6.2,5X,F9.2,4X,I1,5X,10(F6.4,5X)) 
C901    FORMAT(2F,I,'FOR901')  
 118    FORMAT(4X,I1,35X,F6.2,5X,F8.2,5X,10(F6.4,5X)) 
 203    FORMAT(4X,I1,5X,F6.2,5X,F8.2,5X,':',5X,F6.2,5X,F8.2,5X,10(F6.4 
     1,5X)) 
 123    FORMAT(1X,40('-')) 
 250    FORMAT(///20X,'CALCULATED RESULTS'/20X,10('-'),1X,7('-')/10X,  
     1'TEMP',10X,'PRESS',4X,'STRUCTURE',8X,'GAS COMPOSITION',/11X, 
     1'(K)',10X,'(KPA)',16X,'Y 1',4X,'Y 2',4X,'Y 3'/5X,60('-')) 
 2501   FORMAT(///20X,'CALCULATED RESULTS'/20X,10('-'),1X,7('-')/10X,  
     1'TEMP',10X,'PRESS',7X,'STRUCTURE',5X,'LIQ COMPOSITION',/11X, 
     1'(K)',10X,'(KPA)',16X,'XL1',5X,'XL2',5X,'XL3'/5X,60('-')) 
 904    FORMAT(9X,F6.2,8X,F8.2,6X,I3,3X,10(F6.4,2X)) 
 108    FORMAT(' QUAD PT AT PRESS=',F10.2) 
 117    FORMAT(' V L H1 H2  EQUILIBRIUM  NOT PRESENT') 
 153    FORMAT(9X,F6.2,8X,F8.2,2X,'QUADRUPLE POINT  V L H1 H2') 
 71     FORMAT(9X,F6.2,8X,F8.2,2X,'QUADRUPLE POINT  V L1 L2 H'//53X, 
     1'LIQUID COMPOSITION'/48X,'X 1',6X,'X 2',6X,'X 3'/) 
 72      FORMAT(9X,F6.2,8X,F8.2,2X,'QUADRUPLE POINT  V L1 L2 H'/) 
 154    FORMAT(/' NOT CONVERGED DUE TO TEMP CROSSING QUAD POINT'/' TQL=' 
     1,F6.2,2X,'PQL=',F8.2) 
 823    FORMAT(' ERROR IN INPUT DATA ISEQ=2 AND LIQ=1') 
 843    FORMAT(' QUAD POINT NOT CALCULATED'/' VAPOR IS 
     1 CLOSE TO CRITICAL'/' CRITICAL TEMP OF MIX=',F6.2,'K'/) 
C ------------------------------------------------------ 
        GO TO 800 
 801    TCRIT=TCRIT/1.8 
        WRITE(6,843)TCRIT 
 800    RETURN 
        END 
C       ***************************************************  
C 
C 
C 
C 
C       ******************************************************** 
        SUBROUTINE HYDRAT(T,P,XU,VY,IS)  
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C       ******************************************************** 
C       PROGRAM FOR CALCULATION OF THE DISSOCIATION PRESSURES 
C        OF GAS HYDRATES FROM METHANE, ETHANE, AND PROPANE 
C        BY JERRY HOLDER, CHEMICAL ENGINEERING U. MICH. 
C 
C      THE DISSOCIATION PRESSURE IS THAT PRESSURE AT WHICH 
C      THE CHEMICAL POTENTIAL OF WATER IN THE HYDRATE IS 
C      EXACTLY EQUAL TO THE CHEMICAL POTENTIAL OF THE WATER  
C      IN THE WATER PHASE.  THE CHEMICAL POTENTIAL OF THE 
C      HYDRATED WATER IS CALCULATED USING THE THEORY DEVELOPED 
C      BY VAN DER WAALS WHICH ASSUMES 1) THERE IS ONE MOLECULE 
C      OF GAS PER HYDRATE CAVITY,  2) ONLY THE TRANSLATIONAL 
C      PARTITION FUNCTION IS AFFECTED IN THE ENCAGED STATE 
C      3)  ONLY FIRST NEIGHBOR INTERACTIONS ARE IMPORTANT. 
C      THE KIHARA POTENTIAL MODEL IS USED. 
C 
C       THE UPDATED Q* VERSION INCLUDES 2ND AND 3RD SHELL 
C       CONTRIBUTIONS AND SHELL ASPHERICITY. 
C 
C       THIS SUBROUTINE ALSO CALCULATES WATER CONTENT AND 
C       HEAT OF DISSOCIATION.  
C 
C       *** LIST OF VARIABLES *** 
C 
C       AR, BR, CR - CONSTANTS FOR CALCULATING THE DISSOCIATION 
C                    PRESSURE OF THE REFERENCE HYDRATE. THESE ARE 
C                    FROM FITTED DATA. 
C       C      -     THE SO CALLED LANGMUIR ADSORPTION CONSTANTS 
C                    WHICH SPECIFY THE RELATIVE AMOUNT OF GAS IN 
C                    A GIVEN TYPE OF CAVITY. SUBSCRIPTS I,J REFER 
C 
C       DH         - DIFFERENCE IN ENTHALPY BETWEEN THE OCCUPIED AND 
C                    UNOCCUPIED HYDRATE. 
C       DU         - DIFFERENCE IN CHEM. POTENIAL (AS DH) 
C       DV         - DIFFERENCE IN MOLAR VOLUME 
C       P0         - DISSOCIATION PRESSURE OF REFERENCE HYDRATE 
C                    AT 273 DEG K 
C       PR         - DISSOCIATION PRESSURE OF REF. HYD. AT T 
C       T          -TEMPERATURE( DEG K)  
C                     (NOTE THAT T IS CHANGED FROM R TO K )  
C       VM         - NUMBER OF MOLECULES OF WATER PER CAVITY 
C       VY(I,J)    - FRACTION OF CAVITIES I OCCUPIED BY MOLECULE J 
C       XU(I)      - MOLE FRACTION OF GAS I IN THE GAS PHASE 
C       ZMU,ZMOLD, ETC. - CHEMICAL POTENTIAL DIFFERENCES. 
C 
C 
C     ************   COMMON STATEMENTS    ************* 
  
      IMPLICIT DOUBLE PRECISION (A-H,O-Z)  
C     external psat 
      DIMENSION KK(10) 
      DIMENSION XX(13) 
      DIMENSION XL(10),PHIL(10) 
      DIMENSION XU(10),PHI(10),XS(10),VY(10,2),VM(2), 
     2 C(10,2),NCODE(10),SCC(2) 
      DIMENSION XXMAX(10),XXMIN(10),B2(10) 
        DIMENSION XW(10) 
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        DIMENSION GAMMA1(2) 
        DIMENSION XHYD(10) 
        DIMENSION VVY(2) 
      COMMON /PVDATA/ DV,AR,BR,CR 
      COMMON/AZ/KK,N,MK 
      COMMON/AMOL/MA,ISCODE(10) 
      COMMON/NC/NCODE,NCOMP 
      COMMON/MAMI/XXMAX,XXMIN  
      COMMON /HYD/ IHYD 
      COMMON/FUND/SIGMA(10),EPS(10),A(10) 
      COMMON/DHDATA/HDU(2),HDH(2) 
      COMMON/JK/JCHK 
      COMMON/VDO/SIGH1,SIGH2 
      COMMON/BEGA/BETA1,GAMMA1 
      COMMON/BKSC/IWATER,IPOS,ISTR,IDH 
        COMMON/TBLOC/ITAG 
        COMMON/HO/YH3 
        COMMON/SOLUT/XSOLU,ACTIV,YYYCO2  
        COMMON/IMP/IMPURE,IMCODE,XIMP(100),YCO2(100) 
        COMMON/TFREEZ/TT0 
        COMMON/ZV/ZV 
        COMMON/X/XL  
        COMMON/PH/PHIL 
        COMMON/WATER/NW 
        COMMON/STOR/XUSTOR(10) 
        COMMON/CRITCL/NCRIT,TCRIT 
        COMMON/HEAT/DDELH(100),DELH 
        COMMON/HELP/IST0,IST2,ISLOW,NQ,N0 
C 
C       ************************************************** 
C 
C 
C      * * CHECK IF STRUCTURE DATA IS TO BE PRINTED * * 
C 
        JACKQ=0 
C Saturation pressure is in atmospheres.  Partial molar volume isin  
 

ml/mole.  Saturation pressure is the pressure at which a giv 
C mole fraction of gas is dissolved in the liquid.  
 PSATD=30.30 
 PMOLVOL=35. 
 
 17     CONTINUE 
        IF(ITAG.NE.2)GO TO 40  
        DO 43 I=1,NCOMP 
        XL(I)=XU(I)  
 43     CONTINUE 
 40     IF(ISTR.NE.1)GO TO 260 
        WRITE(06,351) 
        DO 258 I=1,MA 
        WRITE(06,352)KK(I),A(I),SIGMA(I),EPS(I) 
 258    CONTINUE 
C 
 260  DO 5 I=1,NCOMP 
      DO 5 J=1,2 
    5 VY(I,J)=0.0 
      T=T/1.8 
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      PSAVE=P 
      P=P/14.696 
      IF( IS.EQ.1) GO TO 11 
C 
C        *** DATA FOR STRUCTURE II 
C 
      VM(1)=0.11765  
      VM(2)=0.058823 
      DV=4.99644 
        IF(T.LE.(273.15-TT0)) DV=DV-1.6  
        DU=HDU(2) 
        DH=HDH(2) 
        GAMMA=GAMMA1(2) 
       GO TO 12 
C 
C        *** DATA FOR STRUCTURE I *** 
C 
 11   VM(1)=2./46. 
      VM(2)=6./46. 
      DU=HDU(1) 
      DH=HDH(1) 
      DV=4.5959 
        GAMMA=GAMMA1(1) 
        IF(T.LE.(273.15-TT0)) DV=DV-1.6  
C 
C       *** LANGMUIR CONSTANTS 
C 
   12 DO 15 K=1,NCOMP 
      DO 15 J=1,2 
       J5=J 
       K5=K 
       K1=K 
 777    CONTINUE 
       C(K,J)=CC(T,IS,J5,K5,K1) 
 15     CONTINUE 
C 
C 
C           AT ZERO DEGREES CENTIGRADE 
C 
        ZMUTPR=DU/273.15 
        ZMOLD=ZMUTPR 
        AH=2616.398+DH 
        TO=273.15 
C 
C      *** ENTHALPIC CHANGE OF CHEMICAL POTENTIAL WITH 
C          TEMPERATURE (WATER PHASE) 
C 
C ***** ALPHA, BETA, AND GAMMA ARE PARAMETERS ***** 
C *****      IN THE ENTHALPIC INTEGRAL       ***** 
        IF(T.GT.273.1.AND.T.LT.273.2) GO TO 8999 
        ALPHA=DH 
        BETA=BETA1 
        IF(T.LT.(273.15-TT0)) GO TO 8998 
        ALPHA=ALPHA-1436.0+9.054*273.15+0.021163*(273.15**2) 
        BETA=BETA+9.054+0.042326*273.15  
        GAMMA=GAMMA-0.021163 
 8998   CONTINUE 
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        HINT=ALPHA*(1./T-1./273.15)+BETA*DLOG(T/273.15) 
     *  +GAMMA*(T-273.15) 
        GO TO 9988 
 8999   HINT=0.0 
 9988   CONTINUE 
C 
C 
C       *** VOLUMETRIC CHANGE OF CHEMICAL POTENTIAL WITH 
C       TEMPERATURE (DP=DP/DT*DT) 
C       GAUSSIAN INTEGRATION IS USED. 
        ZM=HINT+ZMOLD 
        ZMUTPR=T*ZM  
C We know that ZMUTPR is the liquid phase chemical potential 
C Instead of having the program calculate the pressure point where  
C the liquid phase chemical potential and the hydrate phase chemical 
C potentials intersect, we need to calculate the plain hydrate and  
C liquid potential.  We also need to print out ZMUPTR since it is 
C the liquid phase potential. 
C       **** NEWTONS METHOD IS USED TO FIND THE PRESSURE AT  
C            WHICH THE CHEMICAL POTENTIAL OF THE HYDRATED 
C            AND LIQUID WATER ARE THE SAME (FOR THE SPECIFIED 
C            TEMPERATURE). 
C 
C 
      P1=1 
      P2=2 
       DO 30 JJ=1,2000 
      DMU1=0.0 
      DMU2=0.0 
C     DO 28 JJJ=1,2  
       P=P1 
 P3=P 
 IF (P.GT.PSATD) P3=PSATD 
C       IF(JJJ.EQ.2) P=P2 
C       *** GET THE FUGACITY COEFFICIENTS( PHI IS RETURNED)  
C 
C       
 CALL PHIMIX(XU,14.696*P3,1.8*T,PHI) 
        IF(NCRIT.EQ.1)GO TO 821 
        IF(ITAG.NE.2)GO TO 481 
C        DO 44 LI=1,NCOMP 
C        PHI(LI)=PHIL(LI) 
C 44     CONTINUE 
        X1=0.0 
        GO TO 56 
 481    X1=0.0 
       IF(T.LT.(273.15-TT0)) GO TO 56 
       DO 55 J7=1,NCOMP 
       KJ=NCODE(J7)  
       Y7=XU(J7) 
       PHI7=PHI(J7)  
       CALL SOL7(KJ,Y7,PHI7,P3,T,X6) 
       X1=X1+X6   
  55   CONTINUE 
  56   CONTINUE 
      IF(ABS(P).LT. .1) P=P+.1 
      ZMUA=ZMUTPR+DV/41.2929*(P) 



 

46 

      ZMUA=ZMUA-1.987*T*DLOG(1-X1) 
C      WRITE(6,8890)ZMUA 
      ZMU=0.0 
       DO 27 I=1,2 
       CCC=0.0 
       DELTAP=0 
       IF(P.GT.PSATD)DELTAP=P-PSATD 
       DO 26 II=1,NCOMP 
       FUGAC=PHI(II)*P3*DEXP(PMOLVOL*DELTAP/(82.1*T)) 
       CCC=CCC+ C(II,I)*XU(II)*FUGAC 
       WRITE(6,5000)FUGAC 
       WRITE(6,5001)PSATD 
 5000  FORMAT(5X,'FUGACITY=',F10.5) 
 5001  FORMAT(5X,'PSAT=',F10.5) 
C      Need to obtain exact value of R with more precision than 82 
   26  CONTINUE 
      SCC(I)=CCC 
C 
C       *** POTENTIAL DIFFERENCE OF HYDRATE WATER  
C 
      IF(CCC.GT.-0.9) GO TO 461 
      WRITE(6,457) CCC,C(1,1),XU(1),PHI(1),P 
 457   FORMAT(5F10.2) 
 461   CONTINUE 
      ZMUTP=1.987*T*DLOG(1.+CCC)*VM(I) 
C WRITE(6,8891)ZMUPT 
   27 ZMU=ZMUTP+ZMU  
C       DMU=ZMUA-ZMU  
C        IF(IMPURE.EQ.0.OR.T.LT.(273.15-TT0).OR.XSOLU.EQ.0.0)GO TO 148  
C        DMU=DMU-1.987*T*DLOG(ACTIV*(1.0-XSOLU-X1)) 
C        GO TO 147 
C 148    DMU=DMU-1.987*T*DLOG(1.0-X1) 
C ZMUA1=ZMUA-1.987*T*DLOG(1.0-X1) 
C 147    DMU1=DMU2 
C      DMU2=DMU 
C 
C      *** CHECK TO SEE IF CHEMICAL POTENTIALS ARE EQUAL 
C          IF NOT, EXTRAPOLATE(OR INTERPOLATE) TO A NEW PRESSURE 
C 
C     IF(ABS(P2/P1-1.).LT..001.AND.ABS(DMU).LT.1.) GO TO 35  
C     IF(ABS(DMU).LT..0005) GO TO 35 
   28 CONTINUE 
C     IF(ABS((P1-P2)/P2).LT.1.E-5) P2= P2+1.0 
C     IF(ABS(DMU2-DMU1).LT. .001) GO TO 29 
C     P3=P1-(P2-P1)/(DMU2-DMU1)*DMU1 
C     IF(P3.LE.0.0) P3=0.01 
C     IF(P3.GT.2.E4) P3=2.E4 
C      P1=P3 
C   29 P3=P1+3 
   29 P2=P1+2 
      Pold=P1 
      P1=P1+1 
      P=P1 
      WRITE(6,8880)T 
      WRITE(6,8881)Pold 
      WRITE(6,8882)X1 
      WRITE(6,8883)XSOLU 
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C     WRITE(6,8884)TT0   
      WRITE(6,8885)ACTIV 
      WRITE(6,8886)ZMU   
      WRITE(6,8887)ZMUA 
   30 CONTINUE 
      GO TO 45 
      IHYD=IS 
      P=P1 
      WRITE(6,505) DMU, IS,XU(1),T 
  505 FORMAT(' FAILED TO CONVERGE IN HYDRATE',/,6X, 
     2 'DIFFERENCE IN CHEMICAL POTENTIAL OF WATER',/, 
     3 'IN THE HYDRATE AND WATER PHASES IS',2X, 
     4 E9.2/,' STRUCTURE IS',I4,2F10.5)  
   35 CONTINUE 
 8880   FORMAT(5X,'T=',F10.5)  
 8881   FORMAT(5X,'P=',F10.5)  
 8882   FORMAT(5X,'X1=',F10.5) 
 8883   FORMAT(5X,'XSOLU=',F10.5) 
C 8884   FORMAT(5X,'TTO=',F10.5) 
 8885   FORMAT(5X,'ACTIV=',F10.5) 
 8886   FORMAT(5X,'ZMU=',F10.5) 
 8887   FORMAT(5X,'ZMUA=',F10.5) 
C 8888   FORMAT(5X,'XU(1)=',F10.5) 
C 8889   FORMAT(5X,'XU(2)=',F10.5) 
 8890   FORMAT(5X,'Chemical potential of liquid phase =',F10.5) 
 8891   FORMAT(5X,'Chemical potential of the hydrate phase =',F10.5) 
C      *** CALCULATE FRACTIONAL OCCUPANCY OF THE CAVITY 
C 
      DO 45 I=1,2 
      DO 45 J=1,NCOMP 
      IF(ABS(1+SCC(I)).LT.1.E-4) WRITE(6,9876) SCC(I) 
 9876 FORMAT(' ERROR IN LANGMUIR CALCULATION',F10.7) 
      VY(NCODE(J),I) = C(J,I)*XU(J)*PHI(J)*P/(1+SCC(I)) 
   45 CONTINUE 
        IF(IDH.EQ.0) GO TO 46  
C 
C    ** HEAT OF DISSOCIATION CALCULATIONS ** 
C 
        JACKQ=JACKQ+1 
        IF(JACKQ.EQ.2) GO TO 412 
        PH1=P 
        TH1=T 
        T=T+0.01 
        T=T*1.8 
        P=P*14.696 
        GO TO 17 
 412    CONTINUE 
        JACKQ=0 
        VVY(1)=0.0 
        VVY(2)=0.0 
        DO 7 J=1,NCOMP 
        DO 7 I=1,2 
        VVY(I)=VVY(I)+VY(NCODE(J),I) 
 7      CONTINUE 
        IF(IS.EQ.1) GO TO 717  
        HN=136./(VVY(1)*16.+VVY(2)*8.) 
        DV1=DV 
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        GO TO 718 
 717    HN=46./(VVY(1)*2.+VVY(2)*6.) 
 718    CONTINUE 
C       WRITE(6,7777) ZV 
C       WRITE(6,7778) T 
C       WRITE(6,7779) TH1 
C       WRITE(6,7780) P 
C       WRITE(6,7781) PH1 
C       WRITE(6,7782) VVY(1) 
C       WRITE(6,7783) VVY(2) 
C       WRITE(6,7784) HN 
C       WRITE(6,7785) DV1 
 7777   FORMAT(' ZV=',F10.5) 
 7778   FORMAT(' T=',F10.5) 
 7779   FORMAT(' TH1=',F10.5)  
 7780   FORMAT(' P=',F10.5) 
 7781   FORMAT(' PH1=',F10.5)  
 7782   FORMAT(' VY(1)=',F10.5) 
 7783   FORMAT(' VY(2)=',F10.5) 
 7784   FORMAT(' HN=',F10.5) 
 7785   FORMAT(' DV=',F10.5) 
        DELHH=ZV*82.05*T**2*((DLOG(P/PH1))/(T-TH1)) 
        DELH2=HN*DV*T*((P-PH1)/(T-TH1))  
        DELH=DELHH-DELH2 
        DELH=DELH/9869.2 
        DELHH=DELHH/9869.2 
        DELH2=DELH2/9869.2 
C       WRITE(6,7786) DELHH 
C       WRITE(6,7787) DELH2 
C       WRITE(6,7788) DELH 
 7786   FORMAT(' DELH1=',F10.3) 
 7787   FORMAT(' DELH2=',F10.3) 
 7788   FORMAT(' DELH=',F10.3) 
        T=TH1 
        P=PH1 
 46     CONTINUE 
        COMSUM=0.0 
        DO 143 J=1,NCOMP 
        COMSUM=COMSUM+VY(NCODE(J),1)*VM(1)+VY(NCODE(J),2)*VM(2) 
 143    CONTINUE 
        DO 144 J=1,NCOMP 
        XHYD(J)=(VY(NCODE(J),1)*VM(1)+VY(NCODE(J),2)*VM(2))/COMSUM 
 144    CONTINUE 
C       WRITE(7,1020)T,(VY(NCODE(J),1),VY(NCODE(J),2),J=1,MA) 
 1020   FORMAT(' T (K)',4X,'HYDRATE COMPOSITION'/9X,'XH1   XH2'/ 
     1F6.2,4X,10(F6.4)) 
  700 T=T*1.8 
      P=P*14.696 
13    CONTINUE 
C       WRITE(06,1005) 
 1005     FORMAT(/,14X,'PHI(I)',20X,'LANGMUIR COEFFICIENTS'  
     *  ,/,14X,5('-'),20X,21('-')) 
        DO 158 I=1,NCOMP 
C       WRITE(06,1008)PHI(I),(C(I,J),J=1,2) 
C1008     FORMAT(5X,1F,10X,2F) 
 158     CONTINUE 
C 
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C       * * CALCULATIONS TO DETERMINE THE WATER CONTENT OF A GAS * * 
C       * * IN EQUILIBRIUM WITH THE HYDRATE                      * * 
C       * * TEMP(R) AND PRESSURE(PSIA)                           * * 
C       * * IWATER = 0 : DONT PERFORM CALCULATIONS               * * 
C       * * IWATER = 1 : CALCULATE YH2O  
C       * * IWATER = 2 : CALCULATE YH2O AND COMPARE WITH EXPMTL DATA * * 
C       * *                                                      * * 
C 
        IF(IWATER.EQ.0)GO TO 821 
C 
C       * * PH=3-PHASE PRESSURE * * 
C       * * P =2-PHASE PRESSURE * * 
C 
C 
        PH=P 
        P=PSAVE 
        PSW=PSAT(T)  
        IF(IS.EQ.1)VHYD=22.6 
        IF(IS.EQ.2)VHYD=22.9 
        IF(T.LT.491.67)VH2O=19.6 
        IF(T.GE.491.67)VH2O=18.0 
        FWSAT=PSW*(1-X1)*EXP(0.0014926491/T*VH2O*(PH-PSW)) 
        FWSATP=FWSAT*EXP(0.0014926491/T*VHYD*(P-PH)) 
        CALL PHIMIX(XU,P,T,PHI) 
        T=T/1.8 
        P=P/14.696 
        ZWAT=0.0 
        DO 127 I=1,2 
        CCC=0.0 
        DO 126 II=1,NCOMP 
        CCC=CCC+C(II,I)*XU(II)*PHI(II)*P 
 126    CONTINUE 
        ZW=VM(I)*DLOG(1+CCC) 
 127    ZWAT=ZWAT+ZW 
C 
        DO 23 I=1,NCOMP 
        XUSTOR(I)=XU(I) 
 23     CONTINUE 
        ICOUN=1 
        COUNT=1 
        MA=MA+1 
        NCOMP=NCOMP+1 
        IPOS=MA 
        NW=1 
        PHI(IPOS)=1.0 
        PHIX=1.0 
C** 
        IF(14.696*P.GT.PH)GO TO 618 
        GO TO 835 
C 
C       ** 2-PHASE WATER CONTENT CALCULATION ** 
 618    ZMUP=0.0 
        GO TO 85 
 85     FWP=FWSATP*DEXP(ZMU/(1.987*T)-ZWAT) 
C 
C       * * CALCULATE A TEST VALUE OF YH20 * * 
        T=1.8*T 
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        P=14.696*P 
C 
 815       YH20N=FWP/(PHI(IPOS)*P) 
        IF(YH20.GT.0.05.OR.YH20.LT.0.0)GO TO 800 
        GO TO 801 
 800    WRITE(6,803)ICOUN,YH20 
        YH20=0.05 
C 
C 
C 
 801    XU(IPOS)=YH20N 
        CALL NORMW(NCOMP,IPOS,XU) 
        YH20=YH20N 
 807   CALL PHIMIX(XU,P,T,PHI) 
       YH20N=FWP/(PHI(IPOS)*P) 
       ICOUN=ICOUN+1 
        IF(ABS((YH20N-YH20)/YH20N).GT.1.E-3.AND.ICOUN.LT.30)GO TO 801  
        XU(IPOS)=YH20N 
C 
C  **  3-PHASE WATER CONTENT CALCULATION  ** 
 835    DO 825 I=1,MA 
        XW(I)=XU(I)  
 825    CONTINUE 
 809   YH3=FWSAT/(PHIX*PH) 
        IF(ABS(YH3-XW(IPOS)).LT.1.E-7)GO TO 819 
        XW(IPOS)=YH3 
        CALL NORMW(NCOMP,IPOS,XW) 
        CALL PHIMIX(XW,PH,T,PHI) 
        COUNT=COUNT+1 
        IF(COUNT.GT.30)GO TO 818 
        PHIX=PHI(IPOS) 
        GO TO 809 
 818    WRITE(6,828) 
 819    P2P=P*6.8948 
        PH3P=PH*6.8948 
        TK=T/1.8 
       IF(ICOUN.GE.30)WRITE(6,810) 
        IF(P.GT.PH)GO TO 845 
        WRITE(6,823) 
        GO TO 812 
 845    IF(IWATER.EQ.2)GO TO 812 
        WRITE( 6,811)TK,P2P,XU(IPOS),PH3P,YH3 
C 
 812    P=PH 
        NCOMP=NCOMP-1 
        MA=MA-1 
        NW=0 
 821    RETURN 
C      * * FORMAT STATMENTS * * 
C 
 828    FORMAT(' 3 PHASE WATER CALCULATIONS NOT CONVERGED')  
 803   FORMAT('0',T20,'* * YH20 DEFAULTS TO A VALUE OF 0.05 ON' 
     A ,' ITERATION# ',I2,  / ,1X,T20,'* * FROM A PREVIOUS'  
     B ,' VALUE OF YH20 = ',E10.3) 
 810   FORMAT('0',T20,'* * WATER CONTENT EQUILIBRIUM 
     C CALCULATIONS HAVE NOT CONVERGED * * ') 
 811  FORMAT(5X,F7.3,2X,F9.3,2X,F15.9,8X,':',3X,F9.3,2X,F15.9) 
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 351  FORMAT(/,18X,'CODE #',5X,'A(I)',8X,'SIGMA(I)',8X,'EPS(I)',/) 
 352  FORMAT(5X,I5,3F10.3) 
 823    FORMAT(5X,' PRESSURE IS NOT IN 2 PHASE REGION') 
C 
      END  
C 
C 
C 
C     ********************************************************* 
      SUBROUTINE NORMW(NCOMP,IPOS,XU) 
C     ********************************************************** 
C     * * THIS SUBROUTINE NORMALIZES THE VECTOR XU           * * 
C     * * WITHOUT CHANGING THE VALUE OF XU(IPOS)             * * 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      DIMENSION XU(10) 
      COMMON/STOR/XUSTOR(10) 
C 
      SUM=1.0-XU(IPOS) 
      DO 1 I=1,NCOMP 
      IF(I.EQ.IPOS)GO TO 1 
      XU(I)=XUSTOR(I)*SUM 
   1  CONTINUE 
C 
      RETURN 
      END  
C 
C     ********************************************************* 
      DOUBLE PRECISION FUNCTION PSAT(TR) 
C     ********************************************************* 
C     * * FUNCTION TO CALCULATE THE SATURATION PRESSURE OF  * * 
C     * * WATER USING THE CORRELATION DEVELOPED BY KEENAN   * * 
C     * * KEYES AND MOORE  P(PSIA), T(R)                    * * 
C     * * A CORRELATION TO CALCULATE THE VAPOR PRESSURE     * * 
C     * * FOR ICE WAS ALSO USED BASED ON THE DATA FROM      * * 
C     * * PERRY'S 5'TH ED. 3-205                            * * 
C     ********************************************************* 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      DIMENSION F(8),A1(7),B1(7),TREF(8) 
C 
      DATA F/-741.9242,-29.721,-11.55286,-0.8685635, 
     A0.1094098,0.439993,0.2520658,0.05218684/ 
C 
      DATA A1/1.110788E-11,4.813026E-12,1.053791E-12, 
     A6.92593447E-14,2.289828E-15,4.697288E-18,4.261011E-22/ 
C 
      DATA B1/0.046341356,0.048066983,0.0512724161, 
     A0.0572912243,0.06528872,0.08110062,0.108179821/ 
C 
      DATA TREF/492.0,484.0,475.0,451.0,426.0,394.0, 
     A344.0,300/ 
C 
C 
C     * * CRITICAL PROPERTIES FOR WATER * * 
C 
      T1=374.136 
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      P1=220.88 
C 
      C=TR/1.8-273.15 
      AK1=1800.0/TR  
C 
C     * * CHECK IF LIQ. WATER OR ICE IS PRESENT  * * 
C 
      IF(TR.LT.492.0)GO TO 2 
      P=0  
      DO 1 J=1,8 
   1  P=P+F(J)*(0.65-0.01*C)**(J-1) 
      P=P1*DEXP(AK1*1.E-5*(T1-C)*P)/10.0  
      PSAT=P*145.03894 
      GO TO 40 
C 
C     * * CORRELATION FOR VAPOR PRESS. OF ICE         * * 
C 
   2  DO 10 I=1,7 
      IF(TR.LE.TREF(I).AND.TR.GT.TREF(I+1))GO TO 20 
  10  CONTINUE 
      WRITE(6,30)TR  
  20  PSAT=A1(I)*DEXP(B1(I)*TR) 
C 
  30  FORMAT(1X,T20,'* * TEMP BELOW TABLE FOR FUNCT. PSAT 
     A: T(R)= ',E12.5) 
C 
C 
  40  RETURN 
      END  
   
C 
C 
C       ******************************************************* 
        DOUBLE PRECISION FUNCTION CC(T,IS,IC,I,J) 
C       ******************************************************* 
C 
C 
C 
C       THIS FUNCTION CALCULATES LANGMUIR CONSTANTS FOR HYDRATE 
C       FORMATION FROM C1,C2,OR C3 USING THE SPHERICALLY SYMETRIC 
C       KIHARA POTENTIAL FUNCTION.  THIS PROGRAM CALLS ON THE 
C       FUNCTION OMEGA WHICH GIVES THE POTENTIAL AS A FUNCTION OF 
C       POSITION.   GAUSSIAN INTEGRATION (C&W PAGE 100) IS USED 
C       TO INTEGRATE OMEGA OVER THE CELL VOLUME. 
C       OMEGA IS A FUNCTION THAT CALCULATES THE 
C       SMOOTHED CELL POTENTIAL AS A SUM OF 
C       CONTRIBUTIONS OF THE FIRST,SECOND AND 
C       THIRD SHELLS. 
C       THE VARIABLES ARE 
C       IS- CODE FOR WHICH HYDRATE STRUCTURE(I OR II) IS FORMED 
C       IC= CODE FOR WHICH CAVITY IS UNDER CONSIDERATION 
C       A= CORE RADIUS FOR THE MOLECULE,C1...C3 
C       T=TEMPERATURE 
C       EPS= EPSILON, DEPTH OF INTERMOLECULAR POTENTIAL WELL, ERG 
C       R= RADIAL POSITION OF THE ENCLOSED MOLECULE 
C       RR =FIRST SHELL RADIUS. 
C       RR2=SECOND SHELL RADIUS 
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C       RR3=THIRD SHELL RADIUS. 
C       Z=FIRST SHELL COORDINATION NUMBER 
C       Z2=SECOND SHELL COORDINATION NUMBER. 
C       Z3=THIRD SHELL COORDINATION NUMBER. 
C 
C       REF: PARRISH AND PRAUSNITZ,I&EC PROC. DES & DEV, 11(1),P26(1972) 
C 
C 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
        EXTERNAL OMEGA 
        COMMON /SIG/ SIGMA,EPS,RR,Z,A,TT,RR2,Z2,RR3,Z3 
        COMMON /AMOL/MA,ISCODE(10) 
        COMMON /RRR/ R 
        COMMON/FUND/SSIG(10),EEPS(10),AA(10) 
        COMMON/AFACT/OM(10) 
        COMMON/ID/II,JJ,ISS 
        CC=0.0 
        II=I 
        JJ=IC 
        ISS=IS 
C       WRITE(06,51)II,JJ,ISS,CC 
 51       FORMAT(4X,3I2,5X,E15.5) 
        PI=3.14159 
        QSTAR=1.0 
        IF(IS.EQ.1.AND.ISCODE(J).EQ.3)RETURN 
        IF(IC.EQ.1.AND.ISCODE(J).EQ.2)RETURN 
        IF(IC.EQ.1.AND.ISCODE(J).EQ.3)RETURN 
        IF(ISCODE(J).EQ.4)RETURN 
        TT=T 
        A=AA(I) 
        SIGMA=SSIG(I)-A 
        EPS=EEPS(I)  
C       WRITE(06,1031)SIGMA,EPS,A 
 1031     FORMAT(5X,3E15.5) 
C     ***CHECK FOR WHICH STRUCTURE IS FORMED*** 
        IF(IS.EQ.2) GO TO 6 
C     ***CHECK FOR WHICH CAVITY IS OCCUPIED**** 
        IF(IC.EQ.2) GO TO 5 
        RR=3.875 
        Z=20. 
        RR2=6.593 
        Z2=20.0 
        RR3=8.056 
        Z3=50.0 
        GO TO 8 
C     ***STRUCTURE I CAVITY II 
  5     RR=4.152 
        Z=21. 
        RR2=7.078 
        Z2=24.0 
        RR3=8.285 
        Z3=50.0 
        GO TO 8 
  6     CONTINUE 
C     ***CHECK FOR CAVITY, STRUCTURE II*** 
        IF(IC.EQ.2) GO TO 7 
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C     ***STRUCTURE II, CAVITY I*** 
        RR=3.87 
        Z=20. 
        RR2=6.667 
        Z2=20.0 
        RR3=8.079 
        Z3=50.0 
        GO TO 8 
C     ***STRUCTURE II, CAVITY II*** 
 7      RR=4.703 
        Z=28. 
        RR2=7.464 
        Z2=28.0 
        RR3=8.782 
        Z3=50.0 
 8       CONTINUE 
C 
C       EVALUATE THE INTEGRAL AND RETURN THE VALUE OF C 
        CALL YLIMIT(B) 
        C=GAUSS(0.,B,10,OMEGA) 
        PI=3.14159 
        CC=C*4.*PI/T/1.38/9.869/10. 
C       QSTAR CORRELATIONS. 
        FORM=(SIGMA*OM(I)/(RR-A))*(EPS/273.15) 
        IF(IS.EQ.1.AND.IC.EQ.1)QSTAR=DEXP(-35.3446*(FORM**0.973)) 
        IF(IS.EQ.1.AND.IC.EQ.2)QSTAR=DEXP(-14.1161*(FORM**0.8266)) 
        IF(IS.EQ.2.AND.IC.EQ.1)QSTAR=DEXP(-35.3446*(FORM**0.973)) 
        IF(IS.EQ.2.AND.IC.EQ.2)QSTAR=DEXP(-782.8469*(FORM**2.3129)) 
        CC=CC*QSTAR  
C       WRITE(6,552)(FORM,QSTAR) 
C552      FORMAT(1X,1F,2X,1F)  
        RETURN 
        END 
C 
C 
C 
C       **************************************************** 
        SUBROUTINE CUBEQN(A,Z,MTYPE) 
C       **************************************************** 
C 
C       THIS SUBROUTINE FINDS THE THREE ROOTS OF THE CUBIC 
C       EQUATION GENERATED BY THE EQUATION OF STATE. 
C 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
       DIMENSION A(4),Z(3),B(3) 
       B(1)=A(2)/A(1) 
       B10V3=B(1)/3.0 
       B(2)=A(3)/A(1) 
       B(3)=A(4)/A(1) 
       ALF=B(2)-B(1)*B10V3 
       BET=2.*B10V3**3-B(2)*B10V3+B(3) 
       BETOV2=BET/2. 
       ALFOV3=ALF/3. 
       CUAOV3=ALFOV3**3 
       SQBOV2=BETOV2**2 
       DEL=SQBOV2+CUAOV3 
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       IF(DEL) 40,20,30 
   20  MTYPE=0 
       GAM=DSQRT(-ALFOV3) 
      IF(BET) 22,22,21 
   21  Z(1)=-2.*GAM-B10V3 
       Z(2)=GAM-B10V3 
       Z(3)=Z(2) 
       GO TO 50 
   22  Z(1)=2.*GAM-B10V3 
       Z(2)=-GAM-B10V3 
       Z(3)=Z(2) 
      GO TO 50 
   30 MTYPE=1 
       EPS=DSQRT(DEL) 
       TAU=-BETOV2 
       RCU=TAU+EPS 
       SCU=TAU-EPS 
       SIR=1. 
       SIS=1. 
       IF(RCU) 31,32,32 
   31  SIR=-1. 
   32  IF(SCU) 33,34,34 
   33 SIS=-1. 
  34  R=SIR*(SIR*RCU)**.333333 
      S=SIS*(SIS*SCU)**.333333 
       Z(1)=R+S-B10V3 
       Z(2)=-(R+S)/2.-B10V3 
      Z(3)=0.866025*(R-S) 
       GO TO 50 
   40  MTYPE=-1 
       QUOT=SQBOV2/CUAOV3 
       ROOT=DSQRT(-QUOT) 
       IF(BET) 42,41,41 
   41 PEI=(1.570796+DATAN(ROOT/DSQRT(1.-ROOT**2)))/3. 
       GO TO 43 
   42  PEI=DATAN(DSQRT(1.-ROOT**2)/ROOT)/3. 
   43  FACT=2.*DSQRT(-ALFOV3) 
       Z(1)= FACT*DCOS(PEI)-B10V3 
       Z(2)= FACT*DCOS(PEI+2.094395)-B10V3 
       Z(3)=FACT*DCOS(PEI+4.188790)-B10V3 
   50  RETURN 
       END 
C 
C 
C 
C       ************************************************** 
        SUBROUTINE DATA(Y,XA,T) 
C       ************************************************** 
C 
C       THIS SUBROUTINE READS THERMODYNAMIC DATA FOR THE GASES, 
C       CALCULATES MIXTURE CRITICAL PROPERITES, FREEZING POINT 
C       DEPRESSIONS, AND ACTIVITY COEFFICIENTS FOR WATER IN  
C       THE PRESENCE OF INHIBITORS. 
C 
         IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
        DIMENSION A(10),SIGMA(10),EPS(10) 
        DIMENSION NCODE(10),KK(10) 
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        DIMENSION ZAA(1,25),AA(10,25) 
        DIMENSION IISCO(25) 
        DIMENSION Y(25),XA(25),ZA(20) 
        DIMENSION X(11),TCIJ(10,10),ZC(10,10),PCIJ(10,10),VCIJ(10,10), 
     2   PC(10),TC(10),VC(10),OMEGA(10),ESTAR(10),C1RKV(10),C2RKV(10), 
     3   C1RKL(10),C2RKL(10),AMW(10),C0FREF(10),C1FREF(10),  
     4   C2FREF(10),C3FREF(10),C4FREF(10),TS(10,10), 
     5   AK(25,25),DVR(25,25),DTR(25,25) 
        COMMON /PVTIJ/ OMEGA, PCIJ, TCIJ 
        COMMON /AMOL/MA,ISCODE(10) 
        COMMON /AZ/KK,N,MK 
        COMMON /COEFF/ C0FREF, C1FREF, C2FREF, C3FREF, C4FREF, 
     2       C0HNRY, C1HNRY, C2HNRY, C3HNRY, C4HNRY, C5HNRY, 
     3       C0ALFS, C1ALFS, C2ALFS, C3ALFS, C4ALFS, C5ALFS  
        COMMON /PVT/ RT, TC, PC, VC,  NSOLV 
        COMMON/NC/NCODE,NCOMP  
        COMMON /ACTVTY/ TS, ESTAR 
        COMMON /VOL/   DVR, DTR, C1RKL, C2RKL 
        COMMON /PHMX/ C1RKV, C2RKV 
        COMMON/AFACT/OM(10) 
        COMMON/FUND/SIGMA,EPS,A 
        COMMON/BKSA/AK 
        COMMON/BKSC/IWATER,IPOS,ISTR 
        COMMON/IMP/IMPURE,IMCODE,XIMP(100),YCO2(100) 
        COMMON/SOLUT/XSOLU,ACTIV,YYYCO2  
        COMMON/TFREEZ/TT0 
        COMMON/AWAT/ANN(25,25) 
        IF(IWATER.EQ.0)GO TO 508 
        MA=MA+1 
        KK(MA)=13 
 508    CONTINUE 
         DATA X1OLD/1./ 
        OPEN(10,FILE='TAPE10.DAT',STATUS='OLD') 
        I=1 
        DO 96 I2=1,25 
        IF(IWATER.EQ.0)GO TO 51 
        IF(I2.NE.13)GO TO 51 
       READ(10,306)A(MA)     ,SIGMA(MA) ,EPS(MA)  ,AMW(MA)   ,TC(MA) 
       READ(10,306)VC(MA)    ,   PC(MA) ,OMEGA(MA),ESTAR(MA) ,C1RKV(MA) 
       READ(10,306)C2RKV(MA) ,C1RKL(MA) ,C2RKL(MA),C0FREF(MA),C1FREF(MA) 
       READ(10,306)C2FREF(MA),C3FREF(MA),C4FREF(MA) 
        READ(10,307)(AK(MA,J),J= 1, 6) 
        READ(10,307)(AK(MA,J),J= 7,12) 
        READ(10,307)(AK(MA,J),J=13,18) 
        READ(10,307)(AK(MA,J),J=19,24) 
        READ(10,307)(AK(MA,J),J=25,25) 
        OM(MA)=OMEGA(MA) 
        READ(10,308)ISCODE(MA) 
        GO TO 96 
 51     IF(I2.EQ.KK(I)) GO TO 95 
        READ(10,306)(ZA(J), J= 1, 5) 
        READ(10,306)(ZA(J), J= 6,10) 
        READ(10,306)(ZA(J), J=11,15) 
        READ(10,306)(ZA(J), J=16,20) 
        READ(10,307)(ZAA(1,J),J= 1, 6) 
        READ(10,307)(ZAA(1,J),J= 7,12) 
        READ(10,307)(ZAA(1,J),J=13,18) 
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        READ(10,307)(ZAA(1,J),J=19,24) 
        READ(10,307)(ZAA(1,J),J=25,25) 
        READ(10,308) IISCO(I) 
        GO TO 96 
 95     READ(10,306) A(I),SIGMA(I),EPS(I),AMW(I), TC(I) 
        READ(10,306) VC(I),PC(I),OMEGA(I),ESTAR(I),C1RKV(I)  
        READ(10,306) C2RKV(I),C1RKL(I),C2RKL(I),C0FREF(I),C1FREF(I) 
        READ(10,306) C2FREF(I),C3FREF(I),C4FREF(I) 
        READ(10,307)(AK(I,J),J= 1, 6) 
        READ(10,307)(AK(I,J),J= 7,12) 
        READ(10,307)(AK(I,J),J=13,18) 
        READ(10,307)(AK(I,J),J=19,24) 
        READ(10,307)(AK(I,J),J=25,25) 
        OM(I)=OMEGA(I) 
        READ(10,308) ISCODE(I) 
        I=I+1 
  96    CONTINUE 
        REWIND(UNIT=10) 
        CLOSE(UNIT=10) 
C 306   FORMAT(10X,5(2X,E12.5),/,10X,5(2X,E12.5),/,10X,5(2X,E12.5),/ 
C    1 ,10X,5(2X,E12.5)) 
C 307   FORMAT(10X,6(2X,E12.5),/,10X,6(2X,E12.5),/,10X,6(2X,E12.5),/,  
C    1  10X,6(2X,E12.5),/,12X,E12.5) 
  306   FORMAT(5(E12.5,1X)) 
  307   FORMAT(6(E12.5,1X)) 
  308   FORMAT(I2) 
        K=1 
        DO 106 I=1,MA 
        DO 107 J=1,25 
        IF(J.NE.KK(K+1)) GO TO 107 
        AA(I,K+1)=AK(I,J) 
        K=K+1 
  107   CONTINUE 
        K=I+1 
  106   CONTINUE 
        DO 108 I=1,MA 
        DO 109 J=1,MA 
        AK(I,J)=0.0  
        AK(I,J)=AA(I,J) 
  109   CONTINUE 
  108   CONTINUE 
      DO 6 I=1,MA 
      DO 6 J=1,MA 
        AK(J,I)=AK(I,J) 
      DVR(I,J)=DVR(J,I) 
      DTR(I,J)=DTR(J,I) 
      TS(I,J)=TS(J,I) 
 6     CONTINUE 
      RT=10.73*T 
      J=0  
        JJ=1 
      DO 10 I=1,MA 
        IF(IWATER.NE.0)GO TO 826 
      IF(Y(I).LT.1.E-5) GO TO 10 
 826    J=J+1 
        JJ=JJ+1 
      NCODE(J)=I 
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      XA(J)=Y(I) 
      NCOMP=J 
   10 CONTINUE 
      DO 20 I=1,NCOMP 
      EPS(I)=EPS(NCODE(I)) 
      SIGMA(I)=SIGMA(NCODE(I)) 
      A(I)=A(NCODE(I)) 
      ISCODE(I)=ISCODE(NCODE(I)) 
      OM(I)=OM(NCODE(I)) 
      PC(I)=PC(NCODE(I)) 
      TC(I)=TC(NCODE(I)) 
      VC(I)=VC(NCODE(I)) 
      OMEGA(I)=OMEGA(NCODE(I)) 
      ESTAR(I)=ESTAR(NCODE(I)) 
      C1RKV(I)=C1RKV(NCODE(I)) 
      C2RKV(I)=C2RKV(NCODE(I)) 
      C1RKL(I)=C1RKL(NCODE(I)) 
      C2RKL(I)=C2RKL(NCODE(I)) 
      C0FREF(I)=C0FREF(NCODE(I)) 
      C1FREF(I)=C1FREF(NCODE(I)) 
      C2FREF(I)=C2FREF(NCODE(I)) 
      C3FREF(I)=C3FREF(NCODE(I)) 
      C4FREF(I)=C4FREF(NCODE(I)) 
      TCIJ(I,I) = TC(NCODE(I)) 
      AMW(I)=AMW(NCODE(I)) 
   20 CONTINUE 
      IF(NCOMP.EQ.1) GO TO 22  
C       IF(IWATER.NE.0.AND.(NCOMP-1).EQ.1)GO TO 22 
      NCOMP1=NCOMP-1 
      DO 21 I=1,NCOMP1 
      I1=I+1 
      DO 21 J=I1,NCOMP 
      TS(I,J)=TS(NCODE(I),NCODE(J)) 
      TS(J,I)=TS(I,J) 
      DVR(I,J)=DVR(NCODE(I),NCODE(J)) 
      DVR(J,I)=DVR(I,J) 
      DTR(I,J)=DTR(NCODE(I),NCODE(J)) 
      DTR(J,I)=DTR(I,J) 
      AK(I,J) = AK(NCODE(I),NCODE(J)) 
       ZC(I,J)=.291-.04*(OMEGA(I)+OMEGA(J)) 
      ZC(J,I)=ZC(I,J) 
       TCIJ(I,J)=(TC(I)*TC(J))**.5*(1.-AK(I,J)) 
      TCIJ(J,I)=TCIJ(I,J) 
      VCIJ(I,J)=(.5*(VC(I)**.3333333+VC(J)**.333333))**3 
      VCIJ(J,I)=VCIJ(I,J) 
      PCIJ(I,J)=ZC(I,J)*10.73*TCIJ(I,J)/VCIJ(I,J)  
      PCIJ(J,I)=PCIJ(I,J) 
   21  CONTINUE 
 22    CONTINUE 
        DO 31 I3=1,NCOMP 
        DO 31 I4=1,NCOMP 
        ANN(I3,I4)=AK(I3,I4) 
 31     CONTINUE 
        IF(IWATER.EQ.0)GO TO 507 
        MA=MA-1 
        NCOMP=NCOMP-1 
        ACTIV=1.0 
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        TT0=0.0 
 507    IF(IMPURE.EQ.0.OR.XSOLU.EQ.0.0)GO TO 509 
        T=T/1.8 
C 
C    ** ACTIVITY COEFFICIENT OF WATER ** 
C 
        IF(IMCODE.EQ.1)ACTIV=DEXP(-0.90634*XSOLU**2+1.95522*XSOLU**3) 
        IF(IMCODE.EQ.2)ACTIV=DEXP(5.77435*XSOLU**2) 
        IF(IMCODE.EQ.3)ACTIV=DEXP(-0.90634*XSOLU**2+1.95522*XSOLU**3) 
        IF(IMCODE.EQ.4)ACTIV=DEXP(-0.29965*XSOLU**2-172.56293*XSOLU**3) 
        IF(IMCODE.EQ.5)ACTIV=DEXP(-199.63879*XSOLU**2+3869.86893*XSOLU  
     1                 **3) 
        IF(IMCODE.EQ.6)ACTIV=DEXP(-239.55098*XSOLU**2+9683.44617*XSOLU  
     1                 **3) 
        IF(IMCODE.EQ.7)ACTIV=DEXP(((10.44*T-3535.34)*XSOLU**2.+ 
     1                 (-32.19*T+10888.7)*XSOLU**3.)/(0.082*T)) 
        IF(IMCODE.EQ.8)ACTIV=DEXP(-1.84825*XSOLU**2+4.26904*XSOLU**3) 
        IF(IMCODE.EQ.9.OR.IMCODE.EQ.10)ACTIV=DEXP(((-64.2019) 
     1*XSOLU**2.+(183.219)*XSOLU**3.)/(0.082*T)) 
C 
C   ** CORRECTION FACTOR FOR SYSTEMS CONTAINING CO2 ** 
C 
        ACTIV=(1-0.30*YYYCO2*XSOLU)*ACTIV 
C 
C   ** FREEZING POINT DEPRESSIONS ** 
C 
        IF(IMCODE.EQ.1)TT0=-0.13171+105.59*XSOLU+161.82*XSOLU**2 
     1  -70.233*XSOLU**3 
        IF (IMCODE.EQ.2)TT0=-0.33398+109.91*XSOLU+308.25*XSOLU**2 
     1 -745.82*XSOLU**3 
        IF(IMCODE.EQ.3)TT0=-1.1132+161.707*XSOLU-101.0468*XSOLU**2. 
        IF(IMCODE.EQ.4)TT0=-0.083176+197.62*XSOLU-175.14*XSOLU**2 
     1  +8884.6*XSOLU**3 
        IF(IMCODE.EQ.5)TT0=0.12618+207.67*XSOLU+6510.4*XSOLU**2 
     1  +4113.4*XSOLU**3 
        IF(IMCODE.EQ.6)TT0=0.0085870+185.53*XSOLU-65.062*XSOLU**2 
     1  +494.73*XSOLU**3 
        IF(IMCODE.EQ.7)TT0=0.0460878+163.998*XSOLU+941.4078*XSOLU**2.  
        IF(IMCODE.EQ.8)TT0=-0.019306+104.71*XSOLU+64.867*XSOLU**2 
     1  +1857.6*XSOLU**3 
        IF(IMCODE.EQ.9.OR.IMCODE.EQ.10)TT0=-0.11843+110.2595*XSOLU+ 
     1126.4329*XSOLU**2. 
       T=T*1.8 
 509    RETURN 
      END  
C 
C 
C       ******************************************************* 
        DOUBLE PRECISION FUNCTION DEL(N) 
C       ******************************************************* 
C 
C       THE DEL FUNCTIONS EVALUATE DEL OF THE KIHARA FUNCTION FOR 
C       THE 1ST, 2ND AND 3RD SHELLS OF WATER. 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      COMMON /SIG/ SIGMA,EPS,RR,Z,A,T,RR2,Z2,RR3,Z3 
      COMMON /RRR/ R 
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      D=(1.-R/RR-A/RR) 
      DD=(1.+R/RR-A/RR) 
      D=1.0/D**N - 1.0/DD**N 
      DEL=  D/N 
 2000 FORMAT('   DEL;   ', 1G10.5) 
      RETURN 
      END  
C 
C 
C 
C       ******************************************************* 
        DOUBLE PRECISION FUNCTION DEL2(N) 
C       ******************************************************* 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z)        
        COMMON/SIG/SIGMA,EPS,RR,Z,A,T,RR2,Z2,RR3,Z3 
        COMMON/RRR/R 
        D=(1.0-R/RR2-A/RR2) 
        DD=(1.0+R/RR2-A/RR2) 
        D=1.0/D**N-1.0/DD**N 
        DEL2=D/N 
        RETURN 
        END 
C 
C 
C 
C       ******************************************************* 
        DOUBLE PRECISION FUNCTION DEL3(N) 
C       ******************************************************* 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
        COMMON/SIG/SIGMA,EPS,RR,Z,A,T,RR2,Z2,RR3,Z3 
        COMMON/RRR/R 
        D=(1.0-R/RR3-A/RR3) 
        DD=(1.0+R/RR3-A/RR3) 
        D=1.0/D**N-1/DD**N 
        DEL3=D/N 
        RETURN 
        END 
C 
C 
C 
C       **************************************************** 
        DOUBLE PRECISION FUNCTION GAUSS(A,B,M,FUNCTN) 
C       **************************************************** 
C     ****REF: CARNAHAN,LUTHER AND WILKES:APP. NUMERICAL METH'S. 
C     ****WILEY & SONS,INC.(1969). 
C 
C       FORMULA TO COMPUTE THE INTEGRAL OF FUNCTN(X) BETWEEN THE 
C       INTEGRATION LIMITS A AND B. 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      DIMENSION NPOINT(7), KEY(8),Z(24),WEIGHT(24) 
      EXTERNAL FUNCTN 
C 
C     **PRESET NPOINT,KEY,Z,AND WEIGHT ARRAYS 
      DATA NPOINT /2,3,4,5,6,10,15/ 
      DATA KEY / 1,2,4,6,9,12,17,25 / 
      WEIGHT(1)= 1.0 
      WEIGHT(2)= 0.888888889 
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      WEIGHT(3)= 0.555555556 
      WEIGHT(4)=0.652145155 
      WEIGHT(5)=0.347854845 
      WEIGHT(6)=0.568888889 
      WEIGHT(7)= 0.478628671 
      WEIGHT(8)= 0.236926885 
      WEIGHT(9)= 0.467913935 
      WEIGHT(10)= 0.360761573  
      WEIGHT(11)= 0.171324493  
      WEIGHT(12)= 0.295524225  
      WEIGHT(13)= 0.269266719  
      WEIGHT(14)= 0.219086363  
      WEIGHT(15)= 0.149451349  
      WEIGHT(16)= 0.066671344  
      WEIGHT(17)= 0.202578242  
      WEIGHT(18)= 0.198431485  
      WEIGHT(19)= 0.186160000  
      WEIGHT(20)= 0.166269206  
      WEIGHT(21)= 0.139570678  
      WEIGHT(22)= 0.107159221  
      WEIGHT(23)= 0.070366047  
      WEIGHT(24)= 0.030753242  
      Z(1)=0.577350269 
      Z(2)=0.0 
      Z(3)=0.774596669 
      Z(4)=0.339981044 
      Z(5)=0.861136312 
      Z(6)=0.0 
      Z(7)=0.538469310 
      Z(8)=0.906179846 
      Z(9)=0.238619186 
      Z(10)=0.661209387 
      Z(11)=0.932469514 
      Z(12)=0.148874339 
      Z(13)=0.433395394 
      Z(14)=0.679409568 
      Z(15)=0.865063367 
      Z(16)= 0.973906529 
      Z(17)= 0.0 
       Z(18)=0.2011941 
       Z(19)=0.3941513 
       Z(20)=0.5709722 
       Z(21)=0.7244177 
      Z(22)= 0.848206583 
      Z(23)= 0.937273392 
      Z(24)=0.987992518 
C      *** FIND SUBSCRIPT OF FIRST Z AND WEIGHT VALUE *** 
      DO 1 I=1,7 
      IF(M.EQ.NPOINT(I)) GO TO 2 
    1 CONTINUE 
C     *** INVALID M USED *** 
      GAUSS=0. 
      RETURN 
C 
C     *** SET UP INITIAL PARAMETERS ***  
    2 JFIRST=KEY(I)  
      JLAST=KEY(I+1)-1 
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      C=(B-A)/2. 
      D=(B+A)/2. 
C 
C     *** ACCUMULATE THE SUM IN THE MPOINT FORMULA 
      SUM=0. 
      DO 5 J=JFIRST,JLAST 
      IF( Z(J).EQ.0.0 ) SUM=SUM+WEIGHT(J)*FUNCTN(D) 
    5 IF( Z(J).NE.0.0 ) SUM=SUM+WEIGHT(J)*(FUNCTN(Z(J)*C+D)  
     2 + FUNCTN( -Z(J)*C +D))  
C 
C     *** MAKE INTERVAL CORRECTION AND RETURN **** 
      GAUSS=C*SUM 
 2100 FORMAT('   GAUSS;    ',1G10.5) 
      RETURN 
      END  
C 
C 
C 
C       ********************************************** 
        DOUBLE PRECISION FUNCTION OMEGA(R) 
C       ********************************************** 
C 
C     THIS FUNCTION EVALUATES THE CELL POTENTIAL( SPHERICALLY 
C     SYMETRIC KIHARA) WITH THE RADIAL POSITION, R, OF THE 
C     MOLECULE IN THE CAVITY AS THE INDEPENDENT VARIABLE. 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      COMMON /SIG/ SIGMA,EPS,RR,Z,A,T,RR2,Z2,RR3,Z3 
      COMMON /RRR/ ZZ 
      ZZ=R 
      OMEGA=2.*Z*EPS*(SIGMA**12/RR**11/R*(DEL(10)+A/RR*DEL(11)) 
     1  - SIGMA**6/RR**5/R*(DEL(4)+A/RR*DEL(5))) 
        OMEGA2=2.0*Z2*EPS*(SIGMA**12/RR2**11/R*(DEL2(10)+A/RR2*DEL2(11)) 
     1  -SIGMA**6/RR2**5/R*(DEL2(4)+A/RR2*DEL2(5))) 
        OMEGA3=2.0*Z3*EPS*(SIGMA**12/RR3**11/R*(DEL3(10)+A/RR3*DEL3(11)) 
     1  -SIGMA**6/RR3**5/R*(DEL3(4)+A/RR3*DEL3(5))) 
        OMEGA=OMEGA+OMEGA2+OMEGA3 
      OMEGA=-OMEGA/T 
      IF(ABS(OMEGA).GT. 170.) OMEGA=ABS(OMEGA)/OMEGA*170. 
      IF (OMEGA.LE.-60.) OMEGA=-60.  
      OMEGA=DEXP(OMEGA)*R*R 
 2300 FORMAT('   OMEGA;   ', 1G10.5) 
      RETURN 
      END  
C 
C 
C       **************************************************** 
        SUBROUTINE VAPRES(PVAP,T) 
C       ***************************************************** 
C 
C       THIS SUBROUTINE IS CALLED BY BUBDEW. IT CALCULATES THE VAPOR PRESSURE 
C       OF EACH COMPONENT USING RIEDEL'S CORRELATION. 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
        DIMENSION PVAP(10) 
        DIMENSION TCIJ(10,10),PCIJ(10,10),PC(10),TC(10),VC(10),OMEGA(10) 
        DIMENSION NCODE(10) 
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        COMMON/PVTIJ/OMEGA,PCIJ,TCIJ 
        COMMON/NC/NCODE,NCOMP  
        COMMON/PVT/RT,TC,PC,VC,NSOLV 
        DO 401 I=1,NCOMP 
        TR=T/TC(I) 
        IF(TR.GT.1.0)GO TO 400 
        B=36./TR-35.-TR**6.0+42.*DLOG(TR) 
        ALFAC=5.808+4.93*OMEGA(I) 
        RES=0.118*B-7*DLOG10(TR)+(ALFAC-7.)*(0.036*B-DLOG10(TR)) 
        PVAP(I)=PC(I)/10.**(RES) 
        GO TO 401 
 400    PVAP(I)=PC(I) 
 401    CONTINUE 
        RETURN 
        END 
C 
C       ********************************************************* 
        SUBROUTINE BUBDEW(T,P,Y) 
C       ********************************************************* 
C 
C       THIS SUBROUTINE CALCULATES THE DEW POINT PRESSURE IF LIQ=0 AND 
C       BUBBLE POINT PRESSURE IF LIQ=1 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
        DIMENSION XL(10),Y(10),V(10),PHIL(10) 
        DIMENSION PHI(10),PVAP(10) 
        DIMENSION NCODE(10) 
        DIMENSION ZK(10),ZCN(10) 
        COMMON/X/XL  
        COMMON/PH/PHIL 
        COMMON/NC/NCODE,NCOMP  
        COMMON/TBLOC/ITAG 
        COMMON/LIQUID/LIQ 
        COMMON/HELP/IST0,IST2,ISLOW 
C 
C 
        ITAG=1 
        ITER=0 
        CALL VAPRES(PVAP,T) 
        SFRAC=0 
        IF(LIQ.EQ.1)GO TO 8000 
C ** DEW POINT CALCULATIONS ** 
        DO 280 I=1,NCOMP 
        FRAC=Y(I)/PVAP(I) 
        SFRAC=SFRAC+FRAC 
 280    CONTINUE 
C       MAKE AN INITIAL ESTIMATE OF PRESSURE 
        P=1/SFRAC 
 288    S=0 
        DO 201 I=1,NCOMP 
        XL(I)=Y(I)*P/PVAP(I) 
        S=S+XL(I) 
 201    CONTINUE 
        DO 222 I=1,NCOMP 
        XL(I)=XL(I)/S 
 222    CONTINUE 
 206    CALL PHIMIX(Y,P,T,PHI) 
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        SUM=0.0 
        DO 202 I=1,NCOMP 
        ZK(I)=PHIL(I)/PHI(I) 
        ZCN(I)=Y(I)/ZK(I) 
        SUM=SUM+ZCN(I) 
 202    CONTINUE 
        DO 203 I=1,NCOMP 
        XL(I)=ZCN(I)/SUM 
 203    CONTINUE 
        PNEW=P/SUM 
        IF(ABS(SUM-1.0).LT.0.0001)GO TO 205 
        P=PNEW 
        ITER=ITER+1  
        IF(ITER.GT.100)GO TO 207 
        GO TO 206 
 207    WRITE(6,208) 
 208    FORMAT(' FAILED TO CONVERGE IN BUBDEW') 
        GO TO 205 
C ** BUBBLE POINT CALCULATIONS ** 
C   HERE XL IS SET EQUAL TO Y BECAUSE THE VALUES OF Y COMING IN 
C       ARE LIQUID COMPOSITION 
 8000                   DO 101 I=1,NCOMP 
        XL(I)=Y(I) 
 101    CONTINUE 
        DO 102 I=1,NCOMP 
        FRAC=XL(I)*PVAP(I) 
        SFRAC=FRAC+SFRAC 
 102    CONTINUE 
C       MAKE AN INITIAL ESTIMATE OF PRESSURE 
        P=SFRAC 
        S=0 
        DO 103 I=1,NCOMP 
        Y(I)=XL(I)*PVAP(I)/P 
        S=S+Y(I) 
 103    CONTINUE 
        DO 104 I=1,NCOMP 
        Y(I)=Y(I)/S  
 104    CONTINUE 
 105    CALL PHIMIX(Y,P,T,PHI) 
        SUM=0.0 
        DO 106 I=1,NCOMP 
        ZK(I)=PHIL(I)/PHI(I) 
        ZCN(I)=ZK(I)*XL(I) 
        SUM=SUM+ZCN(I) 
 106    CONTINUE 
        DO 107 I=1,NCOMP 
        Y(I)=ZCN(I)/SUM 
 107    CONTINUE 
        PNEW=P*SUM 
        IF(ABS(SUM-1.0).LT.0.0001)GO TO 225 
        P=PNEW 
        ITER=ITER+1  
        IF(ITER.GT.100)GO TO 207 
        GO TO 105 
C       INTERCHANGE XL AND Y VALUES AGAIN BY STORING Y VALUES IN V 
 225    DO 23 I=1,NCOMP 
        V(I)=Y(I) 



 

65 

        Y(I)=XL(I) 
        XL(I)=V(I) 
 23     CONTINUE 
 205            RETURN 
        END 
C 
C 
C       ************************************************** 
         SUBROUTINE PHIMIX(Y,P,T,PHI) 
C       ************************************************** 
C 
C 
C       ** THIS SUBROUTINE IS TAKEN DIRECTLY FROM PRAUSNITZ  
C           AND CHUEH'S BOOK "COMPUTER CALCULATIONS FOR MULTI 
C           COMPONENT VAPOR LIQUID EQUILIBRIA"(1968) PRENTICE HALL 
C 
C       THIS SUBROUTINE CALCULATES THE FUGACITY COEFFICIENTS FOR 
C       EACH COMPONENT FROM THE EQUATION OF STATE. 
C 
        IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      DIMENSION NCODE(10) 
      DIMENSION X(11),TCIJ(10,10),ZC(10,10),PCIJ(10,10),VCIJ(10,10), 
     2 PC(10),TC(10),VC(10),OMEGA(10),ESTAR(10),C1RKV(10),C2RKV(10), 
     3 C1RKL(10),C2RKL(10),AMW(10),C0FREF(10),C1FREF(10), 
     4 C2FREF(10),C3FREF(10),C4FREF(10),TS(10,10), 
     5 AK(25,25),DVR(25,25),DTR(25,25) 
        DIMENSION PHIL(10) 
        DIMENSION XL(10) 
      COMMON/BLOCK/ISOLVE 
      COMMON /PHMX/ C1RKV, C2RKV 
      COMMON /PVTIJ/ OMEGA, PCIJ, TCIJ 
      COMMON /PVT/ RT, TC, PC, VC,  NSOLV 
      COMMON/NC/NCODE,NCOMP 
      COMMON/AFACT/OM(10) 
      COMMON/BKSA/AK 
        COMMON/X/XL  
        COMMON/PHAS/NVLLH 
        COMMON/PH/PHIL 
        COMMON/TBLOC/ITAG 
        COMMON/ZV/ZV 
        COMMON/WATER/NW 
        COMMON/AWAT/ANN(25,25) 
        COMMON/CRITCL/NCRIT,TCRIT 
        COMMON/LIQUID/LIQ 
      DIMENSION Y(10),PHI(10),Z(3),ARKV(10,10), 
     2BRKV(10),AIRKV(10),A(4),AMWT(10,10) 
      DIMENSION AA(25),BTC(25),AY(25,25) 
       IF(ISOLVE.EQ.1)GO TO 200 
       DO 100 I=1,NCOMP 
       ARKV(I,I)=C1RKV(I)*10.73**2*TC(I)**2.5/PC(I) 
       BRKV(I)=C2RKV(I)*10.73*TC(I)/PC(I) 
       IF(I.EQ.NCOMP) GO TO 110 
       I1=I+1 
       DO 100 J=I1,NCOMP 
      ARKV(I,J)=(C1RKV(I)+C1RKV(J))*0.5*10.73**2*TCIJ(I,J) 
     1**2.5/PCIJ(I,J) 
       ARKV(J,I)=ARKV(I,J) 
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  100  CONTINUE 
  110  CONTINUE 
       AMRKV=0. 
       BMRKV=0. 
       DO 120 I=1,NCOMP 
       AIRKV(I)=0. 
       BMRKV=BMRKV+Y(I)*BRKV(I) 
       DO 120 J=1,NCOMP 
       AIRKV(I)=AIRKV(I)+Y(J)*ARKV(I,J)  
  120  AMRKV=AMRKV+Y(I)*Y(J)*ARKV(I,J) 
C 
C          CALCULATE VAPOR MOLAR VOLUME FOR MIXTURE 
C 
       A(1)=1. 
       A(2)=-1. 
       PBRT=P*BMRKV/RT 
       ABRT=AMRKV/(BMRKV*10.72999*T**1.5) 
       A(3)=PBRT*(ABRT-1.-PBRT) 
       A(4)=-ABRT*(PBRT**2) 
       CALL CUBEQN(A,Z,MTYPE)  
       IF(MTYPE)130,140,140 
  130  AMAX1=Z(1) 
       IF(AMAX1.LT.Z(2)) AMAX1=Z(2) 
       IF(AMAX1.LT.Z(3)) AMAX1=Z(3) 
       ZV=AMAX1 
       GO TO 150 
  140  ZV=Z(1) 
  150  VV=ZV*RT/P 
C 
C            CALCULATE FUGACITY COEFFICIENTS WITH THE 
C            MODIFIED REDLICH-KWONG EQUATION OF STATE 
C 
      QVVB=DLOG(VV/(VV-BMRKV)) 
      Q1VB=1./(VV-BMRKV) 
       Q2RTB=2./(10.73*T**1.5*BMRKV) 
       QVBV=DLOG((VV+BMRKV)/VV) 
       QARTB=AMRKV/(10.73*T**1.5*BMRKV**2) 
       QBVB=BMRKV/(VV+BMRKV) 
        DO 160 I=1,NCOMP 
      PHI(I)=QVVB+BRKV(I)*Q1VB-AIRKV(I)*Q2RTB*QVBV+ 
     2 BRKV(I)*QARTB*(QVBV-QBVB)-DLOG(ZV) 
      IF(PHI(I).LT.170.0) GO TO 27 
      WRITE(6,28) QVVB,BRKV(I),Q1VB,AIRKV(I),Q2RTB,QVBV, 
     2 QARTB,QBVB,ZV 
 28    FORMAT(9F10.5) 
 27      CONTINUE 
      PHI(I)=DEXP(PHI(I)) 
 160     CONTINUE 
       RETURN 
C 
C      ****** CALCULATE FUGACITY COEFFICIENTS USING PENG ****** 
C      ****** ROBINSON EQUATION OF STATE                 ****** 
C 
  200  BC=0.0 
        BCX=0.0 
       DO 201 I=1,NCOMP 
       AKK=0.37464+1.54226*OMEGA(I)-0.26992*OMEGA(I)**2 
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       ATC=52.643367*TC(I)**2/PC(I) 
        IF(NW.EQ.0)GO TO 211 
        DO 81 I1=1,NCOMP 
        AK(I1,NCOMP)=ANN(I1,NCOMP)*(0.4605*P/T-0.2237) 
        AK(NCOMP,I1)=AK(I1,NCOMP) 
 81     CONTINUE 
        IF(I.LT.NCOMP)GO TO 211 
        IF((T/TC(I)).LT.0.85)ALPHA=(1.0085677+0.82154*(1.-DSQRT(T/TC(I) 
     1)))**0.5 
        IF((T/TC(I)).GE.0.85)GO TO 211 
        GO TO 212 
 211       ALPHA=(1.0+AKK*(1.0-DSQRT(T/TC(I))))**2  
 212      AA(I)=ATC*ALPHA 
       BTC(I)=0.834794*TC(I)/PC(I) 
       BC=BC+Y(I)*BTC(I) 
        BCX=BCX+XL(I)*BTC(I) 
  201  CONTINUE 
       AC=0.0 
        ACX=0.0 
       DO 202 I=1,NCOMP 
       DO 203 J=1,NCOMP 
       AY(I,J)=(1.0-AK(I,J))*DSQRT(AA(I)*AA(J)) 
       AC=AC+Y(I)*Y(J)*AY(I,J) 
        ACX=ACX+XL(I)*XL(J)*AY(I,J) 
  203  CONTINUE 
  202  CONTINUE 
        NCRIT=0 
        IF(LIQ.EQ.1)GO TO 809  
        IF(NVLLH.EQ.0)GO TO 809 
        TCRIT=(AC/BC)/63.061506 
        IF((T/TCRIT).GT.0.97)GO TO 808 
        GO TO 809 
 808    NCRIT=1 
        GO TO 810 
 809    CONTINUE 
        IF(ITAG.EQ.2)GO TO 288 
       AP=AC*P/(10.73*T)**2 
       B=BC*P/(10.73*T) 
       A(1)=1 
       A(2)=B-1 
       A(3)=AP-3.0*B**2-2.0*B  
       A(4)=B**3+B**2-AP*B 
       CALL CUBEQN(A,Z,MTYPE)  
       IF(MTYPE)204,205,205 
  204  AMAX1=Z(1) 
       IF(AMAX1.LT.Z(2))AMAX1=Z(2) 
       IF(AMAX1.LT.Z(3))AMAX1=Z(3) 
       ZV=AMAX1 
       GO TO 206 
  205  ZV=Z(1) 
  206  DO 207 I=1,NCOMP 
       F1=BTC(I)/BC*(ZV-1.0) 
       F2=-DLOG(ZV-B) 
       F3=0.0 
       DO 208 K=1,NCOMP 
       F3=F3+Y(K)*AY(K,I) 
  208  CONTINUE 
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