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ABSTRACT 

This paper describes the development of a computational multiphase fluid dynamics (CMFD) model of 
the Fischer Tropsch (FT) process in a Slurry Bubble Column Reactor (SBCR). The CMFD model is 
fundamentally based which allows it to be applied to different industrial processes and reactor geometries. 
The NPHASE CMFD solver [1] is used as the robust computational platform. Results from the CMFD 
model include gas distribution, species concentration profiles, and local temperatures within the SBCR. 
This type of model can provide valuable information for process design, operations and troubleshooting 
of FT plants. An ensemble-averaged, turbulent, multi-fluid solution algorithm for the multiphase, reacting 
flow with heat transfer was employed. Mechanistic models applicable to churn turbulent flow have been 
developed to provide a fundamentally based closure set for the equations. In this four-field model 
formulation, two of the fields are used to track the gas phase (i.e., small spherical and large slug/cap 
bubbles), and the other two fields are used for the liquid and catalyst particles. Reaction kinetics for a 
cobalt catalyst is based upon values reported in the published literature. An initial, reaction kinetics model 
has been developed and exercised to demonstrate viability of the overall solution scheme. The model will 
continue to be developed with improved physics added in stages.  

INTRODUCTION 

As part of the Idaho National Laboratory's (INL's) Secure Energy Initiative, the INL is performing 
research in areas that are vital to ensuring clean, secure energy for the nation. Specifically, our team is 
developing a computational multiphase fluid dynamics (CMFD) model of Fischer Tropsch (FT) synthesis 
in a slurry bubble column reactor (SBCR) used for the production of synthetic fuels from secure, 
domestic resources. The model is being developed using a staged approach, starting with a simple model 
then becoming progressively more complex. Reaction kinetics have been  incorporated into a 
hydrodynamic model for churn-turbulent flow using the NPHASE CMFD code as the robust numerical 
solver [1, 2]. The purpose of this model is to help industry understand the complex physical processes 
occurring in the SBCR. The model can be used as a numerical testbed to study custom problems that 
concern industry and gain a better understanding of the mechanisms that govern reactor performance from 
a more fundamental perspective than has been done in the past. To date, much of the understanding of 
these types of reactors has been obtained by limited studies using correlations that are not widely 
applicable over a range of operating conditions and scales. A more fundamental, mechanistic-based 
model that is broadly applicable is needed to enable efficient reactor design studies and scaling over the 
range from laboratory to pilot reactors and finally commercial production scales. To make the process 
economically viable, the designer must optimize reactor performance by varying operating conditions 
eliminating dead zones within the reactor. An understanding of the mixing behavior is essential for proper 
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design and scale-up [3]. Simulations can be used to locate regions of maximum and minimum velocity 
and temperature, to facilitate identification of these dead zones and/or regions of excessively high 
temperatures, as well as predict any mass or heat transfer design limitations for the reactor. More 
sophisticated physicochemical models offer the potential to bring an increased level of understanding for 
the basic reaction and transport processes occurring within the reactor, with the eventual goal of being 
able to simulate the entire FT process and the associated plant [4]. Such knowledge will enable advances 
in process technology that are necessary for companies to remain world-class and competitive by enabling 
higher productivity, reducing pollution, using less energy and resources, and improving product quality.  

REACTION KINETICS AND HYDRODYNAMICS MODEL DEVELOPMENT 

An NPHASE CMFD model of the FT process in a SBCR is under development. The SBCR is a 
multiphase chemical reactor where a synthesis gas, comprised mainly of H2 and CO, is bubbled through a 
liquid hydrocarbon wax containing solid catalyst particles to produce specialty chemicals, lubricants, or 
liquid fuels.  The FT synthesis reaction is the polymerization of methylene groups [-(CH2)-] forming 
mainly linear alkanes and alkenes, ranging from methane to high molecular weight waxes. The FT 
process is described by the set of exothermic reactions described by Eqs 1-4  

CO 3H2 CH4 H2O      mol/kJH 247298   (Eq 1) 

nCO 2nH2 CH2 n nH2O         (Eq 2) 

H2O +CO CO2 +H2      mol/kJH 41298   (Eq 3) 

2CO C CO       mol/kJH 172298   (Eq 4)

The selection of catalyst (i.e., avoiding Ni) can minimize the production of methane, the reaction shown 
in Eq 1. The chain polymerization kinetics in Eq 2 produces a hydrocarbon product distribution described 
by the Anderson-Schulz-Flory (ASF) model. A broad spectrum of mainly alkanes and alkenes with 
carbon numbers from C1 to C50+ are produced. Process conditions and/or catalyst selection can be used to 
tailor the product distribution [5]. Eq 3, the water-gas-shift (WGS) reaction, is invoked only for reactions 
involving Fe-based catalysts. Eq 4 is the Boudouard reaction resulting in the deposition of carbon and the 
formation of carbon dioxide. 

The computational platform for this work is the NPHASE computer program, an unstructured, finite 
volume, multifield, pressure based computational multiphase fluid dynamics (CFD) computer code 
offering both segregated and coupled numerical solution methods. To achieve numerical convergence for 
multiphase flows, simulations are performed using the robust, coupled algorithm, which solves for the 
phasic velocity, pressure, and volume fraction simultaneously. Although, the computer memory 
requirements are increased, this ability to couple the conservation of mass and momentum equations is 
more robust than the use of a segregated solver. A full three-dimensional, Eulerian-Eulerian framework is 
employed, rather than tracking a very large number of individual bubble trajectories. Ensemble-averaged 
conservation equations for mass, momentum, energy, interfacial area, and species transport are solved for 
an arbitrary number of fields or phases and species. The equations are discretized into a block matrix 
system, which is solved by an algebraic multigrid solver. The fully coupled mass/momentum setup allows 
any field/phase to interact with any other field/phase within the multigrid matrix system. A detailed 
derivation of the ensemble-averaged conservation equations has been given by [6]. The ensemble-
averaging approach models a time-varying complex multiphase flow using a well-defined theoretical 
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framework. The option for invoking an additional transport equation that is solved for the interfacial area 
concentration [7] is available in the NPHASE code and may be included in the FT model to better predict 
the available reaction area between the gas and bulk fluid. Interfacial mass, momentum, turbulence and 
heat transfer sub-models provide coupling between the fields and phases. NPHASE also includes 
transport equations for turbulence modeling and a arbitrary number of species in any carrier field. 
Turbulence in the bulk fluid was modeled using a standard k-  model with the two-phase turbulence 
viscosity given by [8]. The total kinematic viscosity for the bulk flow is the sum of molecular, shear-
induced and bubble-induced components. 

In an industrial FT process, syngas is sparged at the base of a large cylindrical vessel containing liquid 
and catalyst.  Momentum is imparted to the bulk liquid via the kinetic energy of the sparged syngas and 
the recirculating internal flow is driven by interfacial forces. For the process to be economically viable, 
the velocity of the gas must be sufficiently high that the reactor operates in the churn-turbulent flow 
regime.  

A key factor for properly capturing the underlying physics of two-phase flows is the formulation of 
consistent mechanistic closure laws that describe the dominant mass, momentum and thermal interactions 
at the fluid interfaces. Closure relations are needed to reintroduce the information that was lost as a result 
of averaging the conservation equations. These closure laws account for the sub- scale mass and 
momentum transfer between the various fields and phases. The interfacial interactions between the 
individual fields are specified by mechanistic models for both drag and non-drag forces. The interfacial 
momentum transfers considered important for churn-turbulent flow in a bubble column include the 
interfacial drag force, the virtual mass force, the wall force, the lift force, and the turbulence dispersion 
force. Refinement of these mechanistic models is ongoing to ensure that they apply over a realistic range 
of operating conditions and scales. The closure relations include coefficients that need to be tuned to the 
physics of the flow regime. Optimization software (Engineous iSIGHT-FD) is being used to perform a 
sensitivity study by varying the ranges of the coefficients over their theoretically appropriate ranges. 

The gas field is divided into a small (5 mm) bubble group and a large (50 mm) slug/cap bubble group. 
Each bubble group is treated as a separate field to allow different flow physics to be included via the 
closure models. The model also accounts for interactions between bubble groups (i.e., breakup and 
coalescence). Incorporation of a third bubble size (< 1 mm) will also be evaluated in the model, since 
these very small bubbles present a large interfacial area available for the reaction process, relative to the 
bubble volume. Eventually multiple bubble groups, at least 5 groups, will be considered for future 
simulations.  

Bubble dynamics play a key role in the transport phenomena and in the overall rates of reaction. The 
intrafield mass transfer between the small bubbles and slug/cap bubbles was formulated using 
coalescence and breakup models described by [9], [10] and [11]. Improved bubble fragmentation and 
coalescence sub-models are an area where more research is needed. Two opposing theories have been 
proposed regarding the roles of the large versus the small bubbles on mass transfer. One theory espouses 
the concept that large cap bubbles largely determine the flow pattern, whereas the small bubbles (assumed 
to be spherical) govern mass transfer. Another theory claims that the unstable, oscillating surface of the 
large bubbles create a high level of turbulence, which enhances mass transfer, whereas the small bubbles 
have a relatively rigid surface that inhibits mass transfer. Studies by [12] found that bubble fragmentation 
and coalescence were strongly influenced by the turbulence dissipation rate of the liquid phase. 

This section presents the model formulation, governing equations and closure laws used to simulate the 
turbulent, four-field, two-phase flow for a bubble column operating in the churn-turbulent flow regime 
(see Figure 1). Figure 2 outlines the thermal fluid and chemistry features to be incorporated into the 
current NPHASE CMFD model. The SBCR model will continue to evolve and improve as the best 
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available physical sub-models are incorporated. The local instantaneous conservation equations are 
averaged and phasic volume fractions are introduced. 

The phasic continuity equation is written as (field j for phase k)  

jkjkjkjkjkjk mu
t

         (Eq 5) 

The phasic momentum equation is written as (field j for phase k) 

ijkjkjkjk
Re
jkjkjkjkjkjkjkjkjkjkjkjk umMgpuuu

t
  (Eq 6) 

The terms on the right hand side of the equation represent the pressure gradient, shear stress tensor, body 
force due to gravity, momentum exchange at interfaces and momentum flux due to mass transfer.    

The compatibility condition included in the coupled solver equation set, is expressed as 

n

k
k

1

1            (Eq 7) 

The phasic energy equation is written as 

)TT(AhHqqhuh
t wliqci

T''
jk

''
jkjkjkjkjk      (Eq 8) 

The terms on the right hand side of the equation represent the conductive heat flux, the volumetric heat 
source due to the chemical reaction, and convective heat transfer to the heat exchanger, respectively. The 
energy equation is used to predict the change in liquid temperature due to the exothermic chemical 
reaction and heat exchanger. A simple heat exchanger model has been used which allows heat transfer 
from the liquid and represented as a constant temperature heat exchanger over the central region of the 
column. Future work should incorporate a more detailed model of the heat exchanger tubes within the 
SBCR including the pressure drop due to the presence of internals. 

The physical phenomena in the SBCR occur at different time scales. Due to the thermal inertia of the 
reactor and its contents, the heat transfer scale is many orders of magnitude larger than the mass 
transfer/reaction time scale [13]. The chemical reaction rate is used to evaluate the rate of change in the 
mass fraction of the species. The local mass fractions of the chemical species are tracked using seven 
separate species transport equations. The reaction rate is used to evaluate the local heat addition to the 
bulk flow. The species transport equation can be written as 

ssT
s

T
jk

s

jk
jkss SYYY jkjkjkjkjk v

t
     (Eq 9) 

where Ys is the species mass fraction and Ss is the source term containing the reaction kinetics 
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nsnss RnWS           (Eq 10) 
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Chemical reactions are being added in stages of increasing complexity. The first stage of the model tracks 
the mass fraction species of H2 and CO in the gas phase and [-(CH2)-] in the liquid field and includes 
absorption of gas species from both large and small bubbles into the bulk liquid phase. The driving force 
for the gas across the interface into the bulk liquid will be dependent upon the interfacial species 
concentration in both small and large bubbles.  However, because it is difficult to measure the 
concentration at the gas-liquid interface, coefficients for convective mass transfer across an interface for 
the overall driving force between the bulk concentrations in the gas and liquid phases are implemented.  
The product from the incorporation of absorption will be the steady state concentration profile of the 
absorbed gas species in the bulk liquid phase and the impact of the hydrodynamics on the concentration 
profile. All phases are assumed to have a constant density. The variation of gas density with temperature 
and pressure will be accounted for in future simulations. 

In this initial model we assumed that the small catalyst particles are sufficiently small such that external 
and internal mass and heat transfer are not rate limiting. A macrokinetic approach using power rate laws 
is used, where the heterogeneous catalytic reaction is described by the following rate equations 

21
2

L,CO

L,HL,CO
CO

bc

cac
R           (Eq 11) 

COH RR 2
2

          (Eq 12) 

COOH RR
2           (Eq 13) 

COCH RR
2           

(Eq 14) 

with the kinetic constant a and the adsorption coefficient b defined as follows [14] 

molskg
mTR

T.K
.exp.a

cat

6
213 1

15493
11414494108528

     
(Eq 15) 

mol
mTR

T.K
.exp.b

3
5 1

15493
11158236102262 (Eq 16) 

The reaction model utilizes the macrokinetic rate expression for a cobalt catalyst developed by Yates and 
Satterfield. A cobalt catalyst was selected for the initial model, since the WGS reaction can be neglected. 
The intrinsic kinetic expression for the consumption of CO and H2, which is a Langmuir-Hinshelwood 
type expression, was based on data collected over a range of industrially relevant conditions.  The local 
mass fractions of the chemical species are evaluated using species transport equations. Seven species are 
currently tracked in the SBCR simulation: CO reactant in small bubbles, large bubbles and bulk liquid; H2
reactant in small bubbles, large bubbles and bulk liquid; and the [-(CH2)-] reaction product in the bulk 
liquid. Subsequent simulations will include a product representing the average properties of the liquid 
hydrocarbon wax mixture (C27H56) plus water. Eventually, the entire ASF product distribution will be 
modeled by grouping the products into light hydrocarbons, gasoline, diesel and waxes [5].  

Change in moles of the reacting species, vapor-liquid equilibrium and the resulting temperature of the 
catalyst and fluid phases will be solved simultaneously. To simplify the model, it is initially assumed that 
only CO and H2 are absorbed into the liquid phase and vapor liquid equilibrium can be neglected. Later, 
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gas species products of the reaction will be added to the adsorption model, including H2O, CH4, CO2,
C2H4, C2H6, and other light gas species, as well as vapor liquid equilibrium. Solubility will be computed 
from correlations developed from experimental gas solubility data for n-paraffin solvents [15]. 

MODEL SETUP 

A constant inlet gas superficial velocity of 60 cm/s was specified uniformly over the entire bottom of the 
reactor vessel. The bulk liquid mass flow rate is 1.15 kg/s. The inlet gas flow was assumed to be 
comprised of 25% small bubbles (5 mm) and 75% large bubbles (50 mm). The inlet mass fraction was 0.7 
CO and 0.3 H2. A 10% solids loading with 75 m catalyst particles was suspended in the liquid. 

A length-to-diameter ratio (L/D) of 4.5 was used for the simulation. For subsequent work, the L/D will be 
increased to more closely resemble an industrial reactor. A 60 x 500 grid with refined cell size near the 
wall, the inlet and the free surface was used to resolve the recirculating flow field expected in the SBCR. 

The free surface in the gas disengagement region near the top of the column is represented as a constant 
pressure surface through which gas can escape, but the liquid and catalyst can not penetrate. The liquid 
and catalyst can flow out of the domain via one layer of nodes along the side to allow overflow to escape 
the reactor. 

For this analysis, the convergence criteria are based upon an average root-mean-square (RMS) change in 
velocity, pressure and volume fraction between iterations being less than a specified tolerance. The RMS 
change in velocity was less than 1.0 x 10-4 while the pressure RMS change was less than 1.0 x 10-2. These 
levels are low enough that further reducing the error would not change the predicted hydrodynamic 
profiles.

RESULTS AND DISCUSSION 

Results from the CMFD model are presented below. Color contour plots illustrating the spatial 
distribution of various computed quantities are illustrated in Figures 3 through 10. The volume fraction of 
small bubbles, large bubbles and catalyst are shown in Figure 3. The radial distribution of gas holdup is 
higher at the center of the column and exhibits a power-law profile as seen in experimental data by [16]. 
The distribution of catalyst within the SBCR impacts the efficiency of the chemical processes and thus the 
productivity of column as a chemical reactor. The slug/cap bubble interfacial lift force causes a lateral 
migration of the larger bubbles to the central region of the column. In this simulation, no lift force was 
applied to the small bubbles but future simulation will include an interfacial lift force. Experimental 
results show that the smaller bubbles move towards the wall [17] even in churn-turbulent flows. Future 
simulations will apply a lift force to both bubble groups. Contours of CO, H2 and [-(CH2)-] concentration 
are shown in Figure 4. The concentration of reactants is highest in the lower portion of the SBCR, 
whereas the product concentration is highest at the upper portion of the SBCR. This is a result of the 
reactants transformed into product as the syngas travels through the reactor. Figure 5 depicts the velocity 
magnitude of bulk liquid, large bubbles and catalyst. Due to the small catalyst particle size, the catalyst 
particles track with the bulk fluid.  Figure 6 provides the reaction rate for [-(CH2)-] production, the 
temperature rise above inlet temperature due to the addition of heat by the exothermic reactions and the 
static pressure. The pressure is seen to vary as the hydrostatic pressure. The middle region of the SBCR is 
at the lowest temperature in the column, since this is the region over which the heat exchanger was 
applied. Figure 7 shows the small and large bubble CO concentration, and small and large bubble H2
concentration. Figure 8 shows the diffusion rate of CO from small and large bubbles into the bulk liquid. 
Figure 9 gives the small and large bubble H2 diffusion rate into the bulk liquid. Figure 10 shows the 
computed bulk fluid turbulent kinetic energy and catalyst loading. The results of parametric studies 
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performed using the NPHASE model indicate that it is necessary to further investigate and validate 
turbulent dispersion in the model. 

The reader is cautioned that these results are shown to demonstrate the capabilities of the NPHASE code 
and have not been fully validated with data. Limited validation of the hydrodynamic model has been 
accomplished, but the results incorporating heat transfer and reaction kinetics have not. The 
hydrodynamics of an air/water bubble column flow computed with the NPHASE code have been 
compared to experimental data for liquid velocity and gas holdup in a previous study [1]. Agreement with 
experimental data was good and the code predicted the major trends exhibited by the flow. It is stressed 
that the results must be validated with high-quality data suitable for validating a fundamentally-based 
CMFD code. Much existing experimental data has been obtained for use as input to lower order models 
(such as the one-dimensional axial dispersion model) or to develop empirical correlations. Thus, data for 
global parameters (overall gas fraction or pressure drop) is much more common than that for local 
parameters (spatial distribution of phases, phasic velocity, etc.).  

Computational simulations presented here can be used in concert with experiments to enhance our 
understanding of the physicochemical processes occurring within a FT SBCR. Suitable data sets for 
validating predictions of chemically reacting flow in a bubble column are being sought. The model can be 
used as an effective means for designing experiments. 

SUMMARY

A four-field, seven-species ensemble-averaged multifluid CFD model is under development to model the 
flow, thermal effects and chemical concentrations within a FT SBCR. The CMFD model is fundamentally 
based which allows it to be applied to different industrial processes and reactor geometries. The NPHASE 
CMFD solver is used as the robust computational platform. Results obtained include phase distribution, 
velocity and species concentration profiles throughout the reactor. Additional demonstration cases and a 
preliminary validation of the model are underway. Suitable data to validate the model under relevant 
conditions (pressure, temperature, etc.) are being pursued. Future work is also needed to validate the 
hydrodynamics predictions and extend the present simplified model to more realistic modeling 
assumptions and conditions.   

We are working towards the goal of multiphase, science-based computational simulations that play a 
significant role in the design, operation and troubleshooting of FT plants. It is our goal to develop a more 
fundamental, mechanistic-based model that is more broadly applicable than currently available, and can 
scale to prototypic sizes and operating conditions. Recent advances in CMFD modeling tools coupled 
with the availability of massively parallel computing platforms offers the potential realization of this goal. 
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NOMENCLATURE 

ASF  Anderson-Shulz-Flory 
CFD  computational fluid dynamics 
CMFD  computational multiphase fluid dynamics 
FT  Fischer Tropsch 
INL  Idaho National Laboratory 
RMS   root-mean-square 
SBCR  slurry bubble column reactors 
WGS   water gas shift 

a unitless kinetic constant
b unitless adsorption coefficient
ci,G   mol/m3  bulk concentration of species i in the gas phase
ci,L   mol/  bulk concentration of species i in the liquid phase
ci

*   mol/m3  equilibrium concentration of species i in the gas phase with the liquid
DL,i   m2/s  diffusivity for species i in the liquid phase 
DL,ref   m2/s  reference diffusion coefficient in the liquid 
h kJ/kg enthalpy 
hc  W/m2·K heat transfer coefficient 

H   kJ/mol  heat of reaction
kLai   s- m31  overall mass transfer coefficient for species i
m’’’  kg/s· m3  interphase mass transfer rate per unit volume 
Mjk  N/s· m3  interphase momentum transfer rate per unit volume 
n   unitless  carbon number 
nsn  unitless  species s in reaction n 
p  Pa  pressure  
q W/m2 heat flux
R   J/mol-K gas constant  
R-(CH2)-   mol/kgcats rate of production for -(CH2)-
RCO mol/kgcats rate of consumption for CO 
RH2 mol/kgcats rate of consumption for H2

RH2O,  mol/kgcats rate of production for H2O
Ri   mol/m3  rate of mass transfer for the solute (gas) into the solvent (liquid) 
Ss unitless source term 
T   K  temperature  
v   m/s  velocity 

Ys  unitless  species mass fraction 
Ws  kg/mol  molecular weight of species s 
xn   unitless  mass fraction 
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unitless  void fraction 
 kg/m3  density   
  kg/m·s  viscosity 
   N/m  shear stress  

Subscripts

cat    catalyst 
i    interfacial  
j    field  
k    phase 
liq    liquid 
w    wall 
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Figure 1. Overview of CMFD FT model.

Hydrodynamics

Continue development of and 
validate mechanistic closure 
models for churn-turbulent flow

Incorporate a third bubble group 
(< 1 mm) and eventually 
multiple bubble groups

Run simulations at higher 
length-to-diameter ratios

Increase sophistication of heat 
exchanger model

Incorporate internals

Reaction Kinetics

Replace the CH2 product with 
C27H56 and water

Include Anderson-Shulz-Flory 
product distribution

Add the water-gas-shift reaction 
to accommodate Fe-based 
catalyst

Incorporate user routine to 
calculate gas solubility in wax

Add vapor-liquid equilibrium

Figure 2.  Staged approach to incorporating physicochemical features into preliminary model. 
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Figure 3. Volume fraction of small bubbles, large bubbles and catalyst. 

Figure 4. CO, H2 and [-(CH2)-] concentration.  
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Figure 5. Velocity magnitude of bulk liquid, large bubbles and catalyst. 

Figure 6. Reaction rate for [-(CH2)-] production, temperature rise above inlet temperature and static 
pressure.
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Figure 7. Small bubble CO concentration, large bubble CO concentration, small bubble H2 concentration 
and large bubble H2 concentration. 

Figure 8.  Diffusion rate of CO from small and large bubbles into liquid. 
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Figure 9. Small and large bubble H2 diffusion rate into liquid. 

Figure 10. Bulk fluid turbulent kinetic energy and catalyst loading. 
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