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Abstract 

The thmodynamic properties of coal under conditions of rapid heating have been 
determined using a combination of UTRC facilities including a proprietary rapid heating rate 
differential thermal analyzer (RHR-DTA), a microbomb calorimeter (MBC), an entrained 
flow reactor (EFR), an elemental analyzer (EA), and a FT-IR. The total heat of 
devolatilization, was measured for a HVA bituminous coal (PSOC 1451D, Pittsburgh #8) 
and a LV bituminous coal (PSOC 1516D, Lower Kittaning). In addition, for the HVA coal, 
the contributions of each of the following components to the overall heat of devolatilization 
were measured: the specific heat of codchar during devolatilization, the heat of thermal 
decomposition of the coal, the specific heat capacity of tars, and the heat of vaporization of 
tars. 

Morphological characterization of coal and char samples was performed at the University of 
Pittsburgh using a PC-based image analysis system, BET apparatus, helium pcynometer, and 
mercury porosimeter. The bulk density, true density, Co;? surface area, pore volume 
distribution, and particle size distribution as a function of extent of reaction are reported for 
both the HVA and LV coal. Analyses of the data were performed to obtain the fractal 
dimension of the particles as well as estimates for the external surface area. 

The morphological data together with the thermodynamic data obtained in this investigation 
provides a complete database for a set of common, well characterized coal and char 
samples. This database can be used to improve the prediction of particle temperatures in 
coal devolatilization models. Such models are used both to obtain kinetic rates from 
fundamental studies and in predicting furnace performance with comprehensive coal 
combustion codes. Recommendations for heat capacity functions and heats of 
devolatilization for the HVA and LV coals are given. Results of sample particle temperature 
calculations using the recommended thermodynamic properties are provided. 
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Executive Summarv 

The objectives of this investigation are to obtain data on the thermodynamic properties and 
morphology of coal under conditions of rapid heating which are representative of 
combustion in practical systems. The specific heat of coal has been examined in a number of 
previous investigations, but never in rapid heating dynamic conditions. UTRC's proprietary 
rapid heating rate heated grid differential thermal analyzer (RHR-DTA) is used to measure 
the heat capacity and heat of devolatilization of reacting coal, tar and char samples at 
heating rates of 10oO°C/sec. The parent coals are devolatilized in the UTRC entrained flow 
reactor (EFR) to provide matched tar and char samples for the thermodynamic 
measurements. Morphological characterization of the parent coals and chars is accomplished 
to establish particle density, size, shape and surface area parameters which, along with the 
thermodynamic data, are required inputs to particle temperature calculations in 
devolatilization and coal combustion models. 

Overall Heat of Devolatilization 

The heat capacity and total heat of devolatilization of a HVA bituminous coal (PSOC 
1451D, Pittsburgh #8) and a LV bituminous coal (PSOC 1516D, Lower Kittaning) were 
measured using the RHR-DTA. The low temperature heat capacity measurements for both 
coals can be fit using a simple modification to the Merrick model. The measured heats of 
devolatilization are 33 and 48 cal/g-coal for the HVA and LV coal, respectively. Typically, 
devolatilization models require heats of devolatilization to be specified per unit mass of 
volatiles evolved, these are 87 and 400 cal/g-volatiles for the HVA and LV coal, 
respectively. The significantly higher heat of devolatilization for the LV coal is consistent 
with the more highly condensed aromatic structure of the higher rank coal. 

Thermodynamic Function Determined Heat of Devolatilization 

In addition, a more detailed investigation of the thermodynamic properties of the HVA coal 
was completed. A second, independent estimate for the overall heat of devolatilization was 
obtained by measuring the contribution of each of the following components to the overall 
heat of devolatilization: the specific heat of codchar during devolatilization, the heat of 
thermal decomposition of the coal, the specific heat capacity of tars, and the heat of 
vaporization of tars. Matched tar and char samples were produced at four extents of 
reaction in the UTRC entrained flow reactor (EFR) to provide sufficient quantities of 
samples. The results for each of these measurements are described below. The overall heat 
of devolatilization determined by summing each of these contributions is much larger than 
that obtained by direct measurement in the RHR-DTA. The higher endothermicity measured 
in the higher heat flux conditions of the entrained flow reactor is consistent with the 
fundamental working hypothesis of this investigation, that the heat of devolatilization is 
dependent on the reaction pathway followed by the coal in a particular heat transfer 
environment. However, the magnitude of the difference between the heated grid and 
entrained flow reactor devolatilized coals is larger than expected. The results point to the 
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need for determination of coal thermodynamic properties at higher heating rates then are 
possible in the current RHR-DTA apparatus. 

Heat of Decomposition 

The heat of decomposition of the HVA coal as a function of extent of reaction has been 
determined by application of Hess's Law to microbomb calorimetry measurements of each 
of the devolatilization products. The resulting heat of decomposition is 136 caVg at low 
extents of reaction and increases to about 460 caVg coincident with the completion of the 
release of primary tars. The heat of decomposition then decreases to essentially zero at the 
maximum extent of reaction. These data imply that early in the devolatilization process 
endothermic bond breaking reactions predominate whereas at high extents of reaction 
endothermic bond scission reactions and exothermic reactions are in approximate balance. 

Heat Capacity, Heat of Fusion and Heat of Vaporization of Tars 

The heat of fusion of tars is found to be about 45 - 53 caVg for tars generated at 507, 796 
and 895°C peak gas temperatures in the UTRC-EFR. The results for the 660°C tar, at 100  
caVg, are about two times that for the other tars, implying that signifcant endothermic 
decomposition reactions are occurring in addition to the change of phase. 

The heats of devolatilization of tar samples is observed to first increase, reaching a 
maximum of 195 cdg-tar at 66OoC, and then decreasing to 112 cdg-tar with increasing 
extent of reaction. The measured heats of devolatilization of the tars are higher than the 
expected heats of vaporization as estimated by either application of Trouton's rule (40 
caVg) or based on typical values for aromatic compounds in general (75-100 caVg). 
Apparently, additional bond breaking reactions are occurring and contributing to the 
overall magnitude of the endotherm. 

Heat Capacity of Chars 

The specific heat of the HVA chars as a function of extent of reaction has been 
determined. Chars at appreciable extents of reaction are observed to have higher effective 
heat capacities than the parent coal. Structural changes during devolatilization, primarily 
bond breaking, result in increased degrees of freedom and correspondingly higher heat 
capacity. All four chars exhibit an endothermic peak near 200°C with the magnitude of the 
peak exhibiting the order 796°C > 895°C - 660°C > 507°C. Tlie 660"C, 796°C and 895°C 
chars are cenospheres, while the 507°C char is not. The thin shell of the cenospheres 
present a smaller mass transfer resistance to tar evolution resulting in higher mass loss at 
low temperatures. The higher measured effective heat capacity is a consequence of the 
heat of vaporization required to evolve this tar mass. At higher temperatures the chars 
exhibit a broad endotherm, with significantly less temperature sensitivity than the parent 
coal. The chars evolve additional mas  during the heating transient in the RHR-DTA and 
this endotherm is the heat of devolatilization for the char. 
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Recommended Themdynamic Properties 

The thermodynamic properties measured using the RHR-DTA apparatus are cast in a form 
suitable for use in coal devolatilization models. Consistent with simple mass loss kinetics 
models, the thermodynamic properties are partitioned into a specific heat capacity of raw 
codchar and an overall heat of devolatilization which represents the net effect of all 
reaction and vaporization enthalpy requirements during the devolatilization process. The 
functional form of the Merrick model is used to represent the specific heat of the raw coal 
and char for both the HVA and LV coals. The best fit to the low temperature data 
obtained in this investigation is obtained by scaling Merrick's expression for the heat 
capacity of the daf component of the coal by a factor of 1.25. This result is not considered 
an improvement over Merrick's model, but is in-line with the estimated experimental error 
of 23%. 

The recommended heats of devolatilization for the HVA and LV coals are 87 and 400 
cal/g-volatiles, respectively. As described above the heats of devolatilization were 
determined in two ways - by direct measurement in the RHR-DTA and by the 
thermodynamic function method. The values recommended for use are those determined 
by the direct RHR-DTA measurement method - calculated as the total enthalpy increase 
measured in the RHR-DTA above a baseline given by the char enthalpy. These values 
were obtained at the 1000°C/sec heating rate conditions imposed by the RHR-DTA 
apparatus. The heat of devolatilization for the HVA coal measured using the indirect, 
thermodynamic function method is considerably higher. Since this measurement was 
obtained by analysis of char and tar samples generated in the higher heating rate conditions 
of the UTRC EFR (3000 "Usee), the heat of devolatilization of coal under conditions 
applicable to combustion in practical furnaces, with typical heating rates of order 105 " U s ,  
may be considerably higher than the value recommended here. Again, this is consistent 
with the hypothesis that the heat of devolatilization is dependent on the reaction pathway 
followed in a given heat transfer environment. However, the indirect method, which 
involves generation of tar and char samples in the EFR followed by reheating of these 
samples in the RHR-DTA to determine their thermodynamic properties, may overestimate 
the heat of devolatilization due to additional endothermic reactions which occur during the 
RHR-DTA experiment. Additional investigation will be required to resolve these issues. 

Parent Coal and Char Morphology 

Morphological characterization of the HVA and LV parent coals and char samples as a 
function of extent of devolatilization was performed at the University of Pittsburgh using a 
PC-based image analysis system, BET apparatus, helium pcynometer, and mercury 
porosimeter. The bulk density, true density, C@ surface area, pore volume distribution, and 
particle size distribution were al l  measured using accepted practices and the results are 
consistent with those of other investigations for similar coals. The evolution of particle 
shape during devolatilization was investigated using fractal analysis of the image data. Both 
coals show consistent increases in mean and variance of the fractal dimension with extent of 
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devolatilization, indicating that the particle shapes become more irregular and that a fraction 
of the chars undergo fragmentation. The external surface area of the particles was estimated 
using a combination of the image analysis size distribution data and the micropore volume 
determined by mercury porosimetry. The results show increases of a factor of three to four 
in specific surface area which has important implications for both particle heat transfer and 
aerodynamic drag calculations. 

Relationship to Other Work 

Carbon conversions of 99% or greater are typically required for the economic operation of 
pulverized coal fired boilers. Investigations at Sandia have shown that the reactivity of 
chars in the later stages of burnout is significantly impacted by the evolution of the 
carbonaceous matrix remaining in the char. Several measures of carbon structure - W C  
ratio, carbon dioxide surface area, crystalline dimensions by X-ray diffraction, and fringe- 
imaging using high resolution transmission electron microscopy (HRTEM) - have been 
examined. The loss of reactivity correlates best with the volume fraction of ordered material 
as determined by HRTEM fringe-imaging. The char is primarily amorphous at early times, 
and develops regions of ordered graphitic layers at longer times. The RHR-DTA method 
utilized in the current work, with further development, may be capable of distinguishing 
between chars of varying reactivity by discerning differences in heat capacity which will be 
dependent on the relative amounts of amorphous and graphitic carbon in the char. 

Conclusions 

The morphological data together with the thermodynamic data obtained in this 
investigation provides a complete database for a set of common, well characterized coal 
and char samples. This database can be used to improve the prediction of particle 
temperatures in coal devolatilization models. Sample particle temperature calculations are 
provided which illustrate the importance of using realistic thermodynamic properties. For 
example, accurate predictions of low NO, burners, which utilize air-staging to control 
flame temperature, require correct values for the coal thermodynamic and morphological 
properties. An incorrect thermodynamic model can result in errors in the predicted 
location of the region of volatiles evolution, and therefore volatiles flame. Any burner 
designed to control mixing based on such predictions will operate off-design. 

The much larger overall heat of devolatilization for the HVA coal obtained using the 
indirect, thermodynamic function method implies that the heat of devolatilization is 
dependent on reaction pathway followed by the coal in a particular heat transfer 
environment. Additional investigation of the heat of devolatilization at higher heating rates 
and higher fmal temperatures than are currently possible with the RHR-DTA apparatus is 
warranted. The design of an improved apparatus - capable of heating rates up to 5x104 
"C/sec rates and fmal temperatures to 1800°C - which could be used to obtain these 
measurements is outlined. 
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LO Introductr *on and Overview of Tec hnical Obiectiva 

Motivation 

Knowledge of the thermodynamic and morphological properties of coal associated with 
rapid heating decomposition pathways is essential to progress in coal utilization 
technology. Specifically, knowledge of the heat of devolatilization, surface area and 
density of coal as a function of rank characteristics, temperature and extent of 
devolatilization in the context of rapid heating conditions is essential to the fundamental 
determination of kinetic parameters of coal devolatilization. These same properties are 
also needed to refine existing devolatilization sub-models utilized in large-scale modeling 
of coal combustion systems. 

In many instances the kinetic analysis of rapid coal devolatilization data acquired in 
laboratory reactors depends on an assumed set of heat capacity, heat of devolatilization 
and particle morphology parameters. In other cases, attempts to measure particle 
temperatures during devolatilization (Refs. 1,2,3) lead to results that are not in agreement 
either with a priori determinations obtained with energy balance expressions using 
estimations of thermodynamic properties of coal found in the open literature or inert, 
carbon-based calibration standards used to calibrate the reactor system. Although it is not 
always clear if the discrepancies are due to inadequate thermodynamic properties of the 
particle during devolatilization, particle shape factors, inadequate emittance values or 
some combination of these factors, it is now apparent that independent determinations of 
these properties in heating conditions characteristic of disperse phase coal utilization 
technology is necessary. Moreover, since it is now well-established that the energy 
transfer rate between an environment and injected coal particles, significantly influences 
the observable devolatilization response time of the particles (Ref. 4), the independent 
determination of the specific heat and devolatilization heat of reaction of coal is 
necessary. 

Objective 

The objective of this research is to obtain data on the thermodynamic properties and 
morphology of coal under conditions of rapid heating. Specifically, the total heat of 
devolatilization, external surface area, BET surface area and true density will be 
measured for representative coal samples. The coal ranks to be investigated will include a 
high volatile A bituminous (PSOC 1451D) and a low volatile bituminous (PSOC 15 16D). 
An anthracite (PSOC 1468) will be wed as a non-volatile coal reference. In addition, for 
one coal, the contribution of each of the following components to the overall heat of 
devolatilization will be measured: the specific heat of codchar during devolatilization, the 
heat of thermal decomposition of the coal, the specific heat capacity of tars, and the heat 
of vaporization of tars. 
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Background 

The specific heat of coal has been examined in a number of previous investigations, but 
never in rapid heating, dynamic conditions. Many of the investigations have used large, 
packed bed samples in an attempt to simulate coking oven conditions (Refs. 5,6). Some 
investigations utilized small sample quantities, but still employed low heating rates (Refs. 
7,8). Due to difficulties involved in making dynamic energy flow measurements for a 
decomposing sample, some measurements were restricted to sample temperatures below 
3OO0C, the initiation temperature for the thermal decomposition of coal in low heating 
rate conditions. Others thermally "precondition" the coal sample by heating to a given 
carbonizati~n temperature before any attempt to measure the specific heat of the sample 
(Refs. 5,6,9,10). The partially carbonized sample is then cooled and reheated to the same 
pretreatment temperature while specific heat measurements are made. Differences in 
devolatilization pathway with heating rate is not accounted for in any of these low 
heating rate investigations. The applicability of these determinations for rapid heating 
devolatilization is questionable. An examination of representative approaches follows. 

Perhaps the most extensive set of heat capacity measurements have been made by 
Agroskin and co-workers (Refs. 5,6,11,12). They made two sets of measurements on each 
sample, the initial measurements, called "effective specific heat," and a reheating of the 
thermally pretreated samples termed the "true specific heat" (Figs. 1,2). Presumably, the 
temperature dependent difference between the two measurements represents some sort of 
heat of carbonization. Agroskin and other Soviet scientists (Refs. 6,11,13-17) report 
values of total heat of carbonization, temperature ranges of endothermic and exothermic 
heats of carbonization, and various forms of "effective" and "true" specific heats. 
Unfortunately, they never present the final, dynamic, temperature or extent of 
carbonization functions of these variously defined quantities. 

Agroskin's effective specific heat measurements indicate two local maxima and one local 
minimum as a function of sample temperature. The initial shoulder occurs between 600 
and 700 K while the primary maximum occurs between 750 and 850 K. The low 
temperature maximum could be interpreted as indicating disruption of intermolecular 
bonding within the coal matrix, increasing the degrees of freedom. The primary maximum 
is presumably associated with the thermal decomposition of the coal matrix components 
and reflects the endothermic phase of the carbonization process. The high temperature 
minimum might be associated with the growth of aromatic lamella in the devolatilized 
coal. Since this represents an ordering, ring condensation process, it is an exothermic 
process. The problem with interpreting Agroskin's results on a hndamental basis lies in 
the nature of the experiment. The large sample size results in a gradient in sample 
temperature during the experiments and the slow heating rates employed are not usef?ul in 
modeling rapid heating of pulverized coal. 
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Singer and Tye (Refs. 9) approached the determination of the specific heat of coal during 
devolatilization in a manner similar to Agroskin et al. They measured the specific heat of 
dry and wet coal samples to temperatures of 300' C. They then partially carbonized the 
coal and measured the heat capacities of the partially carbonized samples up to the 
temperature of partial carbonization (Fig. 3). A global, "dynamic" specific heat can be 
constructed from their data by using the specific heat data of the samples applicable to 
the transition temperature data from one char to another (Fig. 4). The shape of this 
effective specific heat m e  is similar to that of Agroskin's data for bituminous coals. The 
local maximum between 575 and 875 K is similar to the local maximum in the Agroskin 
data. The data clearly shows the effects of water vaporization on the apparent specific 
heat of the coal sample. The Singer and Tye data also shows that the local maximum that 
Agroskin associates with the heat of carbonization corresponds to the maximum 
differential mass loss during low temperature carbonization. However, this occurs at 
approximately 200' C lower temperature than in Agroskin's data. The differences in 
results probably reflect differences in devolatilization pathway with apparatus-dependent 
heating rates ador the method of measuring sample temperature during pyrolysis. 

FIGURE 3 
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FIGURE 4 
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Calfanan, Sullivan and MacDonald (Ref. 8) used a commerciaily available DSC apparatus 
to investigate the specific heat of a Colorado bituminous coal in the 315 to 525 K 
temperature range at a heating rate of 5 Wmin. They studied small samples in sealed 
capsules using different ambient gases. The apparent, effective specific heats of a "virgin" 
sample differed significantly from those determined on the same sample in replicate runs 
(Fig. 5). The "true" specific heat of the coal was that observed in the repeat runs in 
ambient gases other than air. The initial enthalpy determinations represent the 
superimposed, irreversible reactions within the coal matrix and the underlying true 
specific heat observed in subsequent determinations with the same sample. Contrq to 
the observations of both Agrosidn, et d. and Singer and Tye, the concurrent reaction 
energies in the 315 to 525 K regime appear to be both endothermic and exothermic, 
depending on the temperature regime of interest. 

Callanan et d.'s results vaq with the ambient gas used. It is interesting to note that both 
the initial and true specific heat data obviously reflect differences in the thermal 
conductivity of the ambient gas. The magnitudes of the apparent endo- and exotherms 
also mirror the thermal conductivity of the ambient gas. The data may merely reflect 
apparatus dependent conditions such as difficulties in establishing thermal equilibrium 
within the system with gases of different thermal conductivity. 
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All the reported specific heat measurements for coal were obtained in low heating rate 
conditions. Despite the common heating conditions, there is not good agreement among 
the measured "effective" or "true" heat capacities of coal , as indicated in Fig. 6. 
Furthermore, pulverized coal research and application engineers have been forced to 
extrapolate the available, low heating rate, heat capacity data to their conditions because 
of the unavailability of appropriate data and corresponding models. Menick developed a 
theoretical model of the specific heat and heats of reaction during coal carbonization at 
coking oven conditions (Ref. 18). This model is commonly employed in rapid 
devolatilizatiodpyrolysis studies. Such extrapolations have been made despite the know 
variance in rapid devolatilization product yields and characteristics (Ref. 19,20), relative 
to low heating rate yields and characteristics, and despite clear indications that a different 
thermal process is occurring in the different heating conditions. The limitations of the 
Merrick model and previous experimental investigations of the thermal properties of coal 
with respect to rapid devolatilization conditions are the primary motivation for this wofk. 
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The work required to complete the objectives of the contract has been divided into eleven 
tasks. Each of these tasks is described briefly here and will be discussed in more detail in 
the Technical Approach section. 

Task 1 - Project Work Plan 

UTRC shall provide the DOE with a detailed Project Plan within 30 days of contract 
initiation. Work on no other tasks shall proceed until written approval of this plan is 
obtained by UTRC from the DOE Project Manager. The Project Plan shall include a 
Management Plan, Milestone Schedule, Status Report, and Cost Plan. 

Task 2 - Calibration of the Heated Grid Differential thermal analyzer 

UTRC shall measure the specific heat of the non-volatile reference coal (such as 
anthracite, PSOC 1468) from 25OC to 800OC at heating rates of 1000°C/sec and lower in 
the heated grid (HG) device. The values will be established relative to NBS differential 
thermal analyzer standards for differential scanning calorimeter (DSC) and differential 
thermal analysis @TA) samples. The sensitivity of the heated grid device for determining 
thermodynamic properties at high heating rates will be established before proceeding with 
Tasks 3-9. 

Task 3 - Low Temperature Specific Heat Capacity of Volatile Coal Samples 

UTRC shall measwe the specific heat capacity for a minimum of one coal sample over the 
temperature range of 2S°C to 300OC. The measurements will be conducted at heating rates 
of 1000°C/sec and lower in the UTRC HG. 

Task 4 - Heat of Devolatilization of Volatile Coal Samples 

UTRC shall measure the heat of devolatilization for a minimum of one coal sample over 
the temperature range of 25OC to 8W0C using heating rates of 1000°C/sec in the 
calibrated HG. Devolatilization product characteristics will be determined to ensure the 
devolatilization pathway is that followed in the entrained flow reactor (Em). 

Task 5 - Heat of Thermal Decomposition of Volatile Coal Skples  

UTRC shall measure, using the EFR and microbomb calorimeter (MBC), the heat of 
decomposition for a minimum of one coal sample by: (1) devolatilizing the coal in the 
EFR, (2) determining the char, tar and gas yields, (3) measuring the tar and char elemental 
compositions, (4) determining the heat of combustion of the char and tar products using 
the MBC, (5 )  estimating the heat of combustion of the gaseous products, and (6) using 
Hess's and Kirchoffs laws to derive the heat of decomposition. 
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Task 6 - Specific Heat and Heat of Fusion of Tars from Rapid Heating 

UTRC shall measure the specific heat and heat of hsion of tar samples for a minimum of 
one coal sample over the temperature range from 25OC to 3OOOC using the HG and tar 
samples generated in the EFR. 

Task 7 - Heat of Vaporization of Tars from Rapid Heating 

UTRC shall measure the heat of vaporization of tar samples for a minimum of one coal 
sample over the temperature range from 3OOOC to 7OOOC using the HG and tar samples 
generated in the EFR.. 

Task 8 - Specific Heat of Char Samples 

UTRC shall measure the specific heat of the coalkhar as a function of extent of 
devolatilization and temperature for a minimum of one coal sample using partially 
devolatilized samples fiom the EFR and the HG. 

Task 9 - Comparison of Directly Measured Heat of Devolatiliation and Thermodynamic 
Function Determined Value 

UTRC shall determine the heat of devolatilization for a minimum of one coal sample 
based on independent measurements of heat of decomposition (Task 5), specific heat and 
heat of fusion of tars (Task 6), heat of vaporization of tars (Task 7), and specific heat of 
coalkhan (Task 3 and Task 8). This value shall be compared and contrasted to the 
directly measured heat of devolatilization values from 25OC to 8WoC obtained in Task 4. 

Task 10 - Morphological Characterization of CoalKhar Samples as a Function of Extent 
of Devolatilization 

UTRC shall characterize statistically representative samples of coal/char particles as a 
function of extent of devolatilization for a minimum of one coal sample. The 
characterization shall be with respect to combustion related reactivity parameters such as 
swelling and cenosphere development, C02 or 0 2  surface areas, and helium (true) 
density. 

Task 11 - Reporting 

UTRC shall comply with all required reporting over the 24 month period of an awarded 
contract. 
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3.0 Technic-oa& 

3.1 Overview 

As described above the general objectives of this investigation are to: 

1) determine the thermodynamic properties, and 

2) morphology 

of pulverized coal during rapid heating devolatilization processes. The thermodynamic 
properties are determined using a combination of facilities available only at UTRC, 
including a proprietary rapid heating rate heated grid differential thermal analyzer, a 
microbomb calorimeter (MBC), an entrained flow reactor (EFR), an elemental analyzer 
(EA), and a FT-IR. Morphological characterization of the coal and char samples is 
performed at the University of Pittsburgh using a PC-based image analyzer, BET 
apparatus, helium pcynometer, and mercury porisimeter. The methods and technical 
approach used to achieve each of these objectives is described in separate sections below. 

Figure 7a,b,c displays the interrelationship of the various program tasks to be performed 
in this investigation. The calibration of the heated grid for calorific measurements is 
conducted first (Task 2) to establish the sensitivity of the device. Task 5 was initiated 
about one month d e r  DOE approval of the project plan. Matched char and tar samples 
at varying extents of dwolatilization were generated in the UTRC-EFR under this Task. 
The char and tar samples are needed for the performance of Tasks 5,6,7,8, and 10. 
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FIGURE 7c 

PROGRAM FLOW CHART (cont.) 

FIG. 7c 
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3.2 Thermodynamic Properties Characterization 

The quantities that are to be measured are displayed in terms of the thermodynamic path 
followed during devolatilization in Fig. 8. The elemental compositions of the specific char 
and tar yields are indicated as CHXCO~CNUCSVC and CH&pNutSa respectively, while 
the yields are designated as and f% , respectively. As can be seen in the Figure, the 
heat of devolatilization represents the intrinsic heat of decomposition required to 
formulate a particular set of products and the enthalpy requirements associated with 
raising the products to the final temperature. In the actual reaction process the coal 
follows a thermodynamic path along the diagonal vector from the reactant state to the 
product state. The path taken is a function of the particle temperature-time history. It is 
possible to estimate any one of the thermodynamic properties of the system of reactants 
and products by measuring all but one of the values and then determining the other by 
energy balance considerations, that is, by utilizing Kirchoff s law. 

An objective of this investigation is to measure each of the values along the orthogonal 
legs of the reaction process - heat of decomposition, char enthalpy, and tar enthalpy 
(including enthalpy of vaporization of tar). The enthalpy of the volatiles - vapor-phase 
tars and light gases - is estimated using available data for hydrocarbons (Ref. 21). These 
values are then combined to provide an estimate for the total heat of devolatilization for 
the process. An independent, direct measurement of the total heat of devolatilization is 
also made and compared to the estimated value. In summary, the thermodynamic 
properties measured are: 

1) the total heat of devolatilization of coal, 

2) the heat of thermal decomposition of coal, 

3) the low temperature specific heat capacity of coal, 

4) the specific heat of chars as a function of extent of devolatilization, 

5 )  the specific heat capacity and heat of hsion of tars, and 

6) the heat of vaporization of tars. 
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Directly Measurable Thermodynamic Quantities 

The means by which each of these thermodynamic quantities is measured is indicated in 
Fig. 9. The tar and char samples needed to pedorm the heated grid calorimetric 
experiments are generated in the UTRC-EFR, which is described in a later section. The 
total heat of devolatilization, specific heat capacity of coal, specific heat capacity of char, 
and the combined specific heat capacity and heat of fusion of tar are measured directly 
using the UTRC-HG as a differential thermal analyzer. Details on the use of the heated 
grid as a differential thermal analyzer will be discussed below. 

Heat of Vaporization Of Tar 

The heat of vaporization of tar is determined indirectly as the difference between two 
directly measured quantities, 

Each of these quantities - the total heat of devolatilization of the tars, and the combined 
specific heat capacity and heat of fusion of the tars - are measured in separate 
experiments utilizing tar samples in the heated grid. The combined specific heat capacity 
and heat of fusion of the tars is determined in an experiment with a final temperature near 
the end point melting temperature of the tars. Imaging of the sample during the 
experiment is used to aid in defining the phase transition point. The total heat of 
devolatilization of the tars is determined by re-vaporizing tars in the heated grid. 

Heat of Thermal Decomposition 

The heat of decomposition is determined by application of Hess's Law to measurements 
or estimates of the heat of combustion of the parent coals and each of the products of 
devolatilization. The complete sequence of steps required to determine the heat of 
decomposition is as follows: 

(1) devdatilize the coal in the EFR, 
(2) determine the char, tar and gas yields, 
(3) measure the tar and char elemental compositions, 
(4) determine the heat of combustion of the parent coal, char and tar 

( 5 )  estimate the heat of combustion of the gaseous products, and 
(6) using Hess's and Kirchoff s laws to derive the heat of decomposition. 

products using the MBC, 
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The UTRC-EFR is used to generate matched tar and char samples in sufficient quantities 
to allow elemental analysis and microbomb calorimetric determinations to be performed. 
Product yield data and elemental composition results are examined to ensure that the 
devolatilization pathway followed in the EFR is the same as that in the heated grid. The 
heat of combustion of the parent coal, partially devolatilized chars, and corresponding 
matched tars are measured directly using a modified Parr microbomb calorimeter (MBC). 
The UTRC-MBC is capable of determining the heat of combustion of small samples (1 5- 
25 mg) of char and tar samples. 

Hess's Law states that the enthalpy change for a reaction is equal to the sum of enthalpy 
changes for individual reactions that can be added together to give the desired reaction. 
Thus adding, 

Coal 

+ char 

+ t a r  

v 

char+ tar+ C gasj 

> combustion products + tgasi --------------- 
results in the equivalent reaction: 

Therefore, the heat of decomposition is given by: 

where f id is the mass fraction yield of the ith product. 
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3.3 Morphological Characterization 

The morphology of coal and char samples are determined at the University of Pittsburgh 
under the direction of Prof. George E. Klinzing. Image analysis, BET surface area, helium 
pcynometry and mercury intrusion porisimetry are used to characterize the structural 
parameters of the samples. 

Characteristics such as external surface area, swelling and cenosphere development are 
determined using image analysis techniques in conjunction with an optical microscope. 
The samples are prepared for analysis in two ways: 1) by dispersion on a microscope 
slide and 2) by embedding in epoxy binders. The later technique requires polishing of the 
sample for analysis by reflectance techniques instead of the transmission technique used 
on the dispersed sample. 

A PC-based image analysis system is used to characterize particle morphology using 
image analysis techniques. The initial data reduction processes are shown in Fig. 10, 
starting with the image of the particle form the microscope. Much of the data reduction 
process is automated by the image analysis software. The fractal dimension, as first as 
put forth by Mandelbrot (Ref. 22) and practiced by Kaye and coworkers (Ref. 23)., is 
used as a descriptor of particle shape. Simply stated this dimension measures the space 
filling capacity of the particle. The fiactal dimension of a two-dimensional view as seen 
under an optical microscope can be determined by a series of particle dilations carried out 
by the image analysis software. This process measures the perimeter of the particle by 
altering the basic stepping size that is used to march around the particle. The fractal 
dimension is determined by the slope of the plot of the logarithm of the step size versus 
the logarithm of the perimeter of the particle (Richardson plot). The process often yields 
data that can be represented by two straight lines of different slopes and thus different 
fractal dimensions. One slope gives the structural fractal or the overall shape of the 
particle while the second gives the textural fractal or the intricacy of the particle shape. A 
large number of particles are analyzed by these techniques in order to establish the proper 
statistics of the fractal dimension variations. 

In addition to image-based particle characterization techniques, independent 
measurements of particle morphology are made using carbon dioxide adsorption, hetium 
pcynometry and mercury intrusion ponsimetry. A BET apparatus is employed to 
determine the surface area of the particles by using carbon dioxide gas adsorption 
properties. The relationship between surface area and extent of reaction is determined. 
The true (or solid) density of the coal and char is determined using helium pcynometry. 
A mercury intrusion porisimeter is employed at low pressures to have a minimum of 
penetration of the mercury into the internal structure of the particles. These 
measurements provide, in addition to particle density, an estimate of the external sucface 
area of the particles. Particle size and shape factors determined by image analysis are used 
to calculate external &ace area from the sample volume data. 
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3.4 UTRC-Entrained Flow Reactor 

The essential components of the UTRC entrained flow reactor (EFR) are shown in 
Figures 1 1-13. The reactor consists of a coal feeder, a drop tube fiunace using argon as the 
entrainment gas, and a product collection and separation system. The EFR is operated 
without preheating the entrainment gas so that gas temperatures remain below wall 
temperatures throughout the reactor. Extra-particle gas-phase reactions of tars are 
minimized by operating in this mode. This is in contrast to the operation of most 
entrained flow reactors, where the entrainment gas temperature is matched to the reactor 
wall temperature. The heat transfer environment of the reactor has been characterized and 
documented in previous investigations (Refs. 4,19,24). 

The coal feed system consists of ajet-stirred, fluidized-bed supply reservoir connected to 
the reactor primary stream injector via a narrow bore transfer tube. The feed system is 
capable of sustained delivery of optically thin streams of constant mass delivery rate, 
provided the feeder is loaded with a narrow particle size range initially. Particle sizes from 
10 to 300 microns have been used in the feeder. 

The product separation system collects the entire flow stream from the reactor into a 
water cooled probe. An aerosol phase separation system is employed to obtain char-free 
tar samples (Figs. 12, 13). The separator is designed to "pull off," in quantities 
proportional to the gas split, all particles or aerosols that are less than 2 microns in 
diameter. Inertia carries larger particles into the char separation (cyclone train) system. 
The smaller particles are able to follow the curved flow streamlines and enter the aerosol 
separation (impactor) system. Both separation trains contain porous metal filters as final 
stages. Tars are primarily deposited on these filters. Detailed mass fraction analysis of the 
tars deposited throughout the separation system showed that only about 15% of the total 
tar mass is deposited in the pre-filter stages (Ref. 4). Furthermore, chemical 
characterization of the samples collected within the product separation system indicate 
that the tars collected on the final filters are representative of the collective, captured tar 
mass. Mer particulate and aerosol separation, the gas stream is analyzed on line for IR- 
active gases by use of a Fourier transform infrared spectrometer (FT-IR) coupled to a 
multipass cell having an equivalent path length of 43.5 m. 
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3.5 UTRC HG Differential Thermal Analyzer Hardware Description 

UTRC's proprietary rapid heating rate heated grid differential thermal analyzer, which 
was developed and reduced to practice with corporate IR&D funds, will be used to obtain 
the thermodynamic properties of coal. The device will be employed to measure the 
overall heat of devolatilization as well as the enthalpy requirements for heating coal to 
3OO0C, tars through the solid-liquid phase transition and vaporization process, and chars 
at various extents of reaction. The apparatus will employ parent coal particles as well as 
tar and char samples partially devolatilized in a wellcharacterized entrained flow reactor. 

The HG differential thermal analyzer apparatus (Fig. 14) is basically a resistively heated 
wire mesh, or heated grid device, with several important refinements. The utilization of a 
heated grid as a differential thermal analyzer exploits the known coupling of the local 
thermal response of the grid to the local sample mass loading and heat capacity. The 
importance of this coupling was discovered at UTRC and has been thoroughly 
documented in previous reports and publications (Refs. 4,24,25). Using the heated grid 
as a differential thermal analyzer requires quantitative knowledge of the sample 
distribution relative to measuring thermocouples in the wire mesh. Since mechanical 
displacement of the grid induced by rapid heating and phase changes of the samples can 
result in changes from their initial distributions, it is necessary to image the sample and 
reference materials during the heating process. UTRC has implemented a papid response 
imaging system in which the sample and reference distributions are recorded before, 
during and after the heating process (Fig. 15). An image of the sample is formed by 
backlighting the grid and using appropriate magnification optics and a CCD video camera. 
A 632 nm narrow bandpass interference filter can be used to eliminate large changes in 
image brightness as emission fiom the grid increases above temperatures of 600-70O0C. In 
order to minimize obscuration of the sample image during tar evolution, a laminar flow of 
helium gas is used to sweep the tars away. 

A Macintosh II computer is used to both control the heated grid and acquire all 
experimental data (Fig. 16). The heated grid control and data acquisition s o h a r e  was 
developed at UTRC using the LabVIEW2 development environment. The desired grid 
temperature profile is converted to a control voltage waveform using heat loss correlations 
for the grid. The voltage waveform is then sent to a voltagecontrolled power supply to 
initiate an experiment. Data is acquired from two thermocouples spot-welded to the grid, 
as well as grid voltage, grid current and reactor pressure sensors. The experiments are 
recorded on a VHS VCR. Selected images from each experiment are acquired from the 
VHS tape using a Data Translation Quick Capture frame grabber. The images are 
processed using NIH-Image software to determine sample area as a function of time. The 
thennocouple, current, voltage and sample and reference material mass loading data are 
entered into a data reduction program in which the effective heat capacity of the sample is 
determined. 

26 



Y 

HEATED GRID IN DIFFERENTIAL MODE 

Coal 
Quartz window: 
Thermography and 
photography 

system 

Thermocouple leads 

I O  rar i r  
and gas 
analysis 

straightener 
Power cable 

Photographic 
access 



POLYETHyLENE S M U  PLACED BETWEEN GRID FOLDS 

a) BEFORE HEATING - Sample area = 0.400 sq cm 

b) AFTER HEATING - Sample area = 1.73 sq crn 



HEATED GRID DATA ACQUISITION SYSTEM 

r VIDEO CAMERA (to FRAME GRABBER) 

THERMOCOUPLES 

REACTOR 

KXDU) 
GRID r I 

I 
0 

1 
w w  * * 4 4 4 BACKLIGHTING I I 

ANACOG ' 
INPUTS 

J S I G N A L  CONDITIONING 
CUmENT AMPLIFICATION AND 
TRANSDUCER ISOLATION 4 

j m a  
VOLTAGE 
WAVEFORM 

PROGRAMWULE 
POWER SUPPLY a 



Sample Area Measurement 

The analysis used to determine sample heat capacity from the raw experimental data 
requires accurate measurement of sample and reference material load areas Considerable 
effort was expended to develop an improved method for back lighting the sample. Initial 
attempts utilizing point light sources, parabolic reflectors and diverging lenses all failed to 
provide a field of uniform intensity which was dispersed over the required area. Success 
was achieved with a "light bar" design consisting of a half cylinder dispersion element fed 
by a light pipe and fiber optic bundle (Fig. 17). The light bar uniformly illuminates the 
entire width of the grid for a length of 4 cm. The difference in image quality between the 
new and old systems is shown in Figure 18. 

The CCD video camera has zoom optics which images a 2 cm x 2 cm field of view 
centered on the sample. The grid and sample image are recorded on VHS tape for later 
frame-by-frame analysis. The sample load area is found by backlighting the grid and 
observing the silhouetted area of the sample. Image enhancement techniques are used to 
threshold and convert the sample area to a binary "high" state while the unloaded area is 
set to binary "low". A distinct demarcation between the unloaded and loaded regions of 
the grid can be seen when the blank screen begins to radiate significantly in the visible as 
the temperature reaches about 700 "C while the loaded screen has not yet reached such a 
temperature (Fig 19). 
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FIG. 19 

IMAGES OF SAMPLE LOADED REGION OF GRID DURING HEATING 

a.) t = 0.90 sec 

b.) t = 1.06 sec Ts = 898 ' C  Tb = 1014 ' C  

C.) t = 1.50 sec Ts = 936 'C Tb = 980 " C  
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3.6 Use of the UTRC-Heated Grid as a Differential Thermal Analyzer 

Direct measurement of thermodynamic properties is accomplished by using the heated 
grid as a differential thermal analyzer, that is, as a device to measure the thermal response 
the sample relative to that of a reference material with a known specific heat. Currently 
available differential scanning calorimeters (DSC's) are capable of making these 
measurements at low heating rates only. Even at low heating rates, it is difficult to obtain 
meaningfid results Using a DSC for volatile samples (Ref. 8). However, it is instructive to 
consider the data analysis techniques used for a standard DSC determination as a starting 
point in understanding the methodology that will be employed with the heated grid. 

The standard DSC procedure is to measure, for a constant heating rate experiment, the 
rate of heat flow to the sample holder, or power (P), as a hnction of time for four 
separate runs: 

1) empty sample P a  1 (Pblankt), 
2)  NBS reference material in sample pan 1 (Pdd), 
3) empty sample P a  2 @blank), and 
4) unknown sample in sample pan 2 (P-). 

The measured specific heat of the NBS standard is: 

meaS I (Pstd-pblankt) cpstd - 
T mstd 

? 

and the measured specific heat of the unknown sample is: 

(Psarrp'pblan kz) C p E g  = 
irn- 

The actual specific heat of the sample can then be determined through calculation of a 
calibration factor using the known specific heat of the NBS standard: 

CpEw=[ cp std Cpsav. meas 

This simplified analysis assumes a constant heating rate and does not account for mass 
loss or constant temperature phase changes during a run. 

The use of a heated grid as a differential thermal analyzer under high heating rate 
conditions is significantly more complicated. To use the heated grid for volatile samples, 
in addition to power, the time rate of change of temperature and sample mass must also 
be determined as a function of time (temperature) for each run. The calculation of the 

c p  3= 
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temperature derivative from the raw temperature data is straightforward, requiring 
filtering or smoothing to remove the noise from the signal. The sample mass loss can be 
accounted for by either conducting a series of experiments at increasing extents of reaction 
or by using a previously determined correlation for mass loss. 

As a result of the nature of operation of the heated grid and due to the high heating rates 
to be employed, several additional refinements are necessary. The power dissipated by 
the grid during a blank run is the sum of the grid material energy storage term (mCpi) and 
the heat loss term. Implicit in the DSC analysis above is the assumption that these two 
terms are identical in both the blank and sample-loaded run. This is not the case in the 
heated grid due to the fact that the additional thermal load of the sample on the grid 
results in a lowering of the temperature of the combined gridsample mass relative to the 
same point in time during a blank run. The local reduction of temperature results in lower 
electrical resistivity in the sample loaded area. As the grid is run in a voltage controlled 
mode, the voltage potential across the full length of the grid is known and invariant from 
run-to-run. However, the AVs in the sampleloaded and non-loaded areas of the grid are 
free to adjust subject only to the imposed overall potential drop across the grid. The 
effect of the sample loading is to change the overall resistance of the grid and therefore the 
current and power will adjust accordingly. The power dissipated in a blank run cannot be 
subtracted from the power during a sample loaded run to arrive at the sample energy 
storage rate (mCpi). 

The heat capacity of the unknown sample is determined by reference to a known standard 
material. The classical DSC procedure, using independent measurements for the blank, 
reference material and unknown sample, cannot be directly applied to the measurement of 
devolatilizng samples at high heating rates in the heated grid. The run-to-run variability in 
grid characteristics, such as blank grid mass and grid-to-electrode electrical contact 
resistance, would contribute to measurement error if this technique was applied to the 
heated grid data. In order to eliminate the need for baseline (or blank grid) corrections, the 
experiments are performed with both the unknown and reference samples loaded on 
separate regions of the same grid. 

First Order Heat Capacity Estimate 

A simple energy balance can be used to estimate, as a first order approximation, the heat 
capacity of the sample from the raw experimental data. Consider the energy balance for 
the sample and reference loaded areas of the screen only. Both the sample loaded area and 
the reference loaded area in the proximity of the measurement thermocouples are similar 
isolated areas on the grid. As a first approximation, the power dissipation per unit area as 
afinctiun of time of both the sample and reference loaded regions within these isolated 
areas are assumed equal, 
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s = t o  P (t) P t 
A S  Ar 

If the thermal inertia of the sample and reference loaded areas are identical, and if the loads 
are uniformly distributed across the full width of the grid, this relationship should hold 
exactly. Otherwise, a correction to the equation is required as will be described later. 
Expanding equation (1) in terms of thermal inertia and heat loss terms gives, 

where ms, mr and mg are the sample, reference material and grid masses per unit area, 
respectively; Cs, Cr and c g  are the sample, reference and grid specific heats evaluated 
at the appropriate temperature; and &(Ts) and QL(Tr) are the heat loss rates per unit 
area of the grid at the sample and reference loaded region temperatures, respectively. Note 
the implicit assumption that the sample and grid temperature are equal in the sample 
loaded region. Similarly, the reference material temperature is assumed to be at the grid 
temperature in the reference loaded region of the grid. Solving equation (2) for sample 
specific heat: 

where A&"s is a heat loss correction due to the difference in temperature between the 
reference and sample loaded areas at a given time. The heat loss correction tern is 
evaluated using an empirical correlation for the FHG described in Section 4.2. Note that 
the areas of the grid covered by the sample and reference material enter into the equation 
through ms and my. The sample and reference material masses and areas must be 
measured as a function of time. 
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Improved Estimate of Sample Heat Capacity 

If the assumption that the power dissipation of the sample and reference loaded regions 
are equal is relaxed, then the following equation for sample specific heat results, 

where a term for the difference in local power dissipation between the reference and 
sample loaded areas now appears. One approach for quantieing this term is to perform a 
transient 2-D calculation of the entire grid area between the electrodes. The grid is 
discretized into a 2-D mesh and an energy balance is applied to each element accounting 
for resistive heating, heat loss, and conduction in two dimensions. The influence of the 
sample heat capacity on the local response of the grid is included by adding the sample 
thermal inertia to the appropriate mesh elements in the model. Details of the 2-D model 
8te given in Appendix A. 

Given the grid current as a function of time and correlations for grid heat loss, grid 
resistivity, and grid, reference material and sample heat capacities as a iknction of 
temperature, the energy balance model calculates the temperature and electrical resistance 
of each element. The resistance across the sample-loaded region of the grid, and therefore 
local voltage drop and power dissipation, can then be determined. Thus, the 2-D model 
allows an estimate for (Pr / Ar - Ps / As) to be calculated given an assumed sample 
specific heat. The calculated power dissipation correction term can then be used to 
determine a corrected heat capacity. 

The results of the detailed, 2-D modeling have shown that the entire sample loaded region 
of the gxid can be considered to be at the temperature of the sample thermocouple. This is 
due to the low thermal conductivity of the stainless steel grid material and the high heating 
rates used which result in very steep temperature gradients at the edge of the sample. 
Only a very small fraction of the total sample mass is within the area where edge effects 
are significant. This leads to an important simplification in the analysis of the 
experimental data. The power dissipation can be estimated simply by calculating I2R 
from the measured grid current and known electrical resistance of the stainless steel grid 
material as a hc t ion  of temperature. 

1 
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Analysis Protocol For The Determination Of Heat Capacity 

The theory described above can be combined into an overall analysis methodology for 
determining heat capacity at high heating rates using the heated grid apparatus. The 
analysis protocol for the determination of heat capacity in the heated grid is as follows: 

1) Load the grid with known mass of sample "around" TIC 1 and known mass of 
reference material "around" T/C 2. 

2) Run heated grid at 1000°C/s and acquire temperature, voltage, current, and image 
data. 

3) Use image analysis techniques to extract sample & ref. mat'l. loaded areas from 
raw images. (This is performed using "Image" vl.47 S/W from NTH.) 

4) Perform data reduction analysis to estimate sample heat capacity. (This is 
accomplished using the "HCAPACITY" code.) The analysis uses equation (4) 
as given previously. 

Calculation of Temperature Derivatives 

Two approaches have been used to calculate the derivatives of the sample and reference 
material temperature vs. time histories. In the first method, the derivatives are determined 
by first smoothing the raw temperature data with an equi-weighted five point filter to 
eliminate noise and then fitting the smoothed data with polynomials (e.g., 3rd and 5th 
order). The second method utilizes low pass filtering in the frequency domain to remove 
the undesirable high-hquency noise components of the data. 

The methods are compared using experimental data for a HG run loaded with two 
separate pieces of carbon foil, a 6.7 mg "sample" and a 7.5 mg "reference". The raw 
temperature data is plotted in Fig. 20. The first technique guarantees that the calculated 
temperature derivatives will be smooth, however, the derivatives are not always well- 
behaved near the start and end points of the data. This is a result of the limited number of 
degrees of freedom of the polynomial fits. The smoothed data (symbols; square=sample, 
x==ref.), polynomial fits and temperature derivatives are plotted in Fig. 21. The resulting 
measured heat capacity for carbon foil, is compared to JANAF data for carbon in Fig. 22. 
The error in the measured heat capacity is greatest at the end points of the data. 
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FIG. 20 
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FIG. 21 
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FIG. 22 
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The second method for calculating temperature derivatives results in a significant 
improvement in the measured heat capacity of carbon. The procedure consists of the 
following components: 

1) Perform 1000 passes of Savitsky smoothing, where 

qmo = ( -3Tj-2 + 12Ti-1+ 17Ti + 12Ti+l - 3Tj+2 ) / 35 

2) Zero pad and center the data set in preparation for FFT 

3) Remove the trend from the data 

4) Window the data in the time domain using Parzen window (Ref. 26) 

5 )  Transform the data into the fiequency domain using FFT 

6) Low-Pass filter the data in the frequency domain 

7) Perf- inverse FFT back into time domain 

8) Reinstate trend in the data 

9) Calculate temperature derivatives using first order, forward differencing: 

Temperatures and temperature derivatives using the second technique for a low-pass cut-off 
frequency of 10 Hz are shown in Fig. 23. The smoothed temperatures are depicted using 
symbols (+=sample, triangle-ref.), with only every tenth point plotted for clarity. The lines 
which approximately pass through these symbols are the low-pass filtered temperatures. The 
resulting measured heat capacity is in better agreement with JANAF data over the full 
temperature range of the experiment (Fig. 24). The considerable degree of wiggle in the 
measured heat capacity a w e  is an artifact of the noise content of the data below 10 Hz 
which is amplified by the derivative calculation and propagated into the heat capacity 
measurement. The analysis was repeated Using low-pass frequency cut-offs of 5 Hz (Figs. 25 
& 26) and 1 Hz (Fig. 27 & 28). The maximum error of the measured heat capacity is 1OOA 
using a 5 Hz cut-oR Agrement between measwed and JANAF values using a 1 Hz cut-off is 
excellent. However, too much of the information content of the data is lost at such a low cut- 
off frequency, the filtered temperatures approach linear functions of time with nearly 
constant derivatives. Although, 1 Hz gives excellent results here for a inert, non-volatile 
sample, such a low cut-off frequency will not be able to capture phenomenon such as phase 
transitions and endothermic or exothermic reactions which result in highly non-linear 
temperature vs. time response functions. In conclusion the second calculation method, 
utilizing a low-pass cut-off frequency from 5 to 10 H z ,  offers the best compromise between 
accuracy and ability to capture the true enthalpic behavior of reacting samples. 
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FIG. 23 
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FIG. 24 
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FIG. 25 
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FIG. 27 
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Measurement of Enthalpy Changes 

In addition to heat capacity measurements, several enthalpy changes will also be 
measured using the heated grid differential thermal analyzer. These are: the total heat of 
devolatilization of coal, the heat of fusion of tars, and the heat of vaporization of tars. 
Such measurements require that the heat flow to the sample be integrated over the 
temperature range of interest. A term for the heat flow due to change of state, ms 4 
is added to the grid power balance equation given previously, yielding: 

ms4- + msCs(TL)? + mgCg(TL)? + QL(fi) 

= mg Cg(TB)? + QB (TB) - APB"/ & ( 5 )  

Re-arranging and integrating to obtain the total enthaply change over a given temperature 
range: 

= J ( 4 S  + c~(TL)+ )dT 

1 {m, (cg(TB) TB - cg(TL) +) + A Q ~ - ~  - APWA,}  d~ 
mS 

(6) 

=I 
During the phase change of a pure compound the temperature is constant and therefore 

the terms vanish and the measured enthalpy change is that associated with the phase 
change alone. However, coal tars are a complex mixture of hydrocarbons which do not all 
melt or vaporize at the same temperature. Over any given temperature interval, the 
measured enthalpy change reflects the heat capacity of that fraction of the sample which 
is not currently undergoing change of state as well as the phase change enthalpy of the 
fraction which is. It is not possible to deconvolute these two contributions to the 
enthalpy of the tar. As a result, for solid-phase tar, the heat capacity and heat of fusion 
will be measured as a lumped parameter. 

Measurement of enthalpy changes in the sample require that the heat flow to the sample 
be integrated over the time interval of interest. A term for the heat flow due to change of 
state, rns q e-?!, is added to the grid power balance equation, yielding: 
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Re-arranging and integrating to obtain the total enthalpy change over a given time interval: 

Complex materials such as d, which may undergo phase change and pyrolytic reactions 
simultaneously, will not have a discrete enthalpy change at fixed temperature, but rather 
over a range of temperatures. For such materials, an "effective" heat capacity is defined 
as: 

The bleary presente, above accounts for all the relevant terms M..-:h contribute to 
measuring sample specific heat in a heated grid used at high heating rate. The accuracy of 
the specific heat determinations will depend on the accuracy with which each of these 
terms can be measured, either directly or through apriori calibration. The sensitivity and 
accuracy of the method is assesed in Section 4.0. 

3.7 Study Coals 

The primary objective of this investigation i, D study one coal in detil, characterizing 
the overall heat of devolatilization as well as the specific heat of the char and tar products, 
the heat of decomposition and the heat of vaporization of the tars. A high volatile 
bituminous coal (PSOC 1451D) has been selected for the detailed study due to the high 
volatile yield generated in high heating rate conditions and because of the availability of an 
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extensive database from previous investigations. The "D" designation after the PSOC 
number indicates that the coals are aerodynamically size classified samples produced by 
the Vortec method and supplied by DOE in 1987 (Ref. 27). The scope of the 
investigation is limited to performing a more limited set of measurements on a second 
coal. PSOC 15 16D, a low volatile bituminous coal was chosen based on the more aromatic 
nature of the tars, the availability of sufficient quantities of coal, and the favorable 
operating characterisitcs of the UTRC entrained flow reactor during devolatilization of 
this coal. The size cut selected is 75-106 pm for both coals. An anthracite coal (PSOC 
1468) is also used as a non-volatile sample. The anthracite was not aerodynamically 
classified before distribution by DOE, aerodynamic separation was performed at UTRC 
to obtain a nominal 90 pm diameter size cut. Characterization data for the mal are given in 
Table I. 

TABLEL 

COAL TYPE PSOC 14510 PSOC 1516D PSOC1468 

AVG. DIA. (pm) 9 0  9 0  9 0  

SEAM, LOCATION Pittsburgh #8, PA Lower Kttaning, PA Buck Mountain, PA 

APP. RANK MIA LVB Anthracite 

ME% 1.62 0.62 1.05 

%ASTM ASH (MF) 12.37 19.31 6.60 

% PE ASH (ME) 

HEATING VALUE 14581 15108 I I (BTUILB) (daf) I I 
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Objective 

The objectives of this task are to calibrate the heated grid apparatus using known heat 
capacity standards and to establish the sensitivity of the technique for determining 
thermodynamic properties at high heating rates . Initially, a non-volatile coal (such as 
anthracite, PSOC 1468) was to be used as the reference standard against which unknown 
samples would be measured. However, for reasons described below, a carbon foil material 
was selected as the preferred reference material. 

Several refinements to the heated grid apparatus have been implemented which allow 
quantitative determination of sample heat capacity at high heating rates. In particular, grid 
temperature calibration, improvement of sample load area measurement techniques, a 
revised correlation for the heat capacity of the stainless steel grid material, and validation 
of the analysis procedure using sapphire and anthracite samples have all been completed 
and will be described below. 

4.1 Temperature Calibration 

Temperature of the heated grid is measured using 0.002" 50 pm) bead dia. Type-K 
(Chromel-Alumel) thermocouples spot welded to the grid. The thermocouple signal is 
amplified by lOOX and acquired using a National Instruments 12-bit A/D board. The 
accuracy of the temperature measurements was examined using OMEGALAQ 
Temperature Indicating Liquids (OMEGA). The OMEGALAQ liquids have an accuracy 
of +/- 1% of the rated temperature. A small, thin spot of the indicating lacquer was 
applied to the grid near the thermocouple. Several trial runs were conducted to determine 
the appropriate amount of sample which would allow observation of the phase transition 
without excessively loading the grid. The grjd was then heated at 5OoC/sec while recording 
a magnified and timacoded image of the lacquer onto video tape. The video system has a 
time resolution of 1/30 sec, corresponding to a temperature measurement resolution of 
1.67OC at the heating rate used. The melting temperature of the lacquer was determined 
by locating the video fiame(s) at the point the phase transition is observed and matching 
the elapsed time for the frame to the corresponding temperature measured by the data 
system. Results are as follows: 
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TABLE IL 

GRIDTEMPERATURE CALIBRATION 

OMEGALAQ Rated Temperature ('0 Measured Temperature ("C) 
500 500 
704 720 
804 784 

The determination of the point of melting is somewhat subjective. Even with relatively 
thin lacquer coatings, thermal lag was evident as the lacquer heated from the edge inward. 
The point at which the edge of the lacquer undergoes transition was used for the measured 
temperatures reported here. The measured temperatures above represent an average of 
three independent determinations of the melting transition. The individual determinations 
varied by as much as +/- 2OOC. Part of this variability can be explained by the +/-1% 
accuracy of the OMEGALAQ, but much of it is due to the subjective nature of 
determining the melting transition tiom the images. 

4.2 Stainless Steel Grid Properties 

The heat loss characteristics, specific heat capacity, and electrical resistivity of the heated 
grid are required properties for the data reduction procedure to determine sample heat 
capacity from the raw experimental data. These properties have been correlated as a 
function of temperature using either data obtained at UTRC or from the available 
literature. 

Grid Heat Loss Correlation 

The heat loss characteristics of the FHG as a function of temperature are required as a 
part of the data reduction process for heat capacity determinations. The FHG apparatus 
that will be used to perform heat capacity measurements differs in two respects from the 
previous heated grid used at UTRC (Ref. 25). The current version provides for a laminar 
flow of helium sweep gas across the grid to transport evolving tars away from the imaged 
sample-loaded area of the grid. Heat loss correlations for the original grid were obtained in 
a stagnant helium environment at 1 atm. pressure. In addition, the flowing heated grid 
(FXG) uses a stainless steel mesh with a smaller grid area (5.07 cm2) between the 
electrodes than the original apparatus (7.52 cm2). Heat loss data for the FHG has been 
obtained and correlated as a function of temperature (in'C) with a 4* order polynomial, 
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QloS -1.2312 + 6.3499~10-2T - 7.7260x10-5Tz 

+ 1.5850~10-7 T3 - 4.0981~10-11 T4, 

The resulting correlation coefficient (R2) is 0.999. 

Grid Specific Heat Capacity Correlation 

The data reduction procedure requires as input knowledge of the heat capacity of the grid 
material as a fiinction of temperature. A correlation of handbook data (Ref. 28) for 304 
stainless steel has been used in the past. This correlation was based on a very limited set 
of data and the fit was rather poor at high temperatures. The heat capacity correlation has 
been revised to extend the range of applicability to higher temperatures. Stainless steel 
heat capacity is correlated as a function of temperature (in OK) with a 2nd order 
polynomial , 

C, [cd/g-K] = 9.5756~10-2 + 7.8966~10-5 T - 2.2159xlo-S .r? . 

The resulting correlation coefficient (R2) is 0.999. The original and revised heat capacity 
correlations for stainless steel are compared in Fig. 29. The revised correlation yields more 
reasonable values up to the melting point of stainless steel (14W145OoC). 

Grid Electrical Resistivity Correlation 

Data for the electrical resistivity of 304 stainless steel was obtained from a materials 
properties handbook (Ref. 28) and correlated as a function of temperature using a 3rd 
order polynomial. The resulting fit, with temperature in OK, is given by: 

p [ohm~m] = 3.281~10-5 + 1.515~10-7T - 9.9oht10-11 'P + 2.648~10-14T3 
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4.3 Sapphire Reference Material 

It would be highly desirable to directly calibrate, or at least determine the accuracy of the 
heated grid DTA using standards directly traceable to NIST. Several NIST standard 
reference materials (SWs) have been obtained: sapphire, biphenyl, tin and zinc. Several 
others are no longer available, including: graphite (SRM 729), and differential thermal 
analysis @TA) standards SRM 759 and 760. SRM 720, synthetic sapphire (a-Al2O3), 
is an enthalpy or heat capacity standard certified over the temperature range 10 - 2250 K. 
The heat capacity values have an accuracy of +/-0.3% or better at temperatures up to 
1200 K. Tin (SRM 2220), zinc (SRM 2221) and biphenyl (SRM 2222) are DSC enthalpy 
standards. The fusion temperature and enthalpy of fusion of these materials are certified 
by NIST to high accuracy. Sapphire is the heat capacity standard of choice for 
conventional DSC measurements. However, sapphire cannot easily be used as a 
calibration standard in the HG-DTA as will be described in this Section. 

Several preliminary experiments were conducted using sapphire in an effort to develop 
experimental procedures which result in uniform sample distributions on the grid. An 
experiment was conducted using a "pocket" to contain the sample. The pocket was 
formed by spot welding the two folds of the grid together across the width of the grid. 
The grid was loaded with 26.3 mg of sapphire. The measured sample areas before and 
after the run are 0.495 and 0.501 cm2, respectively. (Figs. 30 - 31). The grid was then 
heated at 1000°C/s to 1300OC. The blank screen temperature reaches 130O0C, whereas 
the sample loaded T/C temperature peaks at about 550OC. Figure 32 shows the 
substantially lower temperatures obtained by the sample loaded grid as compared to the 
blank region of the grid. The effect of the themal inertia of the sapphire is clearly evident. 
The large difference in the response of the loaded and blank areas provides ample 
sensitivity for determining the heat capacity of the sample. In fact, a lower sample loading 
is required to allow data to be obtained at higher temperatures. The blank screen 
temperature cannot be driven any higher without inducing failure of the grid. (The melting 
point of 304 SS is about 1400OC.) 

I 

I 

The heat capacity of sapphire was determined by applying the data reduction procedure 
described in Section 3.6 to the experiment described above. The results (Fig. 33, "SS 
Reference") are in reasonable agreement with the NIST values for sapphire only between 
100 to 400OC. At lower and higher temperatures the measured values deviate 
substantially from the NIST values. There are several possible explanations for the 
observed behavior. The large temperature difference between the sample loaded and blank 
"reference" area of the grid results in large heat loss and power dissipation correction 
terms. The heat loss C O K ~ C ~ ~ O ~  becomes significant at a sapphire temperature of only 
200OC for this run (blank region temp. is 500OC). The heat loss and power dissipation 
correction terms are as large as 70% and 12% of the calculated heat capacity, respectively. 
Any inaccuracies in these terms result in significant sample heat capacity measurement 
errors, Another possibility is the poor coupling of the sample to the gridthermocouple 
due to the low absorptivity of sapphire in the near IR. In addtion, the spot welding 
technique used to make the pocket changes the morphology of the grid due the presence 



of the weld beads and bum-through holes. These defects in the grid may change the 
resistance and local current flow at the edge of the sample region. For this reason, the 
"pocket" method was abandoned as a sample placement technique. 

A thin (100 pm) carbon foil was selected as a reference material for M e r  sapphire heat 
capacity determinations. Briefly, the carbon foil reference serves two important 
functions, 1) by thermally loading the reference area of the grid it lowers the reference 
temperature and therefore greatly decreases the magnitude of the heat loss and power 
dissipation correction terms, and 2) the use of a foil eliminates the difficulties inherent in 
working with particulate materials. The advantages of the carbon foil reference material 
are described more l l l y  in Section 4.5. 

The problem of obtaining a uniform distribution of the particulate sapphire sample 
remains. Sapphire is particularly difficult to work with due to the sharp, angular 
morphology of the particles. Eventually, a satisfactory sapphire distribution can be 
obtained by painstaking sample placement and careful handling of the grid during reactor 
assembly. Four runs, with nominal sapphire loadings of 20 to 30 mg/cm2, were 
performed. These loadings are close to the estimated value of about 18 mg/cm* for a 
monolayer. The thermal response of these samples will not lag that of the grid 
appreciably at a heating rate of 1000°C/s. The resulting measured heat capacity for She 
sapphire samples are compared with the NIST certified values in Figure 33. Absolute 
magnitudes aside for the moment, the measured heat capacity curves reproduce the true 
temperature dependence much more closely than was the case for the blank grid reference 
run. As a result of the use of a reference material, the heat loss and power dissipation 
correction terms are now less than 20% and 3% of the calculated heat capacity, 
respectively. Each of the experimental runs can be made to agree with the NIST data by 
applying a constant scaling factor to the each of the curves. The scaling factor can be 
explained as a cmection fiom the measured nominal sample mass loading to the me, l d  
loading near the sample thermocouple. The obsewation that two runs fall below the NIST 
curve and two above it support the hypothesis that run-to-run variations in local sample 
mass loading are occuring randomly. The average of runs 2,3 and 4 is also shown in the 
Figure and is in excellent agreement with the NIST data. The absence of a consistent bias 
in the results implies that poor radiative coupling of the sapphire to the grid is not an 
issue. The helium sweep gas used provides a high thermal conductivity path between grid 
and sample. 
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FIG. 30 

Before Run SAPP013 

a. Raw Image of Sapphire Sample on Grid 

b. Binary Representation of Sample Area 
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After Run SAPPO13 

a. Raw Image of Sapphire Sample on Grid 

b. Binary Representation of Sample Area 

FIG. 31 
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4.4 Anthracite Heat Capacity 

Anthracite is proposed in the original work plan as an alternative non-volatile reference 
standard. In this section, measurements of the heat capacity of anthracite, using sapphire 
as the reference standard, are described. The extreme operational difficulties of working 
with a particulate sample and particulate reference material encountered in the conduct of 
these experiments led to the concept of the use of carbon foil as the reference material. 

Several hundred milligrams of 75-106 pm particle size PSOC 1468 anthracite coal have 
been prepared using dry-sieving followed by aerodynamic separation using the UTRC 
coal feeder and cyclone separation system. The aerodynamic separation processes 
reduced, but did not eliminate, the amount of fines present in the sample. The anthracite 
was then prepared by devolatilizing the sample in an oven at 650OC under nitrogen. Mass 
loss fiom the anthracite was approximately 3% under these conditions. The heat capacity 
of anthracite char was measured in the HG differential thermal analyzer and compared 
with independent determinations performed in a commercial DSC apparatus. 

The anthracite char sample, generated as described above, was subjected to a two series of 
heated grid runs to progressively higher final temperature (Table III). Each of the two 
series of runs used different anthracite and reference material samples. MST certified 
sapphire was used as the reference material. The mass loadings for the first set of runs 
were 44.3 and 104 mgkm2. for co81 and sapphire, respectively. The mass loadings for the 
second set of runs runs were 20.8 and 28.2 mg/cm2, for coal and sapphire, respectively. 
The raw data from each of these runs was reduced using the data reduction procedure 
described previously. Estimates for the heat capacity of the anthracite char sample 
derived from each of the runs are plotted in Figure 34. The run-&run repeatability within 
a series of runs is not suprising considering that the sample and reference material 
distributions were constant. The agreement between the two series, each with different 
sample and reference material distributions is quite unexpected given the difficulty in 
properly quantifjting the local mass loading of the sample and reference materials. The 
high sapphire mass loading of the first series results in measured reference temperatures 
lower than sample temperatures throughout the run, while the converse is true for the 
second series of mu. 

Differential Scanning Calorimeter @SC) measurements were performed on the anthracite 
sample in an attempt to determine the absolute accuracy of the heated grid heat capacity 
measurements. Shown in Figure 34, are data from four replicate DSC runs. The 
measurements were performed by the Polymer Science group at UTRC using a W o n t  
9900 DSC. The runs were conducted in a nitrogen atmosphere at a heating rate of 
1OWmin. The quality of this data is questionable as a result of continuing problems with 
baseline stability of the DSC cell. The reproducibility of the DSC measurements is very 
poor, about +/-25%. An analysis of the baseline stability of the raw data suggests that 
DSC Run 1, having the lowest heat capacity values, is the most reliable measurement. 



TABLE IL 

ANTHRACITE HEATCAPACITYRUNS 

Run 1 900 700 600 
Run 2 1000 800 650 
Run 3 lo00 800 650 

A 

Set 2 
Run 4 1000 435 480 
Run 5 1100 480 550 
Run 4 1000 435 480 
Run 5 1100 480 550 

The HG-DTA measurements of anthracite heat capacity are compared with the DSC 
measurements, Agroskin's (Ref. 6) true heat capacity measurements for Grade "A" coal (a 
Russian anthracite), and JANAF data for the heat capacity of graphite in Fig. 34. The 
specific heat capacity of the anthracite char is expected to be somewhat higher than 
graphite due to the presence of residual hydrogen and a less ordered structure than pure 
graphite. Agroskin's results, however, are approximately equivalent to the JANAF data 
for pure (spectroscopic grade) graphite. Most of the DSC results fall below the JANAF 
data, except for Run 2 which is in good agreement with JANAF values. The HG-DTA 
measurements are roughly 50% higher than the JANAF data over the entire temperature 
range. Again, as described for the sapphire measurements in the previous section, the shift 
can be explained by an error in the measurement of the local sample and/or reference 
material mass loadings. Since the five experimental runs represent only two sample 
distributions it is entirley possible that the observed agreement is purely coincidental. 
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4.5 Carbon Foil Reference Material 

As described above, preliminary experiments were conducted using the blank stainless 
steel screen as the reference material. The accuracy of these measurements above 500°C is 
poor due to the dominance of the heat loss correction term and increasing importance of 
the power dissipation term (see Eq. 4). The blank grid temperature is about 1000°C when 
the sample temperature is 500OC. The resulting heat loss correction term can represents 
60% or more of the total heat capacity. Any inaccuracies in the correlations used to 
determine these terms will result in substantial errors in the heat capacity. 

Measurement errors can be minimized at high temperature by performing runs utilizing 
discrete sample and reference material loaded regions on the same grid. Matching the pCp 
of the reference material loaded area of the grid to that of the sample results in a closer 
balance in temperature between the two areas of the grid and therefore the heat loss and 
power dissipation correction terms are significantly smaller. 

The use of particulate materials for both the sample (coal) and the reference material 
(sapphire) presents significant operational problems. The required handling of the grid 
during experimental set-up makes it extremely difficult to obtain uniform loading of both 
the sample and reference materials on the grid simultaneously. A 100 pm thick, 99.8% 
pure carbon foil material (Goodfellowjwas f a d  to be much more effective as a reference 
material because the mass loading of the foil is uniform and accurately known, a feature 
difficult to obtain with a particulate material. The carbon foil, after being inserted between 
the folds of the grid, is pressed into the mesh to improve the thermal contact. 
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4.6 Validation of Accuracy 

In order to verify the accuracy of the HG-DTA method, using carbon foil as the reference 
material, the analysis procedure was applied to the determination of the specific heat 
capacity of silicon carbide and graphite particulate samples as well as the heats of fusion 
of foil samples of lead and tin. 

Heat Capacity Measurements of Silicon Carbide 

Silicon carbide was chosen to test the HG-DTA method on an inert, particulate sample. 
Silicon carbide was obtained in powder form and sieved to 90-106 pm particle size. An 
experiment was conducted using 8.2 mg of Sic sample and an 9.4 mg carbon foil reference 
material. The measured heat capacity is compared with JANAF data (Ref. 29) in Fig. 35. 
The JANAF data is for the form of Sic, since this is the more stable form up to 
2000°C. The measured specific heat capacity is somewhat lower than the JANAF values 
for silicon carbide. Also shown in the Figure is the measured heat capacity multiplied by a 
factor of 1.5, which agrees quite well with the JANAF data. Application of such a 
correction to the heat capacity can be justified if the measured sample mass loading is 
50% higher than the true mass loading in the vicinity of the sample thermocouple. 

The sample mass per unit area in the vicinity of the measurement thermocouple is 
difficult to accurately quanti@ for particulate samples. The technique used assumes a 
uniformly thick layer of sample and simply divides the total mass of sample by the total 
sample area as determined from a backlit image of the sample. It is highly possible that 
the sample thickness, and therefore mass loading per unit area, varies by a factor of two 
from point-to-point within the sample loaded region of the grid. Indeed, variations in the 
intensity of the light transmitted through the sample are observed. Unfortunately, due to 
the presence of two layers of wire mesh, is not possible to quantify mass loading with 
image intensity. 

Heat Capacity Measurements of Graphite Powder 

SP-1 spectroscopic grade graphite powder produced by Union Carbide Carbon Products 
Division was obtained from Graphite Sales, Inc. SP-1 jgade graphite is produced at a 
carbonization temperature of 2600-28OO0C, and has an ash content of less than 1 ppm. 
The graphite powder was sieved to 90-106 pm particle size. An experiment was 
conducted using 8.4 mg of graphite powder sample and a 7.9 mg piece of carbon foil 
reference material. The measured heat capacity is compared with JANAF data for 
graphite (Ref. 29) in Fig. 36. Similar to the silicon carbide results, the measured specific 
heat capacity of the graphite sample is somewhat lower than the JANAF values, and can 
be corrected to yield agreement by multiplying by a factor of 1.22. Again, the required 
correction is due to error in the measurement of the sample mass loading. 
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Heat of Fusion Measurements of Lead and Tin 

The HG-DTA method was applied to the determination of heats of fusion of samples of 
lead and tin to test the accuracy of the procedure for measuring enthalpy changes at high 
heating rates. Thin foil samples (Pb - 100 pn; Sn - 109 pm) of the metals were obtained 
from Godellow. A 100 pm thick carbon foil was used as the reference material for all 
runs. Samples were heated at a nominal rate of 1000°C/s in the heated grid. Fig. 37 
displays the resulting sample and reference material temperatures and temperature 
derivatives for Run Pb 1.  Note that the symbols are every tenth temperature data point, 
after smoothing, while the adjacent lines are the temperatures after low pass filtering the 
smoothed data. The "warp" in the lead sample temperature profile at the expected melting 
point clearly shows the solid to liquid phase transition. The negative going peak in the 
lead sample temperature derivative signal also delineates the extent of the melting 
transition. The resulting "effective" heat capacity of the lead sample in the region of the 
phase transition is plotted in Fig. 38. This "effective heat capacity is the instantaneous 
specific enthalpy change per unit rise in temperature due to the combined effects of heat 
of fusion and sensible heat. The sensible heat change is non-zero, since, heat is added over 
a finite temperature interval. Ideally, the entire sample would instantaneously transition 
at exactly the melting point temperature. In reality, there is a temperature gradient 
imposed across the sample as the grid heats it from the outer edges inward, and the 
transition occuts over a finite temperature interval. 

The results for two lead foil runs and one tin sample are summarized in Table IV. The 
observed melting temperature of 33834OOC for the lead samples is within 4% of the CRC 
Handbook (Ref. 30) value of 327.5OC. The observed melting temperature of 256OC for tin 
is within 1OOh of the handbook value of 23 1.97OC. The absolute error for the lead melting 
point is about 12OC which is within the temperature measurement error of the system. 
The absolute error of the tin melting point measurement, 24OC, is not explained by only a 
temperature measurement emor. The factor of three higher heat of fusion, combined with 
the low melting point temperature (and therefore lower heat dissipation by the grid), 
results in larger temperature gradients in the sample. 

The effective heat capacity curves are integrated over the region of the phase transition 
yielding an "effective" specific enthalpy rise, Ahf + C, AT. The specific heat, C,. 
estimated as the baseline under the effective heat capacity peak, is integrated over the 
temperature interval and the result subtracted from the effective specific enthalpy to 
obtain the "measured" heat of fusion. The resultingimeasured heats of fusion are 
compared with CRC Handbook (Ref. 30) values in Table V. The measurement errors, 7% 
for lead and 1.6% for tin, are quite reasonable given the degree of difficulty of the overall 
procedure. These results are definitive proof that the heated grid is a sensitive and 
accurate instrument for the measurement of sample enthalpy changes at high heating rates. 
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4.7 Error Analysis 

An error analysis has been conducted to establish the effect that uncertainities in each of 
the directly measured quantities and predetermined quantites has on the heat capacity 
values extracted by the data reduction procedure. Estimates of the error in each of the 
measured and derived quantities in the experiment are tabulated below (Table V). The 
absolute erorrs for correlated values include the effect of a 20°C temperature error and the 
prediction error of the fit relative to the underlying data. The relative ('A) errors given are 
for the midpoint of the experimental temperature range and will be larger at low 
temperatures and smaller at higb temperatures. Cumulative errors for derived quantities 
are estimated by the root-sum-squares (RSS) method. The accumulation of errors results 
in an estimated accuracy of +/- 22.7% for the specific heat capacity determination using 
the HG-DTA. 

TABLEIV. 

HEATS OF FUSION FOR LEAD AND TIN SAMPLES 

Sample Ref. 

Freq. Freq. 

(Hz) (Hz) (C) (C) ( C )  tcallg) (callg) ( c s l l g )  ( c d l g )  

P b l  30 10 338 300 370 7.45 0.022 5.91 5.55 6.5 

Pb 2 30 10 340 300 370 7.25 0.019 5.94 5.55 7.0 

Sn 1 10 10 256 220 300 18.38 0.045 14.75 14.52 1.6 

96 Ahf Ahf RUN Cut-off Cut-off Tm T1 T2 Aht+ Cp 
Cp AT (mear.) (Hdbk.) Error 

The error analysis points out two areas where further refinement of measurement 
accuracy could be advantageous: temperature measurerhent, particularly at low 
temperatures where the relative error is larger, and sample area measurement. However, 
there is an additional error not accounted for in the Table which outweighs all those listed. 
The sample mass loading per unit area near the sample thermocouple may not always be 
accurateIy represented by the nominal sample mass divided by the nominal sample area. 
As described above, errors of 50% and 22% were observed in the measurement of 
particulate silicon carbide and graphite samples, respectively. Unfortunately, it is not 
possible to improve the accuracy of an individual experimental measurement within the 
scope of the present investigation. Assuming that run-to-run variations in sample non- 
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uniformities are random, replicate runs can be used to obtain averaged heat capacity 
curves. This is possible because Equation (4) varies linearly with sample mass loading. 



TABLXV. 

ERRORANALYSIS 

Q U m  ABSOLUTE ERROR Yo ERROR 
Direct Measurements 

TemDeratwe 2O0C 5.00 

I 22.7 I 
* Nominal sample mass loading. Actual loading near T/C may have larger error (see text). 
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5.0 Task30 Low Te mnerature SDec ific Heat CaDac itv of Volatile Coa 1 SamDleS 

The objective of this task is to measure the specific heat capacity of a HVA bituminous 
coal (Pittsburgh #8; PSOC 1451D) and a LV bituminous coal (Lower Kittaning; PSOC 
15 16D) over the temperature range from 25 to 300OC using heating rates of 1000°C/sec in 
the heated grid. 

The mass of the sample remaining on the grid as a finction of time is needed for the data 
reduction procedure. A series of zero hold time (ZHT) heated grid runs at a heating rate of 
1000°C/s in 1 atm helium were conducted for increasing values of final temperature. A 
modified sigmoidal fit to volatiles yield data for PSOC 1451D is presented in Fig. 39. The 
modified fit was constructed by patching a long-tailed sigmoid for the low temperature 
data to a more steeply rising sigmoid for the region above 500OC. A standard sigmoid fit 
was used for the 1516D mass loss data (Fig. 40). These data show that significant mass 
loss does not occur for the PSOC 1451D coal below 300OC. However, the mass loss is 
signifcant for the PSOC 1516D coal, and must be included in the analysis of the low 
temperature data. Of course, the mass loss characterisitics of both coals will be of great 
importance in extracting the overall heat of devolatilization from high temperature 
experimental data (Section 6.0). 

5.1 PSOC 1451D 

The heat capacity of PSOC 1451D, a HVA bituminous coal (plttsburgh #8) has been 
measured over the temperaftue range from 25OC to 3OOOC. Five separate heated grid runs 
have been conducted, all using the 100 pm thick carbon foil as the reference material. The 
results for each run along with an average of all five runs are plotted in Fig. 41. The run- 
to-run variability is observed to be within +/-12.5% of the average value, well within the 
+/-23% error band estimated in Section 4.7. The measurements are consistently higher 
than the heat capacity given by the Merrick model (Ref. 18) by about 15%. 

5.2 PSOC 1516D. 

The heat capacity of PSOC 1516D, a LV bituminous d (Lower Kittaning) has also been 
measured over the temperature range from 25OC to 300°C. Results for two independent 
determinations and their average are presented in Fig. 42. The run-to-run variability in the 
measured heat capacities is of about the same magnitude as for the PSOC 14511) runs. 
The measured low temperature heat capacity of the LV coal is also about 15% higher than 
that given by the Merrick model. 
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MASS LOSS FROM PSOC 14510 IN HEATED GRID 
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LOW TEMPERATURE HEAT CAPACITY OF PSOC 1451D 
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5.3 Discussion 

No signifcant difference is observed between the low temperature heat capacity of the LV 
and HVA coal. This is contrary to the expectation that the higher hydrogen content of the 
HVA coal will result in lower average coal molecular weight and hence higher specific heat 
on a per gram basis. An explanation for this apparent discrepancy is that the specific heat 
of the coal remaining on the grid is far outweighed by the heat of devolatilization which 
becomes a significant contribution to the effective heat capacity below 300OC for the LV 
coal but not for the HVA d (compare mass loss in Figs. 39 and 40). 
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6.0 Task 4. Heat o f Devo fatilization of Volatile Coa 1 SamDleS 

The objective of this task is to measure the overall heat of devolatilization of PSOC 
145 1D over the temperature range from 25 to 8OO0C, essentially extending the methods 
used in Task 3 to higher temperatures. 

6.1 PSOC 1451D. 

Many experiements were performed in an effort to drive the coal samples to final 
temperatures of 8OOOC and above. These attempts were unsuccesshl as a result of failure 
of the grid in the unloaded region adjacent to the electrode. Apparently, the higher power 
requirements of the sample and reference material loaded grids results in currents which 
drive the blank regions above the melting point of stainless steel. Five successfbl 
experiments for PSOC 1451D parent coal samples have been performed utilizing 100 pm 
thick carbon foil as the reference material. The maximum final temperature achieved is 
about 700°C. The resulting "effective" heat capacities are plotted in Fig. 43 along with the 
average curve. The sharp rise in effective heat capacity between 550-65OOC corresponds 
to the steep temperature sensitivity of mass loss observed for this coal in heated grid 
experiments (Fig. 39). Since, changes in the mass of the sample are accounted for in the 
analysis of the data, the sharp rise in effective heat capacity represents the heat of 
devolatilization for the coal. 

Two of the experiments (Runs 3 and 4) exhibit a dip in the effective heat capacity near 
5OO0C, which is the point at which the rate of mass loss from the HVA coal is greatest. 
Small run-to-run variations in the mass loss as a function of temperature due to sample 
variability are not accounted for by the data analysis procedure, which utilizes the 
nominal mass loss vs. temperature curve given in Fig. 39. The run-to-run variability in 
measured heat capacity is within 15% of the average value up to 400OC and within 25% 
at higher temperatures. Again, this is within the experimental error estimated in Section 
4.7. 

The area under the effective heat capacity curve can be integrated to obtain the heat of 
devolatilization. Details of the calculations are described in Appendix B. A baseline is 
defined at C,lo.S3 caYg-K and the integration performed from 3OOOC to 700OC. The 
calculated heat of devolatilization is 33.4 cal/g-coal. Note that this value is expressed on a 
coal sample mass basis. Conversion to a mass of volatiles evolved basis yields 90 d g -  
vol. The specific enthalpy of vaporization is nearly constant for compounds within a 
compound class, generally varying from 30-60 cal/g for aliphatics to 75-100 d / g  for 
aromatics. The current measurement for heat of devolatilization is entirely consistent with 
the observations that tars volatilized from this coal are primarily aromatic in character 
(Ref. 19,31) and the hypothesis that the heat of devolatilization is dominated by the heat 
of vaporization of the tars. However, measurements of the heat of vaporization of the tar 
do not support this hypothesis as will be described in Section 9.0. 
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6.2 PSOC 1516D. 

The overall heat of devolatilization of a LV bituminous coal has also been measured to 
investigate the effect of coal structure on thermodynamic properties. Two determinations 
for the effective heat capacity of PSOC 1516D to near 7OOOC have been completed. The 
results are plotted in Fig. 44. The effective heat capacities include, not only the specific 
heat of the coalkhar, but also the heat of devolatilization during the volatiles evolution 
process. Mass loss for the LVB coal (Fig. 40) begins at a lower temperature and has a 
much weaker temperature dependence than that for the HVA coal. Thus, the heat of 
devolatilization is spread over a much broader temperature range for this coal. The overall 
heat of devolatilization can be estimated by inferring a baseline for the "true" specific heat 
of the coalkhar. For comparison purposes, the same baseline used for PSOC 1451D 
(%=OS3 cal/g-K) is used here. Integration from 3OOOC to the final temperature of 65OOC 
yields a value of 53.2 cal/g-coal for the overall heat of devolatilization of PSOC 1516D. 
On a volatiles mass basis, the heat of devolatilization is 450 cal/g-vol. Unfortunately, it 
was not possible to drive the coal to higher final temperatures without inducing a failure 
of the grid. (The unloaded areas of the grid attain much higher temperatures than the 
sample loaded area.) Although the final temperature achieved for the LV coal is 35OC 
lower than for the HVA coal, the mass loss approaches the asymptotic volatiles yield 
under these conditions in the heated Md (see Fig. 40). 

6.3 Discussion 

The effective heat capacities of the HVA and LV bituminous coals are compared in Fig 
45. The endothermic region of the effective heat capacity curve for the LV coal begins to 
rise at a lower temperature but less steeply than that for the HVA coal. Since, this 
endothermic region is coinicident with the onset of siginifant mass loss for each coal and 
since this mass loss is accounted for in the data reduction procedure, the LV cod does 
appear to have a larger overall heat of devoaltilization. The measured overall heats of 
devolatilization are 33.4 and 53.2 cal/g-cod for the HVA and LV coal, respectively. 
However, the heats of devolatilization per unit mass of volatiles evolved are 90 and 450 
cal/g-vol for the HVA and LV cod, respectively. The higher rank coal requires five times 
the energy to liberate a unit mass of volatiles, on average. Of course, both coals have a 
range of bond types, from hydrogen bonding to covalent bonds. In fact, the LV coal 
begins to evolve mass at a lower temperature than the HVA coal, implying the presence 
of weakly bound species. However, the balance of the mass evolved from the LV coal 
requires significantly more energy for bond scission and/or vaporization consistent with 
the more highly condensed aromatic structure of the higher rank coal. The HVA coal has a 
significantly larger fraction of weaker bond types andor tar precusors of lower molecular 
weight and lower heat of vaporization. Under higher heat flux conditions, such as occur in 
the UTRC entrained flow reactor, the HVA coal may respond by absorbing more heat per 
unit mass, undergoing additional bond scission reactions and evolving higher molecular 
weight, more aromatic tars. 
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The objective of this task is to determine the heat of decomposition of PSOC 1451D by: 
(1) devolatilizing the coal in the entrained flow reactor (EFR) to generate matched char 
and tar samples as a function of extent of devolatilization, (2) determining the char, tar 
and light gas yields, (3) measuring the tar and char elemental composition, (4) determining 
the heat of combustion of char and tar products using a microbomb calorimeter (MBC), 
( 5 )  estimating the heat of combustion of the gaseous products, and (6) applying Hess's 
Law to determine the heat of decomposition. 

7.1 Generation of Matched Tar and Char Samples 

EFR Devolatilization Experiments 

The two study coals, PSOC 1451D (a HVA bituminous coal from the Pittsburgh #8 
seam) and PSOC 1516D (a LV bituminous coal from the Lower Kittaning, PA seam) were 
devolatilized in the UTRC-EFR (entrained flow reactor) at four different reactor 
temperatures. These "D" d s  were supplied by DOE under an earlier contract and were 
size classified using the "Vortec" aerodynamic separation process (Ref. 27). The 75-106 
pm size cut is used in the performance of this investigation. All EFR conditions - 
temperature set points, carrier gas flow rates, and sampling probe position - are identical 
to those used during two previous investigations (Refs. 24, 32). The reactor operating 
conditions are charactetized by peak wall and gas temperatures givea in Table VI. The 
quantities of matched tar and char samples produced from the PSOC 1451D and 1516D 
parent coals at each extent of reaction are also listed in the table. Sufficient quantities of 
char samples were produced from the PSOC 1451D coal to complete all the necessary 
measurements for the performance of this study. The limited quantities of PSOC 1451D 
tars preclude the ability to conduct replicate runs, but will allow the basic measurements 
to be made. It was not possible to save significant quantities of tars from the PSOC 
1516D runs. The high Static charge of these samples made it difficult to remove the tars 
from the porous metal final filters used in the UTRC-EFR sample collection system. 

Elemental Analysis 

Elemental analyses of all char samples and of the PSOC 1451D tars have been performed. 
However, analysis of the 1516D tars was not possible due to the limited amounts of 
sample which cwld be collected and saved for this coal. The elemental composition of the 
chars and tars are given in Table VII. The reported results are average values for 3-5 
replicate analyses of each sample. These results are in excellent agreement with previous 
results at UTRC using a smaller size cut of the Vortec separated "D" coals (63-75 pm). In 
particular, the tars are hydrogen-rich and heteroatom-poor relative to the parent coal (Fig. 
46. The hydrogen content of the tars approaches that of the parent coal with increasing 
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extent of devolatilization, whereas tar nitrogen content remains nearly equal to that of the 
parent coal. 

TABLEVL 

ENTRAINEDFLOWREAC"0REXPERXMENTS 

* NM - Not Measurable - Volatile yields too low to measure reliably with ash tracer 
technique. (Mass loss in heated grid experiments at similar final temperature is 5-6%.) 



TABLEVIL 

CHARAND TARELEMENTALCOMPOSITIONS 

I I 
507 85.02 1 6.40 1.63 6.95 0.90 1.16 0.99 0.66 

7% 85.70 I 5.82 1.78 6.70 0.81 1.06 1.08 0.64 
660 85.12 f 5.91 1.77 7.20 0.83 1.07 1.07 0.69 

895 86.38 1 5.60 1.80 6.22 0.78 1.02 1.09 I 0.59 
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EFR Product Yields 

Mass loss values calculated using the ash tracer technique are given in Table VI. These 
mass loss results are in agreement with data obtained under two previous UTRC 
investigations utilizing identical experimental conditions (Figs. 47, 48). Total volatile 
yields for PSOC 145 1D obtained in the current investigation are compared with EFR data 
acquired in 1989 (Ref. 24) for 20-30 bm particles in Fig. 47. The apparent plateau in 
volatiles yield between 650-800°C is again observed. Results for zero hold time (ZHT) 
heated grid (HG) runs are also shown. The HG experiments were conducted in one 
atmosphere helium and utilized a heating rate of 1000°C/s. The heated grid yields show a 
steeper temperature dependence near 600°C than is observed in the EFR. Current results 
for total volatile yields for PSOC 15 160 are compared with EFR data acquired in 199 1 
(Ref. 32) for 63-75 pn particles in Fig. 48. 

The FT-IR spectra fiom the EFR experiments have been quantified to obtain light gas 
yields. Results for the IR-active gases are given in Table Vm. Ethane and benzene were 
not detected in any of the runs. Relative yields of the light gases are plotted in Figures 49 
and 50 for PSOC 1451D and 1516D, respectively. Relative yield data for 20-30 pm 
diameter particles of PSOC 1451D obtained in 1989 (Ref. 24) are given in Fig. 5 1. Data 
for 63-75 pm particles of PSOC 1516D fiom 1991 (Ref. 32) are plotted in Fig. 52. The 
relative yields given in Figs. 51 and 52 were calculated by normalizing the data by the 
yield observed at the highest EFR temperature run (1241OC wall temp.; 1053OC gas 
temp.). Since, experiments were not conducted at this temperature for the present 
investigation, the relative yields in Figs 49 and 50 have been normalized to match those of 
the previous investigations at the 1058OC wall temperature (895OC gas temp.) condition. 

The light gas yields obtained in the present study, using 75-106 pm particles, are in 
excellent ajpement with results obtained for the same d s  in previous investigations in 
this laboratory. The gas yields are dominated by methane and ethylene at gas 
temperatures below 660OC. Yields of hydrogen cyanide and acetylene increase 
substantially at peak EFX gas temperatures above 800OC. 
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Calorific Values 

Microbomb calorimeter measurements of the heats of combustion of the parent coal, char 
and tar samples have been performed. The raw and ash corrected calorific values of the 
samples are given in Table IX. Note that, for PSOC 1451D, the 75-106 pm size cut used 
in this investigation has a much higher ash content (13.9%) than the 63-75 pm size cut 
(4.09%) used in previous DOE-funded investigations at UTRC (Refs. 24, 32). However, 
the ash corrected calorific values for the parent coal and char samples are within 2% of 
those determined in the previous investigation. The ash content of the larger size cut 
samples of PSOC 1516D is also somewhat higher (20.0% vs. 16.8%). The ash corrected 
calorific values agree within 5% to the results for the smaller particle size samples. The 
consistency of the microbomb calorimeter results between the two investigations 
provides further support for the repeatability of the UTRC entrained flow reactor 
experiments. 
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TABLEIX 

CALORIFIC VALUES OF PARENT COAL, CHAR AND TAR SAMPLES 

GAS TEMP (01 CORRECTED I (P E-ME) 
(BTU/lb) (BTU/lb) 

1451D 507 15100 15100 - 
1451D 660 15 143 15143 - 
145lD 7% 15150 I 15150 - 
1451D i 895 14895 14895 I - 



7.2 Heat of Thermal Decomposition 

The heat of decomposition will be determined by application of Hess's Law to 
measurements or estimates of the heat of combustion of the parent coals and each of the 
products of devolatilization. Hess's Law states that the enthalpy change for a reaction is 
equal to the sum of enthalpy changes for individual reactions that can be added together to 
give the desired reaction. Thus adding, 

> coal --------- AH&C 

results in the equivalent reaction: 

Char +tar + C p i  

combustion products 

combustion products 

combustion products 

combustion products . 
Therefore, the heat of decomposition is given by: 

where f id is the mass fraction yield of the ith product. 

Results for a HVA bituminous mal (PSOC 145 1D) as a function of extent of reaction are 
presented in Table X. The dculations are based on rawy UIlcOrrected values for the heats 
of combustion of the parent coal and char samples detemined in the microbomb 
calorimeter. The "AHc&" and "AHm" columns in the table are f E% AH ::$ and 
ftar cod AH:& , respectively. The total gas yields are the sum of the five IR-active 
species quantified with the FT-IR: CHq, C2H4, C2H2, CO, and CO2 plus 1.62% H20. 
Other species such as benzene and hydrogen cyanide are observed only at low levels and 
can be neglected in this analysis. Since H20 was not measured it is estimated as equal to 
the equilibrium moisture content of the coal. The heats of combustion of the chary tar and 

101 



light gases are plotted cumulatively in Fig. 53 as a h c t i o n  of extent of reaction. Also 
shown is the heat of combustion of the parent coal and the heat of decomposition 
determined by difference. The resulting heat of decomposition is endothermic at low 
extents of reaction and increases to about 460 cal/g at the 66OOC gas temperature 
condition. The heat of decomposition then decreases to near zero at the maximum extent 
of reaction. These data imply that early in the devolatilization process endothermic bond 
breaking reactions predominate whereas at large extents of reaction endothermic bond 
scission reactions and exothermic reactions are in approximate balance. 

TABIEX 

HEAT OF DECOMPOSITION OF PSOC 1451D 

GAS % MASS CHAR CHAR AHchar % TAR TAR TAR AHtar 

(C) (raw) (BTUlLB) (kcallg) (kcallg) (BTUlLB) (kcallg) (kcal/g) 
TEMP LOSS 

(raw) 

Parent 0 12554 6.9750 6.9750 0 
Coal 
5 0 7  14.91 12602 7.0017 5.9577 12.26 15100 8.3896 1.0286 
660  29.11 12895 7.1645 5.0789 25.86 15143 8.4135 2.1757 
796 27.20 12208 6.7828 4.9379 I 23.45 15150 8.4173 1.9739 
a95 41.02 11294 6.2749 I 3.7010 I 37.00 14895 8.2757 3.0620 

1 
GAS TOTAL Z(f'AH ) 

TEMP % CH4 96 C2H4 % C2H2 gar AHdec %CO % C02 GAS 

(C) (%) (kcallg) (kcallg) 

5 0 7  0.89 0.05 0 0 0.09 2.65 0.1244 0.1357 
660  1.21 0.1 5 0.0 1 0 0.26 3.25 0.1802 0.4598 

, 796 1.60 0.1 8 0.04 0.20 0.1 1 3.75 0.2441 0.1808 
895 1.56 0.24 0.09 0.10 0.4 1 4.02 0.2496 0.0375 

Heat 13.30 12.04 11.95 2.42 0.00 

W20)  

YIELD 

Comb.: 
(kcal/g) 

liq. 
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8.0 Task 6 - SDec ific Heat and Heat o f Fusion of Tars 

The objective of this task is to measure the specific heat and heat of fusion of tars over 
the temperature range from 25°C to 3OO0C, before the onset of significant mass loss. 
PSOC 1451D has been devolatilized in the EFR to various extents of reaction. The 
chemical characteristics of the resulting tars were described in Section 7.1. Sets of 2-4 
replicate heated grid runs for each tar were performed. The raw data were analyzed using 
the analysis method described in Section 3.6. The resulting effective heat capacity curves 
for each tar are shown in Figs. 54-57. Also, shown in the figures are average heat 
capacities for each tar sample calculated by performing a cubic spline fit for each replicate 
run and averaging. For the 507°C tar, two of the three replicate runs were discarded due to 
anomalous results. Results for the other three tars show run-to-run variability within a 
15-25% band around the average for each tar. 

The area under the effective heat capacity curves, integrated from zero, represent the total 
enthalpy of the tars. Integrations &om 20 to 300OC and 300 to 7OOOC are given in Table 
XI-A. The heat of fbsion can be found by defining a baseline which represents the 
underlying specific heat of the tar sample and integrating the area above the baseline. A 
baseline was constructed for each tar using a correlation for the specific heat of tars from 
the Coal Tar Handbook (Ref. 33): 

cp =-- 0.413 + 0.00093 T 
4 0  

where C, is in CaVg-K, du, is the density at 20°C in g/ml, and T is the temperature in "C. 
The handbook values were adjusted by adding an offset to match the UTRC data near 
room temperature. The offsets used are: -0.0905, M.053, -0.081, and -0.032 for the 507, 
660,796, and 895OC data, respectively. A density of 1.10 g/d was used in all cases. Note 
that the correlation is strictly applicable only up to about 2OO0C, but is extrapolated here 
to 300°C. 

The area under the effective heat capacity curves above the baseline was integrated to 
obtain the enthalpy change over an& above the nominal specific heat (Table XI-A). The 
value obtained in this manner is an approximation for the heat of fusion of the tar since 
the true specific heat of the tar under high heating rate conditions was not measured 
separately. The results for the 660°C tar, at 100 cal/g, are about two times that for the 
other tars implying that significant endothermic reactions are'occurring in addition to the 
change of phase. 

The average heat capacities for the four tars are compared with the handbook comelation, 
without offset, in Fig. 58. The effective heat capacity curve for the 507OC tar has two 
peaks indicating two distinct endothermic events, the first between 150-220°C and the 
second between 225-275°C. This is consistent with our observation of the onset of 
melting at about 120°C in the recorded images of the experiments. The individual runs for 
the higher temperature t a r s  also show distinct peaks but the sharpness of the peaks 
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decreases with increasing temperature (extent of reaction). Note also that this observation 
is masked by the smoothing effect of the averaging technique employed. The effective 
heat capacity of the 66OOC tar is significantly higher than the others indicating a higher 
combined specific heat and heat of fusion. The higher specific heat capacity is most likely 
due to a combination of factors, including higher hydrogen content, lower molecular 
weight and less polar structure than the higher temperature tars. 

The contribution of the heat of hsion of the tars to the overall heat of devolatilization of 
the parent coal is given in Table XI-B. These values are calculated simply by multiplying 
the tar heat of ksion by the tar yield as mass fraction of parent coal. Also shown in the 
Table is the contribution from the heat of vaporization of the tars, which is described in 
Section 9.0. 

ENTHALPY OF PSOC 1451D TARS 

A. TAR HEAT OF FUSION AND HEAT OF DEVOLATILIZATION 

I I I 1 I 52.6 111.6 895 188.5 255.9 I 

B, CONTRIBUTION OF TAR TO OVERALL HEAT OF DEVOUTILEATION 
OF PSOC 1451D PARENT COAL 

INTEGRATED FROM ZERO INTEGRATED ABOVE 
BASELINE 

t a r  

coal 
EFR TAR f AH2S-300"C A H  300-700°C AH25-300"C AH300-700"C 
SAMPLE 

"c (raw) (cal/g-coal) (cal/g-coal) (cal/g-coal) (cal/g-coal) 

I 17.9 5 0 7  0.1226 1 20.0 27.1 5.5 
660  0.2586 66.7 82.3 25.8 50.5 
796 0.2345 40.8 69.0 12.1 40.1 
895 0.3700 69.7 94.7 19.5 41.3 
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HEAT CAPACITY AND HEAT OF FUSION OF PSOC 1451D TARS PRODUCED AT 660 C 
IN THE UTRC-EFR 
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HEAT CAPACrrY AND HEAT OF FUSION OF PSOC 14510 TARS PRODUCED AT 895 C 
IN THE UTRC-EFR 
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f Tars from R a u e a t i w  

The objective of this task is to determine the heat of vaporization of tar samples over the 
temperature range from 3OOOC to 7OOOC using the HG and tar samples generated in the 
EFR. The mass loss vs. temperature characteristics of the tar samples were estimated 
from the available data (Fig. 59). The mass loss c w e s  are needed to process the heated 
grid data to obtain heat capacity values. The net heat of vaporization of tar will be 
determined indirectly as the difference between the measured overall heat of vaporization 
of the tar sample above 3OOOC and an estimate of the heat capacity of the tar remaining on 
the grid, 

The estimate for heat capacity of the tar is obtained by extrapolating the low temperature 
specific heat correlation described above in Section 8.0. Insufficient tar sample was 
available to separately measure the heat capacity and heat of fusion of the tars which 
remain on the grid after an initial vaporization experiment. Obtaining this data would 
require performing a series of experiments to increasing final temperatures and 
subsequently measuring the heat capacity and heat of fbsion for the remaining residue. 

Effective heat capacity curves for sets of 2-4 replicate! runs along with averaged curves are 
shown in Figs. 60-63 for each tar sample. Again, for the 507OC tar, two of the three 
replicate runs were discarded due to anomalous results. Results for the other three tars 
show run-to-run variability within a 15-25% band around the average for each tar. The 
average effective heat capacities are compared in Fig. 64. The baseline shown is, again, the 
correlation obtained from Ref. 33 up to 300OC with a constant value of 0.660 cal/g-K used 
from 300 to 700OC. Values for the enthalpy change of the tars over the 300-7OO0C 
temperature range are given in Table XI-A. These enthalpy changes represent the heat of 
devolatilization of the tar samples, including the heat of vaporization and heat of reaction 
of the tars. The heat of dwolatilization of the tars is observed to first increase, reaching a 
maximum of 204 cal/g at 66OoC, and then decrease with increasing extent of reaction 
(increasing EFR peak gas temperature used to generate the tar sample). 

Estimates for the heat of vaporization can be obtained by application of Trouton's Rule 
which states that the entropy of vaporization for non-hydrogen bonded and non- 
associated compounds is constant at 21 d m o l - K ,  
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Specific enthalpies of vaporization obtained using values for the number average 
molecular weight determined by size exclusion chromatography and mean boiling 
temperature calculated as the average temperature during significant mass evolution 
(300OC to the peak EFR gas temperature) are given in Table XII. 

TABLEXIL 

HEAT OF VAPORIZATION OF TARS ESTIMATED FROM TROUTON'S RULE 

I 507 I 404 1 410 1 35 1 
t 

~~ 

660 I 480 I 430 I 37 1 
796 548 460 37 
895 598 470 39 

As mentioned previously, the specific enthalpy of vaporization is nearly constant for 
compounds within a compound class, generally varying from 30-60 CaYg for diphatics to 
75- 100 calls for aromatics. The heats of vaporization estimated using Trouton's rule are 
about a factor of two lower than would be expected given that the tars volatilized from 
this coal are primarily aromatic in character. The heat of devolatilization of the 660°C tar 
measured in the heated grid is over a factor of two higher than the 75-100 cal/g of a pure, 
non-reacting aromatic compound. Cleady, additional bond breaking reactions are Occurring 
and contributing to the overall magnitude of the endotherm. If an assumed constant tar 
heat of vaporization of 100 cal/g is subtracted from the measured tar heats of 
devolatilization, au estimate for the meau bond dissociation energy is found to range from 
4 to 104 d g .  The lower temperature tars contain a significant fiaction of thermally liable 
bonds remaining after the devolatilization of the tar from the parent coal in the EFR. The 
decreasing hydrogen content of the tars as a fbnction of extent of reaction reduces the 
available sites for hydrogen bonding, but this can only account for about 20 cal/g. At the 
other extreme, if all the hydrogen in the tars is covalently bound, approximately 3000 
caVg would be required to dissociate the bonds. Of course, there is a wide range of bond 
types in the tars, in particular, carboxylic and phenolic functional groups are observed in 
FT-IR spectra of the low temperature tars. The magnitude of the endotherm measured 
requires only that the weakest fraction of the available bonds types undergo dissociation 
during the tar evolution process. In summary, the difference between the measured heat of 
devolatilization and estimated heat of vaporization, implies that significant endothermic 
reactions are occurring during the tar vaporization process in the heated grid. 
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The contribution of the heat of devolatilization of the tars to the overall heat of 
devolatilization of the parent coal is given in Table XI-B. When combined with the 
contribution from the heat of fusion of the tars, described in the previous section, the 
magnitude of the endotherm due to the tar ranges from about 20 to 80 cal/g-coal. A 
complete comparison of the measured overall heat of devolatilization with that calculated 
by summing the contributions of each of the products of devolatilization as a function of 
extent of reaction is described in Section 1 1 .O. 

115 



c 
c 
ch 

MASS LOSS FROM EFR TARS RE-VAPORIZED IN THE HEATED GRID AT 1000 C/S 

100.00 , 
0 

--*.-.*...-.*..- ........ 
........ ,.........*...do. ......... I ............................ 

0 %  
v:------ 

*..-** .." 75.00 - *.-• .-. 8.' 
,.'* . 

r e  i 
,; ,.(',' 

. >. >- 2- Y ,.** .- ,.*;c* . : ** (. , . ,  
i 4 ' 0  50.00 - r , :  , * r  

; /  r :  ; /  ;; 

25.00 - i : j,' 

. ,  
1 .  ; I  : .  ) ' I  

i :  
i .  ; /  

: a  : ; /  

/,: .*I 
j :  .I/ 
: .'/ ,.' : :, 

f :.+ .<-/.e &. 
0.00 I I I I 

0 250 500 750 loo0 1250 

0 Tg=507C 

0 Tg=660C 

0 Tg=7%C 

A Tg = 895 C 

.................... 507 C f i t  

660 c fi t  

796 C f i t  

895 C f i t  

-.-.-.-.-. 
- - - - -  



3.5 

3 

2.5 

Y 2  
n 

en 
m u 

u 

2: 

P 1.5 
Y 

1 

0.5 

0 

EFFECTIVE HEAT CAPACITY OF PSOC 1451 D TARS PRODUCED AT 507 C IN THE 
UTRC-EFR 

\ 

DH-970 cal/g b 
I 
I 

1 
I 

1 1 1 I I 
1 I i 

0 100 200 300 400 500 600 700 800 

TEMPERATURE [C] 



EFFECTIVE HEAT CAPACITY OF PSOC 1451 D TARS PRODUCED AT 660 C IN THE 
UTRC-EFR 

DH=1077 caVg . 
-+-----; I I 1 1 

100 200 300 400 500 600 700 800 

I 
I 

1 1 0 

0 

TEMPERATURE [C] 

Run 2 

Run 3 

Run 4 

AVERAGE 

. _ _ _  ~ - - - -  

- - - - - - - 

L baseline 



FIG. 62 

I I , t I I t I 

0 
5: 

0 
0 

N 
9 

c c 

0 
0 

0 
v! 

0 
0 

0 
9 

0 x 

0 
0 m 

0 
0 
P 

0 
0 
N 

0 
0 
c 

0 

119 



EFFECTIVE HEAT CAPACllY OF PSOC 14510 TARS PRODUCED AT 895 C IN THE 
UTRC-EFR 
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10.0 Task 8. Snecific b t  Of Char Samnla 

The objective of this task is to measure the specific heat of coalkhar as a function of 
extent of devolatilization. PSOC 1451D has been devolatilized in the EFR to various 
extents of reaction. The chemical characteristics of the resulting chars were described 
previously (Section 7.1). A series of heated grid experiments have been performed to 
determine the mass loss of these partially devolatilized char samples as a function of final 
temperature. The raw data and sigmoid curve fits are plotted in Fig. 65. The mass loss 
curves are needed to process the heated grid data to obtain heat capacity values. Next sets 
of three replicate heated grid xuns for each char were performed. The raw data was 
analyzed using the analysis method described in Section 3.6. The resulting effective heat 
capacity cunres for each char are shown in Figs. 66-69. Also, shown in the figures are 
average heat capacities for each char sample calculated by performing a cubic spline fit for 
each replicate run and averaging. Note that for the 507OC and 7%OC chars one of the three 
replicate runs was discarded since the results were anomalous. The run-to-run variability 
is within a 10.15% band around the average for each char. 

The average heat capacities for the four chars are compared with that for the parent coal, 
graphite, and the Merrick model in Fig. 70. The heat capacity of the 507OC char tracks 
that of the parent coal up to about 500°C at which point the coal exhibits a much steeper 
rise in heat capacity due to its correspondingly steeper mass loss vs. temperature curve. 
The other chars are observed to have higher heat capacities than the parent coal. Structural 
changes during devolatilization, primarily bond breaking, result in increased degrees of 
freedom and correspondingly higher heat capacity. All four chars exhibit an endothermic 
peak near 200°C with the magnitude of the peak exhibiting the order 796OC > 895OC - 
66OOC > 507OC. The 660°C, 796OC and 895OC chars are cenosphereq while the 507OC 
char is not. The thin shell of the cenospheres present a smaller mass transfer resistance to 
tar evolution resulting in higher mass loss at low temperatures. The higher measured 
effective heat capacity is a consequence of the heat of vaporization required to evolve this 
tar mass. 

The effective heat capacity curves can be integrated to obtain the enthalpy of the chars 
from 20 to 7OOOC. Integrations from zero are summarized in Table XIII-A for the four 
chars and the parent d. These results are scaled by the fraction of coal which is char for 
each of the EFR experiments to give the contribution of the char enthalpy to the overall 
heat of devolatilization of the parent coal in Table XIII-B. These results will be used in 
Section 11 .O fof comparison of the measured overall heat af devoIatilization with that 
calculated by summing the contributions of each of the products of devolatilization. 
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TABLEMIL 

ENTHALPY OF PSOC 14510 CHARS 

k CHAR HEAT OF DEVOLATILIZATION 

INTEGRATED 
FROM ZERO 

EFR CHAR A H 2 5 - 7 0 0 0 ~  

“c (callg-char) 
SAMPLE 

Parent Coal 346.6 
5 0 7  345.6 I 

441.2 
509.0 
438.8 

B. CONTRIBUTION OF CHART0 OVERALL HEAT OF DEVOLATKLIZATION 
OF PSOC 1451D PARENT COAL 

INTEGRATED 
FROM ZERO 

EFR CHAR AH2 6-70 O’C 
SAMPLE 

“c ( raw)  (cal/g-coal) 

0.8509 294.1 
0.7089 31 2.8 
0.7280 370.6 

895 0.5898 258.8 

124 



c 
N 
VI 

MASS LOSS FROM PARTIALLY DEVOLATILIZED CHARS 
IN THE HEATED GRID APPARATUS 

40 

20 

10 

0 
200 400 800 600 

FINAL GRID TEMPERATURE (C) 

1000 



0.9000 

0.8000 

0.7000 

0.6000 
c n 
I4 
rn 0.5000 

\ - 
(II 
V 

0 
n 0.4000 

0.3000 

0.2000 

0.1000 

0.0000 

EFFECTIVE HEAT CAPACIW OF 507°C CHARS 

/ .  / 
AUG13001 507 

AUG13002507 

AVG 507 

- - _ _ -  

- - - - - - - - - 

I 1 I I I I 
I 

I 
I 

I 
I I 

800 0 100 200 300 400 500 600 700 z 
P TEMPERATURE [C J 



FIG. 67 

3 
4 I u 
u 
k 

0 
0 .- 

c 
0 
0 
M 

w 
v) 

k 
0 
a3 
N 

w 
v) 

k 
(D 

CY > a 

I I I I I 1 I I I I 

0 
0 
0 
T 
c 

0 
0 
0 

0 
0 
0 
9 
c 

0 
0 
0 

0 
c9 

0 
0 
0 
u> 
0 

0 
0 
0 

0 
? 

0 
0 
0 

0 
Y 

0 

-2 

0 
0 
b 

0 
0 a 

0 
5: 

0 
0 e 

0 
0 
Cr) 

0 
0 
N 

0 
0 
c 

0 

0 
0 
0 

0 
9 



1.4000 

1.2000 

1 .oooo 
n 

CJI 

m 
0 

0 

0.8000 
L 

p 0.6000 
U 

0.4000 

EFFECTIVE HEAT CAPACrrY OF 796°C CHARS 

/ 

I I I I I 
1 I 

I I I I 

0 100 200 300 400 500 600 700 800, 

TEMPERATURE [C] 

1 0.2000 

0.0000 -----+- 

SEPT3002 796 

SEPT7001 796 

AVG 796 

- - - - -  

- - _ _ _ _ _ _ _  



v) 

4 u 
u 
m ar 
00 

\ 
\ '. 

\ 
\ 
\ 

\ 
\ 

t w 
U 
LL 
W 

t I I I I 
I I I I I I 

I I I 

0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0  

c 7 c v - 0 0 0 0 0  
C 9 ? ? 9 a 3 ? d . " 9  

129 

FIG. 69 

0 
0- 
Q) 

0 
0 
b 

0 
0 * 

0 
0 m 

0 
0 
c 

0 
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11.0 Task 9. C o m g W n  of D irectlv M e w  red Heat of Devolat ilization and 

The objective of this task is to determine the heat of devolatilization for PSOC 1451D 
based on independent measurements of heat of decomposition (Task 5), specific heat and 
heat of fusion of tars (Task 6), heat of vaporization of tars (Task 7), and specific heat of 
coal/chars (Task 3 and Task 8). This value is compared and contrasted to the directly 
measured heat of devolatilization values obtained in Task 4. 

The heat of decomposition of PSOC 14511) has been determined at four extents of 
reaction using matched tar and char samples generated in the UTRC entrained flow 
reactor. These measurements represent the integrated heat of reaction of the coal up to the 
the extent of devolatilization obtained for each set of samples. The results were presented 
in Section 7.2, Table X and are repeated in Table XIV for the present analysis. The 
effective heat capacities of the char and tar samples were measured using the HG-DTA 
apparatus as described in Sections 8.0,g.O and 10.0. The heat capacity curves have been 
integrated from 25OC to the final temperature at which the tar and char samples were 
generated in the EFR. These calculations could only be performed for the two lowest 
extents of reaction (reactor peak gas temperatures of 507OC and 66OoC), since the 
maximum temperature acheived consistently for all samples in the HG-DTA was 700OC. 
The resulting char and tar enthalpies along with their mass fraction yields in the EFR are 
given in the lower half of Table MV. The contributions of the char and tar enthalpies to 
the overall heat of devolatilization of the coal is presented in the upper half of the Table. 
The enthalpy content of the light gas products (Table X )  at the two final temperatures 
was obtained from the JANAF tables and entered in Table XIV. Finally, each of the 
component contributions is summed to obtain the thermodynamic function determined 
value for the overall heat of devolatilization of the coal. 

The overall heat of devolatilization can also be obtained directly from the HG-DTA 
measurements for the parent coal. The results were given in Section 6.0. However, the 
integration of the effective heat capacity curve is repeated here using upper limits of 
507OC and 66OOC to allow direct comparison with the thermodynamic function 
determined values. The direct measurements at 507OC and 66OOC are 60% and 35%, 
respectively, of the thermodynamic function determined values. The severity of the 
difference is much larger at the point of peak tar generation (660OC). The much larger heat 
of decomposition contributes substantially to this difference although the tar enthalpy is 
also significantly higher. 

A portion of the contributions to the overall heat of devolatilization attributed to the 
chars and tars are additional heats of devolatilization during the reheating of these samples 
in the HG-DTA experiment. The 660°C chars, for example, undergo additional mass loss 
with an estimated heat of devolatilization of 65 cal/g-coal. The 66OOC tar has a heat of 
devolatilization of 189 cal/g-tar. If 100 callg-tar is attributed to the heat of vaporization, 
the remaining 89 cal/g-tar (23 cal/g-coal) is a heat of decomposition resulting from the 
additional reactions occurring during the re-vaporization of the tar in the HG-DTA 
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experiment. When these additional heats of reaction are subtracted from the char and tar 
enthalpies, the resulting thermodynamic function determined value for overall heat of 
devolatilization at the 66OOC condition is reduced by 88 cal/g to 819 cal/g-coal, still many 
times higher than the directly determined value. 

The observed large differences in the two estimates for heat of devolatilization illustrates 
the dificulties inherent in attempting to measure thermodynamic properties in a dynamic, 
kinetically limited system. The heated grid reactor can supply only a limited heat flux to 
the sample via. joule heating of the grid substrate, whereas the UTRC-EFR supplies a 
much higher heat flux radiatively from hot walls. The coal particles respond to the higher 
available heat flux by undergoing significantly more endothermic bond scission reactions. 
The results imply that the heat of devolatilization is dependent on the reaction pathway 
followed by the coal in a particular heat transfer environment. 

TABLEXIV. 

COMPARISON OF DIRECIZY MEASURED HEAT OF DEVOLATILIZATION 
AND THERMoDyNAMlC FIMCX'ION DETERMINED VALUE 

Unlts EFR Temp. (C) 

Contribution of 5 0 7  6 6 0  
Components to Overall 
Heat of Devolatilizatlon: 

Char Enthalpy ( 25"C-Tf) (cal/g-coal) 200.4 289.5 
Tar Enthalpy ( 25-300°C) (cal/g-coa I) 20.0 66.7 
Tar Enthalpy (300°C-Tf) (callg-coal) 16.2 78.8 

Heat of Decomposition (cal/g-coa I) 135.7 459.8 
Light Gas Enthalpy (cal/g-coal) 7.1 12.1 

Overall Heat of 
Devo lat ilizat io n: 

by Summation: (cal/g-coal) 379.4 906.9 
1 

by Direct Measurement: I (cal/g-coal) 227.0 31 7.7 
I 

Component Enthalpies: 
Char Enthalpy ( 2 5" C-Tf ) (cal/g-c h ar) 235.5 408.4 
Tar Enthalpy ( 25-300"C) (cal/g-tar) 163.1 257.9 
Tar Enthalpy (300OC-Tf) (cal/g-tar) 132.2 304.6 

Component Mass 
Fractions: 

char (raw) 0.8509 0.7089 
tar (raw) I 0.1226 I 0.2586 
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0 Task 10. veal Ch-tion of Coal/Cbr W e s  as 8 . .  .. . of Dev- 

This task was performed under subcontract to the University of Pittsburgh under the 
direction of Prof. George Klinzing. The overall objectives of this task are to characterize 
statistically representative samples of coalkhar particles as a hnction of extent of 
devolatilization. The measured morphological properties include bulk density, true 
density, porosity, C02 surface area, pore volume distribution, particle size distribution, 
and particle shape analysis. These characteristics, which are relevant to particle reactivity, 
are needed inputs to char combustion and burnout models. 

12.1 Bulk Density 

Bulk density was determined by measuring the volume of a known weight of the sample 
in a small measuring cylinder. The sample was poured in slowly to avoid any unusual 
compaction and a volume reading obtained. The results are given in Table XV. The bulk 
density is highest for the parent coal and decreases with extent of reaction, due to the 
expulsion of the volatiles and the formation of cenospheres. The bulk densities measured 
here for PSOC 1451D are in excellent agreement with results for chars generated in the 
SANDIA entrained flow reactor wing a larger size cut of the Same coal (Ref. 24). 

TABIXXV. 

BULK DENSITY OF PARENT COAL AND CHARS 

PSOC 1415D 

EFR Run Peak 

Gas Temp. (C) 

Bulk density (g/cc) 

Parent Coal 0.638 

507 0.334 

660 0.200 

796 0.134 

895 0.130 

GasTemp.(C) 1 
I 1 

Parent Coal I 0.673 I 
0.306 

0.146 

0.096 

895 I 0.08 1 I 
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12.2 True Density 

True densities of the parent coal and char samples were determined using a Quantachrome 
Helium pycnometer. Four to six runs were carried out for each sample. Samples were 
weighed and put in a cell in the instrument. Degassing was done in situ at about 6-7 psi 
below atmospheric pressure for 2 hours at room temperature. Results obtained are given 
in Table XVI. The data for Pittsburgh #8 coal and chars are plotted in Figure 71. Error 
bars are included which are based on one standard deviation. Figure 72 shows the data for 
the Lower Kittanning 4. Pittsburgh #8 coal shows a consistent increase in the density 
as a fbnction of extent of devolatilization. This is due to the expulsion of hydrogen-rich 
volatiles which are lighter, resulting in a higher density material being left behind. Lower 
Kittanning coal shows similar results except for a small initial decrease. 

TABLEXVL 

TRUE DENSITY OF COAL AND CHARS 

Run # 

1 

2 

3 

4 

5 

, 6  

Mean 
Std. 
Dev. 

PSOC 1451D Pittsburgh #8 

Coal - 
- 1.402 

1.387 

1.39 

1.393 

- 
- 
- 

1.393 
0.006 
- 

5 0 7 O  c 
Char 

1.434 

1.437 

1.441 

1.421 

- 
- 

1.433 
0.007 
- 

66OoC 
Chrr 

1.434 

1.432 

1.433 

1.465 

1.526 

1.538 

1.471 
0.045 

- 

- 

796'C 
Char 

1 SO6 

1.49 

1 SO4 

1.448 

1.478 

- 

1.485 
0.024 

895°C 
Ch ar 

1.578 

1.575 

1.576 

1.522 

- 

1.563 
0.027 

PSOC 1516D Lower Kittanning 

0.002 0.023 0.018 0.019 0.026 I I I I  
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FIG. 71 
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FIG. 72 
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12.3 Total Surface Area 

PSOC 1451D 
Pittsburgh #8 

Peak EFR Surface Area (mZ/g) ~rrelation 
-dent 

(96) 
Gas Temp. 

(C) 
Parent Coal 87 99.94 

99 99.99 507OC Char 
66OOC Char 142 99.77 
796OC Char 192 99.84 
895OC Char 195 99.99 

Total surface area was determined by using an ORR pore volume analyzer from 
Micromeritics corporation. Samples were degassed at 60°C and lO-4torr for 15 hours. 
Carbon dioxide adsorption w a s  carried out at 298K at 4 different pressures: 100,200,400 
and 600 torr. The pressure was allowed to stabilize for about 15 minutes before each 
adsorption. Thirty minutes were allowed for adsorption equilibrium to be established. 
Total surface area was then calculated using Polyani-Dubinin equation. The resulting 
surface areas along with the conelation coefllcients (expressed as percentages) for the fits 
are listed in Table XVII and plotted in Figure 73. 

PSOC 1516D 
L. Kittanning 

Surface Area (mZ/g) Correlation 
Coefficient 

(96) 
114 99.96 
104 99.99 
15 1 99.99 
177 99.82 
197 99.85 

Maloney (Ref. 34) conducted C02 adsorption experiments at 298K for different samples 
from the same coal seams as the study coals (PSOC 1099: Pittsburgh #8 and PSOC 1133: 
Lower Kittaning). Surface areas calculated from the Polanyi-Dubinin equation were 170 
and 220 m2/g (daf) for the HVA and LV coals, respectively. However, Maloney 
outgassed the samples for 16 hours at 1 10°C at a pressure of 10-5 torr. Even correcting 
the current results to a daf basis, the surface areas are significantly lower than Maloney's 
results. Apparently, outgassing temperatures above 6OoC result in rapid degeneration of 
the samples. 

The surface areas are observed to increase with extent of reaction. The surface area of 
Pittsburgh #8 rises more rapidly and then levels off. This may be due to its higher volatile 
content. The Lower Kittanning coal shows a small decrease initially and then increases 
steadily. The results are consistent with those of similar coals as reported in the literature 
(Ref. 35-40). 

C02 SURFACE AREAS FOR PARENT COALS AND CHARS 
Linear fit of Data to Polyani-Dubinin Equation 
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FIG. 73 
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12.4 Pore Volume Distribution 

An Aminco-Winslow mercury porosimeter was used to determine the pore volume 
distribution and internal porosity of the samples. The highest pressure available in the 
apparatus is 5000 psia. The smallest pore size measurable is 0.035 microns, and follows 
from the force balance equation, 

D = (-40 cos€)) / P 

where the contact angle is taken as 130 degrees for bituminous coals as suggested by 
Ritter and Drake (Ref. 41) and hrther confirmed in findings of Barrett, Joyner and Skold 
(Ref. 42). The resulting equation is, 

D = 175 / P  

where D is in microns and P is in psia. Samples are degassed to a vacuum pressure of 50 
microns of mercury and then mercury is introduced at increasing pressures. The results 
obtained are shown in Figures 74,75 and 76. 

The pore volume distribution curves pig. 74, 75) show the existence of two distinct 
slopes which are most likely the result of significantly different porosities of the gaps in 
between the particles and the pores within the particles. The transition becomes more 
gradual for the chars. (Note, in the figure legends: char 1=507OC, char 2=66OoC, char 
3=796OC, and char 4=895OC peak EFR gas temperature.) The use of this information for 
determination of the volume outside the particles, and from this volume an estimate of 
particle external d a c e  area is addressed in Section 12.7. 

Both coals initially show an increase in the total pore volume (Fig. 76) with extent of 
reaction caused by the expulsion of volatiles. At a later stage, there is a decrease in pore 
volume which has been suggested by Cameron and Stacy (Refs. 35,36) to be due to the 
formation of certain restrictions caused by swelling of the coal, thereby reducing access to 
the entire pore structure. PSOC 1516D, however shows an increase again after this stage 
which may indicate the removal of the constrictions at the higher temperature. Similar 
results have also been observed by Toda (Ref. 39). 
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FIG. 76 
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Microporosity and macroporosity for the parent coal and char samples have been 
calculated from the pore volume distribution measurements and are given in Table XVIII. 
The pore size corresponding to the sharp change in slope of the pore volume distribution 
indicates the transition from macropores to micropores owing to totally different 
characteristics of the two. Micropore and macropore volumes are calculated as the volume 
of pores below and above, respectively, the transition pore size. The relevant definitions 
are as follows: 

Microporosity (%) = 100 x [( 1/ particle density) - 1/ true density)] / (1/ bulk density) 
Macroporosity (%) = 100 x [( 1/ bulk density) - 1/ particle density)] / (l/ bulk density) 

TABLExVm. 

MI~OPOROSI'TY AND MACROPOROSITY 
OF COAL AND CHAR SAMPLES 

PSOC 1451D PSOC 1516D 

The consistent increase in macroporosity for both coals with extent of devolatilization is 
evidently due to swelling and formation of cenospheres. The increase in microporosity at 
the lowest extent of reaction is due to expulsion of volatiles and the opening up of more 
pores. The decrease in microporosity at higher extents of reaction may be associated with 
collapse of pore structure due to sofbning and swelling of the d. 

12.5 Particle Size Distribution Determinations 

The size distributions of the parent coal and char samples were measured using a 
microscope-based image analysis technique. The project plan indicated that a Leitz TAS 
plus image analyzer would be used for particle size and shape analysis using transmission 
microscopy. However, owing to continued operational problems experienced with the 
Leitz TAS plus image analyzer and inability of Leitz to rectify them it was decided to put 
together another image analysis system based on a PC. It has a much higher resolution of 
570x480 pixels. The system consists of the following: 
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Leitz microscope (existed already) 

CCD monochrome camera 

Data Translation DT 2867LC video card 

RGBmonitor 

Data Translation Global lab image sohare 

486 based PC 

Representative images of coal and char particles obtained using the image analysis system 
are presented in Figs. 77-82. As is evident, the coal particles are mostly angular in shape, 
whereas the char particles have a variety of non-angular shapes. In the early stages of 
devolatilization, unconverted coal particles can be seen along with cenospheres. Vitrinite 
softens first and shows bubble formations. With continued swelling and expulsion of 
volatiles, thin walled cenospheres result. The inertinite (shiny regions) resist bubble 
formation at lower temperatures. Ultimately softening and bubble formation occur in 
inertinite as well, but lead to the formation of thick walled cenospheres. Several collapsed 
cenospheres can also be observed. Similar structural changes have been reported in the 
literature previously (Ref. 35,43,44). 

For size determination, the c d c h a r  sample is prepared by dispersing a small amount of 
sample in a diluted surfactant solution. The sample container is then lowered into an 
ultrasonic bath for a brief time (about a minute). It is then taken out and under constant 
stirring a drop of the suspension is obtained, placed on a glass slide and covered with a 
cover glass. To prevent the sample from drying up, a few drops of Canada Balsam oil are 
poured around the cover glass. The slide can then be examined under the microscope using 
transmitted light. Particle edges are determined by thresholding the image at a given grey 
scale level. Touching particles are separated in the image manually by using the software. 
The centroid of each particle, and the distance from the centroid to all the points on the 
periphery for each particle are determined. The radial distances are averaged and then 
doubled to get the average particle diameter. Data for all the particles is collected from 
about 30-40 fields and then statistically classified. Roughly 3500 particles were analyzed 
for each sample. The number distributions are then converted into area or volume 
distributions with the assumption that the particles are spherical. Mean sizes based on 
area and volume are obtained as the 50% size on log-probability plots of the external area 
and volume, respectively. 

Cumulative size distributions for the parent coals and chars are given in Figure 83 and 84. 
Differential size distributions are given in Figure 85 and 86. The number based particle 
size statisitics from image analysis are given in Table XIX Mean sizes based on area and 
volume are given in Table XX. 
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FIG. 77 

Coal particles 
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FIG. 78 

Char Particles 
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FIG. 79 
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FIG. 81 
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FIG. 82 
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FIG. 84 
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FIG. 85 
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TABLEXIX 

NUMBER BASED SIZE STATISTICS FROM IMAGE ANALYSIS (pm) 

PSOC 1451D Pittsburgh #8 

PSOC 1516D Lower Kittaning 
b 

EFRPeak 

(c) 
Gas Temp. Parent Cod 507 660 796 %95 

Min. 2.82 2.82 2.82 2.82 2.82 
MaL 158.59 137.56 129.73 169.56 104.71 
Mean 9.06 9.98 10.51 10.06 10.14 

Std. Dw. 12.4 7.32 8.52 10.49 8.12 

TABLEXX 

VOLUME AND AREA BASED SIZE OF COAUCHARS 
, 

SAMPLE PSOC 1451D I PSOC 1516D 
Peak EFR Gas Volume based Area based Volume based Area based 

Temp. (CLm) (CLm) (Pm) (CLm) 
(0 

Parent coa 
507OC Char 

66OOC Char 

796OC Char 

895OC Char 

104.6 90.1 103.3 82.2 

89.6 41.2 29.15 19.7 

69.2 30.2 41.5 22.2 

62.1 30.7 31.7 21.1 

59.8 33.1 40.2 21.3 
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For PSOC 1451D the volume mean size decreases with increasing extent of 
devolatilization. At the higher extents of reaction, this is due to fragmentation of the 
particles. Some idea of the swelling and breakage can be obtained by examining the 
differential distribution cwve. The same is also true for PSOC 1516D, although the mean 
size does not decrease monotonically. 

12.6 Particle Shape Determinations 

Background 

The concept of a dimension called 'fractal' as a descriptor of shape was popularized by 
Mandelbrot (Ref, 45). Briefly, a fractal is the self similar constituent of a shape that upon 
replication can be made to construct the whole shape. Objects can have a fractal 
dimension which need not be a whole number but must be bounded between 0 and 3. In 
fact the concept of fractals were laid down even earlier by Richardson. In trying to 
measure the length of the coastline of Great Britain, Richardson argued that the result was 
a finction of the length of the measuring stick. If a log-log plot of total perimeter obtained 
vs. the length of the yardstick, a line with negative slope is obtained as shown in Figure 
87. The slope subtracted from one is the fiactal dimension and gives the rate at which the 
perimeter would become infinite as the length of the yardstick, became zero. Extensive 
literature is available in this field today (Refs. 22,23,46-50). 

Determination of the fiactal dimensions of shapes has been computerized now with the 
coming of digital technology. Flook (Ref. 51) and Schwarz and Exner (Ref. 52) have 
described the determination of fractal dimensions of shapes by use of coordinates by 
simple stepwise dilation of the image. Some typical fractal shapes are given in Figure 88. 

Kaye (Ref. 23, 53) has picked up on Mandelbrot's concept and has applied the concept 
of fractals to a wide variety of scientific and engineering phenomena. Kaye has done 
extensive work on relating products to the process. He has used the fractal analysis of 
products as the tool. This include determining the fie1 source from smoke particles, 
fractal analysis of filter media pores to determine filtrate characteristics or vice-versa, 
fiactal analysis of metal surface roughness to determine the manufacturing or finishing 
process and fractal analysis of paints to determine the manufacturing process and 
equipment used. These are only a few examples, fractal analysis can be applied to a wide 
variety of process data. 
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FIG. 87 
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FIG. 88 
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Present Analysis 

The dilation method proposed by Cantor is used in the present work. The outline of any 
shape can be considered to be made up of large number of infinitely small points. If a 
circle is drawn with radius h at each point along the shape outline, then a "tape" with 
width 22. results. The perimeter of the profile is then be equal to the tape area divided by 
2 L  If this is followed by dilation, the new area would be divided by 4k, and so on. At 
each stage more and more of the intricacy of the boundary would be masked. However, 
the tape width cannot be increased beyond about 1/3 of the profile as errors are then 
introduced. The smallest useable tape width is limited by the resolution of the image 
analysis system. Near the resolution limit of the system, non-linearity in the log-log plot 
of perimeter vs. 2k will be observed. This is simply because of the finite size of a pixel 
and the fact that the pixel is non-circular. In the present work, higher accuracy was 
attained by using the mean perimeters of the inside and outside of the tape and the tape 
area to calculate the stride length. This is a consequence of the square pixels in the image 
processing system. Ten steps of dilations were wried out for each particle profile. Both 
the abscissa and ordinate parameters were normalized by dividing with particle diameter. 

The dilation procedure was validated by measuring the fractal dimension of several 
standard fmctal forms. The measured fractal dimension of a circle was 1.OOO12 which is 
close to 1. Other fractal forms used were triadic and quadric Koch islands (Ref. 22). The 
method produces good results for these fractal forms as well, 

The principal drawback of the present image analysis system is that each particle has to 
be individually processed and the entire procedure is time consuming so that eventually it 
was necessary to limit the number of particles to 50 per sample. Typically particles 
about 50 micron and above were analyzed at a lower magnification (10x4) and those 
below 50 microns up to 20 microns were done at a higher magnification (32x4). Below 
this size, depth of field problems become appreciable enough to produce significant 
errors. It should be noted that the above magnifications produce a circular image in the 
camera plane approximately 1/3 of which is captured by the 1/2 inch CCD chip in the 
video camera. The overall magnification from the slide to the 13" monitor is very high, 
roughly 400X in the first case and 1300X in the second case mentioned above. Another 
constraint is that the image should be at least about 100 pixels in size for fractal analysis 
so that the pixel quantization noise is minimal. It is necessary to stop increasing 
magnification when the image quality on the monitor begins to deteriorate due to loss of 
adequate depth of field. 

As only 50 fractal dimensions were averaged per sample, compared to 3500 for the mean 
size, a higher degree of error can be expected if one were to take the mean fractal 
dimension as being representative of the material. The data obtained is given in Table 
XM. It is also depicted Pictorially in Figure 89 and 90. 
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TABLEXXT. 

FRACTAL DIMENSION OF PARENT COALS AND CHARS 

0.05040 
Min 1 .OO485 1.00220 1 .ow99 1.00272 1.01374 
Ma. 1.06726 1.10535 1.24189 1.31605 1.32283 

Std dev. 0.01375 0.01736 0.04219 0.05391 

For PSOC 145 1D there is a consistent increase in fractal dimension with devolatilization. 
This implies that the particle profiles are becoming less smooth and less rounded, that is, 
more intricate and irregular. The swelling and fiagmentation of the particles is responsible 
for this. The increase in the range of shape variations is also apparent from the increase in 
the standard deviation offractal dimension as a function of extent of reaction. 
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FIG. 90 
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Ceoosphere Development 

The development of cenospheres was investigated using polished sample mounts 
observed under reflected light using the Leitz microscope. To prepare the samples, 
W c h a r  was mixed thoroughly with epoxy binder. The binder was allowed to harden in 
paper molds of about 1 cm x 1 cm x lcm in size. The samples were cut on a low speed 
diamond saw to get a smooth flat surface and then molded onto PMMA cylindrical 
mounts. When fully set, a series of grinding and polishing steps were carried out to 
produce a very highly reflective surface. The sample is then examined under a Leitz 
microscope using reflectecd light and oil immersion lenses. 

Different gray levels identify different structural regions of the sample. The extremely 
shiny crystalline material is pyrite. The inertinite and carbon rich regions are less 
reflective. Most of the coal is composed of vitrinite, which appears dull gray. The dark 
material is either hydrogen rich exinite or clay. Each of the maceral types undergo 
different kinds of changes during devolatilization. 

Bubbles or voids are formed very quickly in the vitrinite. These also grow quickly and 
break the surface. Thin walled cenospheres result. Inertinite region shows cenosphere 
formation much later in devolatilization and growth is slower than in vitrinite. These 
generally form thick walled cenospheres or lacy cenospheres. 

12.7 External Surface Area 

The external surface area of the particles has been estimated by two methods. Both 
methods require the use of mercury porosimetry data and are therefore not independent. 
Both methods also assume spherical shapes for the particles involved. 

Determination by Mercury Porosimctry A semi-log plot of mercury penetration 
volume vs. pore diameter (Fig. 91) shows the existence of two linear regions indicating the 
presence of two different kinds of porosities. Oae is the pores between the particles and 
the other those within the particles. If it is assumed that the passages between the 
particles are circular or the voids are cylindrical, their surface area and thus the external 
surface area of the particles can be obtained. The point of demarcation is first determined. 
In each of the regimes, the points which best represent a straight line are first chosen. 
Then linear regression is performed for each section and the intersection point c is 
determined. If Va, Vb and Vc are penetrations for point a, b and c, respectively, on the 
plot in the Figure, then the pore volume inside the particles is given by Vb-Vc. Likewise 
the external pore vdume is given by Vc-Va. For a small penetration, a differential vdume 
element is given by, 
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and a differential surface area by, 

dS = 2mdL. 

These equations can be combined and integrated to give the surface area of the void space 
between the particles, 

The analysis has been applied to the parent coal and char samples and the resulting 
specific surface area vs. extent of reaction is plotted in Fig. 92 for both the HVA and LV 
coals. 

Determination by Image Analysis Size Distribution Data An alternative method for 
the estimation of external surface area makes use of the micropore volume determined by 
mercury porosimetxy and true density from helium pycnometry to obtain the particle 
density, 

Particle density = l/((Vb-Vc)+l/True density). 

Specific particle volume is determined as the reciprocal of particle density. From the 
image analysis volume distribution data, volume for each size class is determined by 
multiplying fractional volume with specific particle volume. This volume is then divided 
by one sixth the mean class size to give &ace areas for each size class, assuming the 
particles are spherical. The total external area is obtained by summing over all size classes. 
The results are plotted as a hction of extent of reaction in Figure 93. 

The swface areas estimated by the two methods are generally within a factor of two of 
each other. The first method shows that the external areas for both coals increase to a 
maximum and then decrease. The increase may be due to the formation of finer particles 
due to hgmentation of thin walled cenospheres. The decrease at high extent of reaction is 
probably due to the shrinking of particles during the later stages of mass loss. Both 
methods show similar behavior for the LV coal, however the behavior of the HVA coal is 
not as consistent. The difference in the magnitude of the calculated surface areas by the 
two methods is probably due to the assumption of cylindrical voids and spherical 
particles, both of which are not accurate as is shown by the micrographs and the fractal 
analysis. 
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FIG. 93 
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13.1 PSOC 1451D 

The thermodynamic properties of PSOC 145 1D measured using the HG-DTA apparatus 
can be put in a form suitable for use in coal devolatilization models. The measured low 
temperature specific heat of the parent coal has a temperature dependence which is quite 
similar to that given by the Merrick model, but a somewhat higher absolute magnitude. 
This is true at least up to the point of significant mass loss and the corresponding 
endotherm which is the heat of devolatilization. The Merrick model has been evaluated 
using the elemental compostion data as a function of extent of reaction obtained 
present investigation. The Memck model (Ref. 18) is given by the following 
equations: 

in the 
set of 

1987 
a 

c1 =-[g,(380/T)]+2g1(1800/ 2') ( d i g - K )  

C, = 0.180 + L40x1O4( T - 273.15) ( c d  / g - K) 
c3 =LOO ( c d / g - K )  

1 
Yc / 12+ YH / 1+ Yo / 16+ Y,, / 14+ Y, / 32 a =  (g 1 mor) 

gl(z)= e' 
((e' - 1 p  2)' 

C, cl ,c2 and c3 are the heat capacitites of the as-received coal, dafcoal, ash, and moisture, 
respectively. The temperature is in degrees Kelvin in the equations for cl and c2. Y1, Y2 
and Y3 are the mass fractions in the as-received coal of daf coal, ash and moisture, 
respectively. The average atomic mass of the coal, a, is defined in terms of the ultimate 
analysis, where Yc, YH, Yo, YN and Ys are the mass fractions of carbon, hydrogen, 
oxygen, nitrogen and sulfur on a daf basis, respectively. 

A good fit to the low temperature HG-DTA data is obtained by increasing the heat 
capacity of the daf coal, the cl component of the Memck model, by a factor of 1.25. A 
heat of devolatilization is then calculated by subtracting the total enthalpy given by 
integrating this modified Merrick model from the total enthalpy measured in the HG- 
DTA. Both integrations are pedormed from 550OC to 700°C, the lower limit being the 
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point at which the effective heat capacity w e  crosses the modified Memck model and 
the upper limit being the end point of the available data. The resulting heat of 
devolatilization is 32.5 cal/g-coal. It is important to recognize that this value represents 
the heat of devolatilization per unit mass of coal. The heat of devolatilization based on 
mass of volatiles evolved is obtained by dividing the above value by the volatiles yield on 
a raw, as-received basis. The resulting heat of devolatilization is 87 cdg-vdatiles. 

The results from the second, independent determination of the overall heat of 
devolatilization of PSOC 145 1D can also be cast into the same form as used above. Recall 
that the second determination method involved the summation of the enthalpies of the 
product components and the heat of decomposition, and that the resulting overall heat of 
devolatilization was many times larger that the directly measured value. Applying the 
same analysis as used above, the heat of devolatilization, per unit mass of coal, is 591 
cdg-coal and per unit mass of volatiles is 1619 cal/g-volatiles. Since, the EFR char and tar 
products undergo significant additional devolatilization in the HG-DTA experiments, the 
heat of devolatilization obtained by this method significantly overestimates the value 
relevant to the parent coal, at least in 1000°C/s heating conditions. 

The effective heat capacity of a given coal thermodynamic properties model, for a non- 
zero heat of devolatilization, will depend on the heating conditions and devolatilization 
kinetics model used. The two step devolatilization model originally developed by 
Ubhayakar (Ref. 54) and as modified by Fletcher (Ref. 55) is chosen since it is the 
simplest model which adequately reproduces the mass loss kinetics of PSOC 1451D in 
realistic heating conditions. The two step model is as follows: 

coal * y1V + (1-Yl)C 

coal * y 2 v  + (1-yz)C 

where "Coal" represents unreacted coal, V is volatiles and C is char. The factors y1 and y2 
are different yield factors for the two reactions. The values of the parameters determined 
by Fletcher for PSOC 14510 are: 

A1 (s-1) 3.75 x 10s 
E1 (kdmol) 17.6 
y1 0.53 
A2 (s-1) 1.46 x 1013 
E2 (k cal/mol) 60.0 

Calculations using the two-step kinetics model and a prescribed heating rate of 70O0C/s 
were performed to generate effective heat capacity curves for various thermodynamic 
models. The effective heat capacity is obtained by summing the specific heat and the 
product of the heat of devolatilization with the mass evolution rate. The thermodynamic 
models described above are compared here with the Memck model and the HG-DTA data 
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in Fig. 94. The devolatilization model does not exactly reproduce the mass loss kinetics 
observed in the HG, and therefore the endotherm associated with volatiles evohtion 
occurs at about 100°C lower temperature than measured in the HG-DTA. The agreement 
could be improved by fitting the devolatilizaation kinetic model, but the important point 
is that the modified Memck model with a heat of devolatilization of 87 cal/g-volatiles 
clearly reproduces the magnitude of the measured heat of devolatilization. Hence, this 
thermodynamic model is suitable for use in comprehensive coal combustion codes. 

The thermodynamic model was integrated into an existing UTRC model for devolatilizing 
cod particles (Ref 24). The code solves the coupled equations for particle temperature 
and modeled species for a variety devolatilization kinetics models and boundary 
conditions. The model includes radiative and conductive heat transfer, and allows for 
changing particle density and/or diameter. The two step devolatilization model described 
above was used. A coal particle diameter of 100 p, emissivity of 0.7, density of 1.4 g/cc, 
and inital particle temperature of 2OoC were specified. Simplified boundary conditions 
were chosen to approximately represent the primary zone of a coal fired furnace. The 
h a c e  wall and gas temperature were assumed equal and given a prescribed heating rate 
of lx 1@ 'CIS, an initial temperature of 2OoC, and a final temperature of 1200OC. The 
ambient gas was 1 atmosphere nitrogen, The calculated particle temperature profiles are 
plotted in Fig. 95. The use of the thermodynamic model developed in the current 
investigation (1.25 x Memck + A H D ~  = 87 callg) results in a predicted time lag in 
reaching lO0O'C of 0.015 sec relative to the original Memck model with no heat of 
devolatilization. This time lag is equivalent to a distance of 0.15 meters (0.5 ft) in the 
primary zone of a furnace with a typical mean axial velocity of 10 d s .  The 
thermodynamic model based on the second, indirect measurement of heat of 
devolatilization (1.25 x Memck + &w= 1619 d g )  yields a time lag of 0.10 sec, and 
a corresponding distance of 1 meter. 

A second set of particle temperature calculations, using a final temperature of 170OoC, 
were completed to approximate higher temperature primary zone conditions (Fig. 96). 
The particles are driven through the mass evolution process more rapidly due to the 
significantly higher available heat flux. The endothermic requirement of the heat of 
devolatilization is supplied on a shorter time scale under these conditions. The time lags 
between the different thennodynamic models are correspondingly shorter, 0.0025 and 
0.04 seam& for the 87 d g - v d  and 1619 caI/g-vol heats of devdatilization, respectively. 
This translates to distances of 0.025 and 0.4 meters for an axial velocity of 10 m/s. The 
length d e  becomes negligible (-1 ") for the 87 cab'g-vol case, but remains quite large for 
the 1619 dg-vol case. 

The importance of using a realistic thermodynamic model is apparent. For example, low 
NOx burners which utilize air-staging to control flame temperature will not run as 
predicted by a comprehensive code. An incorrect thermodynamic model can result in 
errors in the predicted location of the region of volatiles evolution, and therefore volatiles 
flame. Any burner designed to control mixing based on such predictions will operate off- 
design. 
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Effective Heat Capacity of PSOC 1451 D Calculated using Modified Merrick Model 
and Two Step Devolatiiization Kinetics 

1 .oooo 

0.8000 

P 
k 8 0.6000 
Y 

op 
0.4000 

0.2000 

f 

0.0000 I 1 I 1 I I I I 
1 I I I I I I 

0 100 200 300 400 500 600 700 800 

Temperature (C) 

Measured Values 

1.25xMerrick 

1.25xMerrick+DH=87 cal/g 

Graphite (JANAF) 

----- 

- - - - - - - - -  



I I 

\ 
\ , 
\ 
\ 
\ 
\ 
\ , 

\ 

\ 

\ 

\ 
\ 

\ 
\ 
I 

I 
I 
I \ '. ', '. 

\ ... \ 

FIG. 95 

0 

0 
c\! 

u) 
r 

0 

n 
0 
Q) o m  

T - -  

0 :  

F 

u) 

0 
9 

0 
0 ~ 

0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0  

173 



v) 
t 
0 
0 c 
IL 

- 
c 

a 

cn 
3 
I 
c 

5 
F 

Q) 
C 
0 

c 
0 

.- 
C a 
0 

- al 
U 

8 

cu 
,.- 

l o  

0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0  
c D ( D * c u o Q D ( D * c v  

QD 

0 
9 

a 

0 
9 

* 
0 
0 

cu 

0 
9 

0 

0 
9 

FIG. 96 

174 



133 PSOC 1516D 

A similar analysis of the HG-DTA data for PSOC 15 16D was completed to obtain a 
value for the heat of devolatilization of the LV coal which can be used in devolatilization 
models. The same scaling factor of 1.25 is applied to the heat capacity of the daf coal 
component of the Memck model. The Merrick model is evaluated using elemental 
composition data for the PSOC 1516D coal obtained in the present study. The two step 
model is again used here for the devolatilization kinetics, with the only modification being 
changing y1 to the value 0.14. Integration of the effective heat capacity data from 30O0C 
to 65OoC, above the baseline defined by the modified Merrick model, yields a heat of 
devolatilization of 47.6 c a l / g 4 .  On a volatile mass basis, the heat of devolatilization is 
400 d g - v d .  

An effective heat capacity curve was calculated using the thermodynamic model for 
PSOC 1516D and the two step devolatilization model. The thermodynamic model is 
compared with the HG-DTA data in Fig. 97. The two step model provides a 
substantially better fit to the mass loss kinetics for this coal than was the case for the 
HVA coal. Hence, the calculated position of the endotherm associated with the heat of 
devolatilization is in good agreement with the measured values. 
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Effective Heat Capacity of PSOC 151 6D Calculated using Modified Merrick Model 
and Two Step Devolatlllzation Kinetics 
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14.0 Su-. Conc lusions and Suggest ions fo r Futu re Work 

Validation of Method, UTRC's proprietary rapid heating rate differential thermal 
analyzer (RHR-DTA) was calibrated and validated using standard materials with known 
thermodynamic properties. Heat capacity measurements for several inert samples - 
carbon foil, silicon carbide powder, and graphite powder - have been performed to 
validate the measurement technique. The results indicate that errors of +/-25% are 
possible with the technique, due primarily to difficulties in accurately quantifying the 
mass loading (g/cm2) in the region near the sample thermocouple. An error in measured 
mass loading translates into a constant multiplier on the measured effective heat 
capacities. The technique was also applied to the determination of heats of fusion of 
samples of lead and tin and the measured heats of fusion are within 7% for lead and 1.6% 
for tin, of CRC Handbook values. These results are definitive proof that the heated grid is 
a sensitive and accurate instrument for the measurement of sample enthalpy changes at 
high heating rates. 

Overall Heat of Devolatilizatios, The RHR-DTA has been used to obtain the 
thermodynamic properties of 4 at heating rates of loOO°C/s. Series of replicate RHR- 
DTA experiments were conducted and averaged for the HVA and LV coals to obtain 
effective heat capacity curves from 25OC to 7oOOC. The overall heats of devolatilization 
of the HVA and LV coals are determined by integrating the measured effective heat 
capacity cuyes above a baseline given by a modified form of the Merrick model. The heat 
of devolatilization for the HVA coal is 33 cal/g-wal, or on a mass of volatiles evolved 
basis, 87 dg-volatiles. Results for the LV coal yield a heat of devolatilization of 48 d g -  
coal. On a volatiles mass basis, the heat of devolatilization is 400 caVg-vol. The higher 
rank coal requires five times the energy to liberate a unit mass of volatiles, on average. Of 
course, this large difference is primarily a consequence of the much lower volatile yields 
€tom the LV coal, but the results do indicate that the LV coal requires the scission of 
higher energy bonds, the breaking of more bonds per unit mass ofvdatiles evolved, and/or 
the evolution of tars with higher heats of vaporization. These observations are consistent 
with the more highly condensed aromatic structure of the higher rank coal. 

Heat of Decomposition. The heat of decomposition of PSOC 1451D has been 
determined at four extents of reaction using matched tar and char samples generated in the 
UTRC entrained flow reactor. The heat of decomposition is determined by application of 
Hess's Law to measurements of the heat of combustion of the parent coals, partially 
devolatilized chars, corresponding tars and measurement of the light gas yields in the 
devolatilization process. The resulting heat of decomposition is endothermic at all extents 
of reaction and peaks at about 460 caVg at the 660°C gas temperature condition. The heat 
of decomposition decreases to near zero at the maximum extent of reaction. These 
measurements represent the integrated heat of reaction of the coal up to the extent of 
devolatilization obtained for each set of samples. The data imply that early in the 
devolatilization process endothermic bond breaking reactions predominate whereas at 
large extents of reaction endothermic bond scission reactions and exothermic reactions are 
in approximate balance. 
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Heat of Fusion and Heat of Vaporization of Tars. The heat of fbsion of tars 
to be about 45 - 53 calls for tars generated at 507,796 and 895°C peak gas teml 
in the UTRC-EFR. The results for the 66OOC tar, at 100 cal/g, are about two ti 
for the other tars, implying that significant endothermic decomposition react 
occurring in addition to the change of phase. The heats of devolatilization of tar 
is observed to first increase, reaching a maximum of 195 cal/g-tar at 66OoC, I 
decreasing to 112 cal/g-tar with increasing extent of reaction. The measured 
devolatilization of the tars are higher than the expected heats of vaporization as e 
by either application of Trouton's rule (40 calls) or based on typical values for i 
compounds in general (75-100 cal/g). Apparently, additional bond breaking reac 
occurring and contributing to the overall magnitude of the endotherm. 

Specific Heat of Chars. The specific heat of the HVA chars as a function oft 
reaction has been determined. Chars at appreciable extents of reaction are obs 
have higher effective heat capacities than the parent coal. Structural change, 
devolatilization, primarily bond breaking, result in increased degrees of freec 
correspondingly higher heat capacity. All four chars exhibit an endothermic p' 
2OOOC with the magnitude of the peak exhibiting the order 796OC > 895OC - 
507OC. The 66OoC, 796OC and 89S°C chars are cenospheres, while the 507OC chi 
The thin shell of the cenospheres present a smaller mass transfer resistanc 
evolution resulting in higher mass loss at low temperatures. The higher measured I 

heat capacity is a consequence of the heat of vaporization required to evolve 
mass. At higher temperatures the chars exhibit a broad endotherm, with significa 
temperature sensitivity than the parent coal. The chars evolve additional mass di 
heating transient in the RHR-DTA and this endotherm is the heat of devolatiliz; 
the char. 

Thermodynamic Function Determined Heat of Devolatilization. The overal 
devolatilization for the HVA parent coal has been determined based on inde 
measurements of heat of decomposition, specific heat and heat of fusion of tars 
vaporization of tars, and specific heat of chars. The enthalpy content of the 1 
products is obtained from the JANAF tables. Each of the component contribi 
summed to obtain the thermodynamic function determined value for the overal 
devdatilization of the d. The direct measurements at 507OC and 66OOC are t 
35%, respectively, of the thermodynamic function determined values. The severi 
diffkmce is much larger at the point of peak tar generation (66OOC). The much l a  
of decomposition contributes substantially to this difference although the tar en1 
also significantly higher. 

The observed large differences in the two estimates for heat of devolatilization il 
the dificulties inherent in attempting to measure thermodynamic properties in a d 
kinetically limited system. The heated grid reactor can supply only a limited hea 
the sample via. joule heating of the grid substrate, whereas the UTRC-EFR su 
much higher heat flux dat ive ly  from hot walls. The coal particles respond to th 
available heat flux by undergoing significantly more endothermic bond scission ri 
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These results imply that the heat of devolatilization is dependent on the reaction 
pathway followed by the coal in a particular heat transfer environment. 

Recommended Thermodynamic Properties. The thermodynamic properties measured 
using the RHR-DTA apparatus are cast in a form suitable for use in coal devolatilization 
models. The Merrick model, scaled by a factor of 1.25, is used to represent the specific 
heat of the coal and char for both the HVA and LV coals. The recommended heats of 
devolatilization for the HVA and LV coals are 87 and 400 cal/g-volatiles, respectively. 
These values were obtained in the 1000°C/s heating rate imposed by the RHR-DTA 
apparatus. However, the heat of devolatilization for the HVA coal measured using the 
indirect, thermodynamic function method is considerably higher. Since this measurement 
was obtained by analysis of char and tar samples generated in the higher heating rate 
conditions of the UTRC EFR, the heat of devolatilization coal applicable to combustion 
conditions may be considerably higher than the value recommended here. Additional 
investigation will be required to resolve these issues. 

The thennodynamic model was integrated into an existing UTRC model for devolatilizing 
coal particles. Coal particle temperature predictions were performed using simplified 
boundary conditions chosen to approximately represent the primary zone of a coal fired 
fiunace. The results in a predicted time lag in reaching 1000°C of 0.015 sec relative to the 
original Memck model with no heat of devolatilization. This time lag is equivalent to a 
distance of 0.15 meters (0.5 ft) in the primary zone of a furnace with a typical mean axial 
velocity of 10 ds. The importance of using a realistic thermodynamic model is apparent. 
For example, the design of low NOx burners which utilize air-staging to control flame 
temperature can be impacted by assumptions used for the heat capacity and heat of 
devolatilization of the coal in a comprehensive code. An incorrect thermodynamic model 
can result in errors in the predicted location of the region of volatiles evolution, and 
therefore volatiles flame. Any bumer designed to control mixing based on such predictions 
will operate offdesign. 

Parent Coal and Char Morphology. Morphological characterization of the parent coals 
and chars is accomplished to establish particle density, size, shape and surface area 
parameters which, along with the thermodynamic data, are required inputs to particle 
temperature calculations in devolatilization and coal combustion models. Morphological 
characterization of the samples as a function of extent of devolatilization was performed at 
the University of Pittsburgh using a PC-based image analysis system, BET apparatus, 
helium pcynometer, and mercury porosimeter. The bulk density, true density, C02 surface 
area, pore volume distribution, and particle size distribution were all measured using 
accepted practices and the results are consistent with those of other investigations for 
similar coals. The evolution of particle shape during devolatilization was investigated using 
fractal analysis of the image data. Both coals show consistent increases in mean and 
variance of the fractal dimension with extent of devolatilization, indicating that the particle 
shapes become more irregular and that a fraction of the chars undergo fmgmentation. The 
external surface area of the particles was estimated using a combination of the image 
analysis size distribution data and the micropore volume determined by mercury 
porosimetry. The results show increases of a factor of three to four in specific surface area 
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which has important implications for both particle heat transfer and aerodynamic drag 
calculations. 

Conclusions 

The morphological data together with the thermodynamic data obtained in this 
investigation provides a complete database for a set of common, well characterized coal 
and char samples. This database can be used to improve the prediction of particle 
temperatures in coal devolatilization models. Sample particle temperature calculations are 
provided which illustrate the importance of using realistic thermodynamic properties. For 
example, accurate predictions of low NO, burners, which utilize air-staging to control 
flame temperature, require correct values for the coal thermodynamic and morphological 
properties. An incorrect thermodynamic model can result in errors in the predicted 
location of the region of volatiles evolution, and therefore volatiles flame. Any burner 
designed to control mixing based on such predictions will operate off-design. 

Suggestions for Future Work 

These data are the first ever heat capacity measurements for coal at high heating rates. 
Improvements in the sample mass and area measurements are required in order to reduce 
the size of the error bars. The local mass loading around the thermocouple must be 
measured with greater accuracy; use of the nominal mass loading (total sample mass/total 
sample area) is valid only in the limit of a perfectly uniform sample distribution. The 
current set of experiments represent our best attempts at obtaining a uniform loading of 
the coal samples on the grid. No further refinement of the grid sample loading technique is 
possible for particulate samples. The possibility of fabricating 100 pm thick pellets 
should be investigated in the future. 

The much larger overall heat of devolatilization for the HVA coal obtained using the 
indirect, thermodynamic function method implies that the heat of devolatilization is 
dependent on reaction pathway followed by the coal in a particular heat transfer 
environment. Additional investigation of the heat of devolatilization at higher heating rates 
and higher final temperatures than are currently possible with the RHR-DTA apparatus 
is warranted. The maximum heating rate of 10oO°C/s and maximum final temperature, to 
12OO0C, are limited by the stainless steel grid material und. The use of molybdenum wire 
mesh will allow substantially higher heating rates, up to 5x104 *C/s, and higher final 
temperatures, to 18OOOC. A dual channel system, including voltage taps within the 
sample and reference loaded areas, would allow, direct measurement of the power 
dissipation for the sample and reference materials separately. The heating conditions 
obtained in the UTRC EFR could be reproduced in such a system. The dual channel 
system, when coupled with a sample pelletization technique, would also result in 
considerably improved accuracy. The heat of devolatilization measurements of coal could 
then be obtained in heating conditions truly applicable to combustion conditions. 
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P E m  A 2-D. T W N T  AELQLYSIS OF AN EJiECTRICALLY - 
UTRC has developed a two-dimensional, transient analysis of a folded, resistively heated 
wire mesh containing both sample and reference material loaded regions. The analysis is 
essentially an energy balance calculation which is solved numerically using an implicit 
algorithm. Given inputs for grid current vs. time, sample and reference material load 
distributions and estimated sample heat capacity, the code calculates the time-varying 
temperature distribution for the entire area of the grid. Calculated temperatures at the 
locations of the sample and reference TIC'S are compared to experimentally measured 
values. The error between the calculated and measured sample temperatures is used to 
form a corrected sample heat capacity. The validity of the simulation is also checked by 
comparing calculated grid voltage and power to the experimentally measured values. 

We begin by forming an energy balance fm a volume element of an electrically heated wire 
strand (Nomenclature is defined in Table A-1): 

The terms in the energy balance represent, respectively, the enthalpy of the volume 
element, joule heating, conduction along and across strands, and transfer by radiation and 
convection to the environment. The enthalpy of the volume element includes the heat 
stored in both the stainless steel grid and in any sample or reference material mass 
associated with the grid element, 

n E = (mgCg + msCs) at 

The resistance of an elemental length of grid strand is given by the resistivity, length and 
cross-sectional area of the stran4 
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The thermal conduction term includes diffision of heat in two directions; both parallel and 
transverse to the current flow, 
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The conduction in the transverse direction is controlled by two resistances; transfer across the 
weave contact area to a passive cross strand and conduction along the cross strand, 

However, as will be shown below the strand-to-strand contact thermal resistance is small and 
can be neglected, so that the transverse thermal conduction is given by, 

Finally, the heat losses to the environment by radiation and conduction are, 

The heat transfer coefficient, bnv, is determined empirically and represents the total heat 
transfer betweem the actively heated element and its immediate environment. 

Now, substituting the expressions for each of the terms into equation (A-1), the energy 
balance becomes, 

Strand-to-Cross Strand Contacr mermal Conhuctance 

The heat transfer between the actively heated element and its cross-woven strand given by the 
heat transfer coefficient, hc, in equation (A-5) will now be discussed. Heat transfer across the 
interface between two, non-bonded solid surfaces depends on microscopic surface roughness, 
contact pressure and the thermal conductivity of any interfacial fluid contained in the 
interfacial voids. The concern in modeling the transient response of a wire mesh consisting of 
actively heated wire strands "loaded" by the passively heated cross strands is the magnitude 
of the rate of heat transfer through the inter-strand contact. If hc is too small then the passive 
strands will lag the time-temperature profile of the resistively heated strands, significantly 
complicating the modeling process and the value of the mesh as a component in a thermal 
analytical instrument. If hc is sufficiently large, then, in view of the wave geometry, the 
effect of the presence of passive strands can be modeled by 'simply doubling the real density 
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of the stainless steel material. 

The coefficient hc contains conductive and radiative components and can be expressed as, 

= &L + oe2f&(T2+T&)(T+Ta) 
Az (A-9) 

where represents the average conduction through the inter-strand contact area, Az the 
average separation distance and & the emissivity or absorptivity of the strand material. 
Examination of SEM photographs of the wire strands within the mesh reveals that the 
individual strands are extremely smooth, having a surface "roughness" much less than a 
micron. Indentations are observed on the strands at the contact points implying that the 
contact pressure established between the strands during the weaving process is 
appreciable. These observations indicate that the wire-to-wire gap is submicron in scale 
length and fairly uniform. A quantitative estimation of the contact area established by the 
weave pattern has also been made from the SEM photographs. 

Calculations to estimate the relative magnitude of h~ indicate that heat transfer across the 
strand-to-strand contact interface is fast relative to conduction down the cross-strand. 
The results indicate that the conductance path heat transfer coefficient, irrespective of gas 
type, is adequate to establish nearly instantaneous thermal equilibrium between the 
resistive and passive strand volume elements in all conditions except those characteristic 
of limitations induced by the thermal diffusivity of the strand material itself. 
Consequently, the simplification given by equation (A-6) above is justified. The 
"effective " mass of the stainless steel must be doubled to account for the mass of the 
cross-strands in contact with the x-direction strand. 

Empiricalltenninrrtion of Enviranmentd Heat h s  

The environmental loss heat transfer coefficient, henv, is addressed semi-empirically. As 
reported elsewhere (Ref. 23), transient and steady state measurements indicate the 
magnitude of the power dissipation to the environment varies with the thermal 
conductivity of the ambient gas. Above 600°C, radiation loss dominates the temperature 
sensitivity of the power loss expression, irrespective of the thermal conductivity of the 
accompanying gas. With stainless steel electrode clamps, power loss via. electrode 
conduction is minor compared to the screen suxface losses. 

The magnitude and temperature dependence of henv has been determined (see Section 
4.2) under the conditions employed in the grid apparatus for heat capacity measurements. 
Briefly, the ambient conditions are flowing nitrogen sweep gas and heat losses are 
determined by measuring the steady state power required to maintain each blank screen 
temperature and then normalizing with respect to the total environmentally exposed 
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screen surface area. The Same henv is used to model the heat losses from sample loaded 
elements of the grid, however, the surface area, Aenv, is modified to account for the 
additional surface area of the sample exposed to the environment through the open area of 
the screen weave. 

Temperature Depemknt Properties 

The resistivity, heat capacity and heat loss properties of the stainless steel material vary 
considerably with temperature. Correlations based on available handbook data and UTRC 
measurements are used in the model (see Section 4.2). Given the physical properties of 
the screen material and the temperature dependence of the heat loss term, the enthalpy 
requirement of the screen and sample mass dominates the energy balance expression 
throughout most of the transient heating process at high heating rates. 

Numericaisohrtiapr Technique 

A variable implicitness (in time) solution algorithm has been implemented. All 
calculations reported here used an implicitness factor of 1/2. This is a centered or Crank- 
Nicholson scheme which is unconditionally stable and second-order accurate in time. The 
implicit algorithm was necessary to obtain stable solutions for sample loaded grid 
calculations. The steep temperature gradients at the edge of a sample loaded region of the 
screen impose severe requirements on the solution algorithm. The earlier version of the 
code used an explicit technique to model blank screens, but required prohibitively small 
time steps to maintain numerical stability. 

Heated Grid Simuhtions 

In order to validate the heated grid properties and heat loss correlations, a blank heated 
grid experiment was conducted and analyzed using the full transient, 2-D energy balance 
calculations. The actual grid mass, initial temperature and experimental current data are 
used as input to the simulation. The calculated temperatures at the points corresponding 
to the two TIC lacations are compared with experimental temperature data in Figures A-1 
and A-2. There is virtually no error up to 8OO0C, and above this temperature the 
calculations overpredict experimental data by about 5%. The overprediction implies that 
the grid heat capacity correlation is underestimating the true values at high temperatures. 
However, the maximum sample temperature obtained in the HG-DTA experiments 
presented in the main body of the report is 7OOOC and the small errors at higher 
temperatures is not a factor. Overall, these results substantiate the assumptions and 
correlations used in the transient 2-1) model. 

Transient, 2-D calculations were also conducted for an anthracite sample/sapphire 
reference material run. The anthracite heat capacity measured in the HG-DTA is used as 
input to the simulation. Two simulations were performed, one using the initial, 



uncorrected sample heat capacity (Eq. 3 in Section 3.6) and the other using the power 
dissipation corrected heat capacity (Eq. 4). Surface plots of the 2-D grid temperature 
distribution calculated by the transient simulation are given in Figures A-3 to A-7 for 
times of 0.2, 0.4,0.6,0.8 and 1.0 sa. One can clearly see the effect that the sample and 
reference loads have on the local grid temperature. The temperatures in the loaded regions 
of the grid are hundreds of degrees lower than in the blank regions. These calculations are 
in qualitative agreement with our observations of numerous heated @d experiments both 
with the naked eye and the CCD camera based imaging system. 

Calculated temperatures at the sample and reference T/C locations are compared with 
experimental data in Figures A-8 and A-9. The calculated reference temperature is in good 
agreement with experimental data. The calculated anthracite sample temperature is also in 
very close agreement with experimental data when the uncorrected sample heat capacity 
is used, but is slightly lower than the measured values at high temperatures. 

The 2-D simulation was repeated using the power corrected sample heat capacity curve. 
The resulting calculated sample temperature is now in excellent agreement with the 
experimental temperatures. The calculated temperatures are within the experimental error 
of +/- 2OoC for the temperature measurements, The power correction term results in a 
correction of about 10% to the original, first order estimate for heat capacity. Thus, the 
power correction is significant and use of this correction improves the accuracy of the 
heat capacity measurements. 

Power DisSipation Term 

The transient 2-D simulation has been used to calculate the power dissipation term 
required by the HG-DTA data reduction procedure (Eq. 4, Section 3.6). The simulation 
uses an energy balance to calculate the temperature of each element in the 2-D model of 
the grid. The joule heating, PR, in each element is calculated as a part of the energy 
balance calculations. The electrical resistance of each element is given by a correlation for 
stainless steel resistivity as a function of temperature. The power dissipation correction 
is obtained by integrating the calculated jouie heating in each element over the sample and 
reference loaded areas. The results using the detailed, 2-D calculation are nearly equivalent 
to using the single, TIC measured temperatures for the entire sample and reference 
material loaded regions. The agreement is a result of the very steep temperature gradients 
at the edge of the samples which results in minimal edge effects. The combination of high 
heating rates and low thermal conductivity of stainless steel prevent significant 
conduction of heat along the heated grid strands. These results allow a significant 
simplification in the determination of sample heat capacity from the raw HG-DTA data 
in that the power dissipation correction tern can be calculated without the need to run the 
2-D simulation for each experiment 
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TABLE A-I 

NOMENCLATURE 

Ax = cross-sectional area of a grid strand, [cmz] 

& = contact area between current carrying strand and cross strand, [an23 

Cg = heat capacity of 304 stainless steel, [J/gm-K] 

Cs = heat capacity of sample, [J/gm-K] 

dx = length of grid element in discretization, [an] 

dy = width of grid element in discretization, [cm] 

E = emissivity = absorptivity of 304 stainless steel 

fcrad = radiative view factor for strand to cross-strand contact area 

& = strand-tcxxoss-strand heat transfer coefficient, [J/s-cm2-K] 

bv = heat transfer coeff. for conductive and radiative losses, [J/s-cm2-K] 

I = gridcurrent, [amp] 

k = thermal conductivity of 304 stainless steel, [J/s-cm-K] 

= contact conductance between current carrying strand and cross strand, [Jls-cm-K] 

mg = srid mass per elemental volume, MI 
ms = sample mass per elemental volume, [sm] 

R = electrical resistance of grid strand of length dx, [ohm] 

Pe = resistivity of 304 stainless steel, [ohmcm] 

G = Stefan-BoltPnann constant, [J/scm2-K4] 

T = temperature of grid strand and associated sample, [K] 

Tav = temperature of ambient environment, [K] 



Tcr = temperature of cross-strand, [K] 

x = direction parallel to current flow in grid, [an] 

y = direction perpendicular to current flow in grid, [cm] 
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FIG. A-2 
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CALCULATED GRID TEMPERATURE DISTRIBUTION 
TIME = 0.20 
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CALCULATED GRID TEM PER ATU RE DISTRIBUTION 
TIME = 0.60 
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APPENDIX B. Tabulation of Coal, Char and Tar Enthalpy Measured in the HG 

The effective heat capacities of the parent coals, and matched char and tar samples 
generated in the UTRC EFR are listed in Tables B-I through B-X of this Appendix Also 
given are the enthalpies calculated by integration of the effective heat capacity above a 
baseline of zero. The integrations are performed in two ways: 1) using the effective heat 
capacity directly, which yields the enthalpy per unit mass of residue remaining on the HG- 
DTA and 2) multiplying the effective heat capacity by the mass fraction of the original 
sample remaining on the HG-DTA, which yields the enthalpy per unit mass of original 
sample. The columns in the Tables are as follows: 

T (C) - Temperature Ti 

C, (Cavg-K) - Effective heat capacity per unit mass of residue 

M (Cavg-residue) - Increment in enthalpy per unit mass of residue between Ti and Ti-1 

Int (dH) (Cavg-residue) - Integrated enthalpy per unit mass of residue up to 
temperature Ti 

f (g-residudg-sample) - mass fiaction of residue remaining on grid on a raw basis 

M x f (dg-sample) - Increment in enthalpy per unit mass of original sample between 
Ti and Ti.* 

Int (dH x f )  (CaVg-sample) - Integrated enthalpy per unit mass of on@ sample up to 
temperature Ti 

The coal, char and tar samples studied here are not pure compounds with distinct phase 
transitions, thus it is not possible to distinguish a true sensible heat capacity from heats of 
reaction such as the heat of b i o n  and heat of vaporization. However, these enthalpy 
changes can be defined as the integrated effective heat capacity above any desired 
baseline. The baseline is defined in some convenient manner to represent the sensible heat 
capacity of the sample. The enthalpy contained in the sample above the baseline is then 
determined as follows: 
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where f is the mass fraction of residue remaining on the grid as given in the Tables. That 
is, 

g - residue 
f = f&lm,, 

The first term, the summation over the incremental enthalpies per unit mass of original 
sample, are given in Tables B-I through B-X for the parent coals, chars and tars. The 
second term is given for the following baselines: 

Table XI. 1.25xMenick model for PSOC 1451D coal, using “f’ for PSOC 1451D 
Table XI. 1.25xMemck model for PSOC 1516D coal, using “f’ for PSOC 15 16D 
Table XIII. Correlation for coal tars (Coal Tar Handbook), using “f’ for 507C tar 
Table XIV. Correlation for coal tars (Coal Tar Handbook), using “f’ for 660C tar 
Table XV. Correlation for coal tars (Coal Tar Handbook), using “f’ for 796C tar 
Table XVI. Correlation for coal tars (Coal Tar Handbook), using “f’ for 895C tar 

The Tables can be used to calculate the enthalpy changes due to endothermic process such 
as melting, vaporization and thermal decomposition during devolatilimtion. Enthalpies 
determined in this way are per unit mass of original sample. These enthapties can be 
converted to alternative forms. The heat of devolatilization of the coal, for example, can 
be defined per unit mass of volatiles evolved by the following conversion: 

where the mass haion of volatiles evolved is on a raw, as-received basis. The enthalpy of 
reaction determined in this way is an average enthalpy change for the entire process. 
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TABLE 54. 

ENTHALPY OF PSOC 1451 D PARENT COAL 

T Effective Cp &I Int (dH) f dHxf  Int (dH x f) 
(C) (cal/g- K) (cal/g) (ca l/g-res) (cal/g) (cal/g-samp) - - 0.0 25 0.29 1 0.0 1 .ooo 
50  0.328 7.7 7.7 1 .ooo 7.7 7.7 
75 0.359 8.6 16.3 1 .ooo 8.6 16.3 

625 1.068 24.7 31 8.9 0.659 16.3 I 292.9 
650 1.136 27.5 346.4 0.639 17.6 310.5 
675 7.145 28.5 374.9 0.630 18.0 328.5 
700 1.168 28.9 403.8 0.627 18.1 346.6 
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TABLE Ell. 

ENTHALPY OF PSOC 1516D PARENT COAL 

600 0.953 22.8 327.6 0.888 20.3 309.8 
625 1.138 26.1 353.7 0.885 23.1 332.9 
650 1.251 29.9 383.6 0.882 26.3 359.2 
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TABLE B4ll. 

ENTHALPY OF PSOC 1451 D 507°C CHAR 

286.6 600 0.741 17.9 305.4 0.781 14.0 
625 0.774 18.9 324.3 0.764 14.5 301.1 
650 0.798 19.6 343.9 0.750 14.7 315.8 
675 0.8 10 20.1 364.0 0.739 14.9 330.7 
700 0.825 20.4 384.5 0.731 14.9 345.6 
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TABLE B-IV. 

ENTHALPY OF PSOC 1451 D 660°C CHAR 

600 0.934 22.8 382.3 0.809 18.5 362.1 
625 0.978 23.9 406.1 0.791 18.9 381 .O 
650 1.028 25.1 431 -2 0.775 19.4 400.4 
675 1.076 26.3 457.5 0.762 20.0 420.5 
700 1.129 27.6 485.1 0.752 20.7 441.2 
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TABLE B-V. 

ENTHALPY OF PSOC 1451 D 796°C CHAR 

300 0.705 17.0 182.6 0.997 17-13 182.5 
325 0.702 17.6 200.2 0.995 17.5 200.0 

. 350 0.707 17.6 21 7.0 0.991 17.5 21 7.5 

. 
675 1.372 33.0 519.8 0.787 26.0 484.8 
700 1.129 31.3 551.1 0.772 24.1 509.0 
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TABLE B-VI. 

ENTHALPY OF PSOC 1451D 895°C CHAR 

B-8 



TABLE EVII. 

ENTHALPY OF PSQC 1451 D 507°C TAR 

475 
500 

2.262 52 .O 413.5 0.278 14.5 274.9 
2.900 64.5 478.0 0.245 15.8 290.7 
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TABLE B-VIII. 

ENTHALPY OF PSOC 1451 D 660°C TAR 

600 2.458 64 .O 879.8 0.270 17.3 531 .I 
625 2.130 57.4 937.2 0.261 15.0 546.0 

675 1.395 39.9 1026.2 0.250 10.0 568.5 
* 700 1.1 61 32 .O 1058.1 0.246 7.9 576.3 

650 1.797 49.1 986.3 0.254 12.5 558.5 
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TABLE B-IX 

ENTHALPY OF PSOC 1451 D 796°C TAR 

I 100 I 0.439 I 11.0 I 29.1 11.0 29.1 I 
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TABLE B-X 

ENTHALPY OF PSOC 1451 D 895°C TAR 

675 1.078 27.6 61 8.6 0.3’57 9.8 435.1 
700 1.060 26.7 645.3 0.348 9.3 444.4 
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TABLE B-XI. 

ENTHALPY BASELINE FOR PSOC 1451 D PARENT COAL 
USING 1.25 x MERRICK MODEL 
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TABLE B-XII. 

ENTHALPY BASELINE FOR PSOC 151 6D PARENT COAL 
USING 1.25 x MERRICK MODEL 

T Effectlve Cp di in t  (dH) - f d H x f  Int (dH x f) 
(C) (ca I/g-K) (cal/g) (ea I/g-res) (cal/cr) (cal/q-samp) 

~ 
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TABLE B-XIII. 

ENTHALPY BASELINE FOR PSOC 1451 D 507°C TAR 
USING COAL TAR HANDBOOK DATA 

625 0.569 14.2 306.3 0.1 83 2.6 186.4 
650 0.569 14.2 320.5 0.1 80 2.6 189.0 
675 0.569 14.2 334.7 0.177 2.5 191.5 

i 700 0.569 14.2 348.9 0.175 2.5 194.0 
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TABLE B-XIV. 

ENTHALPY BASELINE FOR PSOC 1451 D 660°C TAR 
USlNG COAL TAR HANDBOOK DATA 

i 
I T dH Int (dH) f dHxf  I Int (dH X f) 1 
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TABLE B-W. 

ENTHALPY BASELINE FOR PSOC 1451 D 796°C TAR 
USING COAL TAR HANDBOOK DATA 

T dH Int (dH) f d H x f  Int (dH X f )  
(C) (cal/g- K) (cal/g) (cal/g-res) (cal/g) (cal/g-sarnp) - 25 0.323 0.0 1 .ooo 
50 0.346 8.4 8.4 1 .ooo 8.4 8.4 
75 0.369 8.9 17.3 1 .ooo 8.9 17.3 
100 0.393 9.5 26.8 1 .ooo 9.5 26.8 
125 0.41 6 10.1 36.9 1 .ooo 10.1 36.9 
150 0.439 10.7 47.6 1 .ooo 10.7 47.6 
175 0.462 11.3 58.9 0.999 11.3 58.9 
200 0.486 11.9 70.7 0.997 11.8 70.7 
225 0.509 12.4 83.2 0.992 12.3 83.0 
250 0.532 13.0 96.2 0.984 12.8 95.8 
275 0.555 13.6 109.8 0.969 13.2 109.0 
300 0.579 14.2 124.0 0.945 13.4 122.4 
325 0.579 14.5 138.4 0.909 13.2 135.5 
350 0.579 14.5 152.9 0.860 12.4 148.0 
375 0.579 14.5 167.4 0.798 11.6 159.5 
400 0.579 14.5 181.9 0.729 10.5 170.1 
425 0.579 14.5 196.3 0.657 9.5 179.6 
450 0.579 14.5 210.8 0.589 8.5 188.1 
475 0.579 14.5 225.3 0.530 7.7 195.8 
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TABLE B-XVI. 

ENTHALPY BASELINE FOR PSOC 1451 D 895°C TAR 
USING COAL TAR HANDBOOK DATA 

600 0.628 15.7 325.8 0.403 6.3 257.3 
625 0.628 15.7 341.5 0.384 6.0 263.3 
650 0.628 15.7 357.2 0.369 5.8 269.1 
675 0.628 15.7 372.9 0.357 5.6 274.7 
700 0.628 15.7 388.6 0.348 5.5 280.2 
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