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OBJECTIVES 

The main objective of this proDmn is to 
understand the chemical and physical m e c ~  
in coal conversion processes and incorpomt~ this 
knowledge in compum'-aided reactor ~ngim~-ing 
technology for the purposes of devvlopm~t, 
evaluation, design, scale up, simulation, control 
and f~:~ock waluafion in advauced coal 
c~nvcrsion devices. To accomplish this objective, 
this program will: I) provide critical data on the 

physical and chemical processes in fossil fuel 
gasifiers and combustors; 2) further develop a set 
of coml~rehensive codes; and 3) apply these codes 
to model various types of combustors and gasifiers 
(fixed-bed, ~ r t  rea~or, and fluidized-bed for 
coal and gas turbines for nana~ gas). 

BACKGROUND INFORMATION 

To expand the utilization of coal, h is 
necessary to z~luc~ the technical and economic 
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risks inherent in operating a feedstock which is 
highly variable and which sometimes exhibits 
unexpected and unwanted bc~.~.vior. Reducing the 
risks can be adaieved by establi.~ing the 
technology to predict a coal's behavior in a 
process. This program is creating this predictive 
capabil/ty by merging mchnology developed at 
Advanced Fu¢l Research, Inc. (AFR) in predicting 
coal devolatilizafion behavior with technology 
developed at Brigham Young University (BYU) in 
comprch~Lsive computer codes for modeling of 
entrained-bed and fixed-bed reactors and 
technology developed at the U.S. DOE-METC in 
comprehensive computer codes for fluidized-bed 
teapots. These advanced technologies will be 
further developed to provide: 1) a fixed-bed model 
capable of predicting combustion and gasification 
of large coal particles, 2) a transport reactor 
model 3) a model for lean Inmnixed combustion 
of naun'al gas, and 4) a~ improved fluidized-bed 
code with an advanced coal devolaIilizafion 
chemistry submodel. 

PR OJE C T  DESCRIPTION 

The program consists of five tasks: 1) 
Preparation of a Research Plan, 2) Modeling of 
C.ra.d~eation Processes, 3) Modeling of C-zs Phase 
Combustion, 4) Modeling of Fluidized Bed 
Systems, and 5) Applications. This _tmper 
describes the initial work performed during the 
ftrg year of the contract. 

RESULTS 

Devolatilizafion of Large Coal Particles ( A ] ~ )  - 
Large coal particles are typically used in fixed-bed 
combustion and gasification processes. The 
objective is to extend the Functional Group - 
Depolymefizafion, Vaporization, Cro~:linkin~ (FG- 
DVC) model ~ was developed for small coal 
parti=les to these centim~,er size particl~ Work 
is being carried out in three steps, 1) modeling 

heat transfer in a spherical coal particle, 2) 
development of a simplified coal devolafilization 
model based on FG-DVC, and 3) integration of 
the heat transfer model and the simplified coal 
devolatilimfion model. 

Work started with ",he heat transfer modeL 
Code development for the simplest situation with 
con.ctant densiW, heat ¢apaei W and thermal 
conductivity and in the absence of pyrolysis was 
complctsd. The numerical solution is in good 
agreement with *,he analytic, a] solution given by 
Jakob (1959). Futm'e work will concentrate on 
ialcg1"alion of the FG-DVC pyrolysis model. 
Temlmmu~ dependent coal PrOlm'ties will be 
used in the code based on Merrick's thermal 
physical coal model (Merrick, 1983). 

Reduced Version of Coal l)evolatilization Model 
(AFR) - To model the devolafilizafion of large 
coal particles, it is necessary that the rate 
equations o f  coal d e v o ~ o n  be appropria~ly 
expressed end solved along with the heat mmsfer 
equation. It is vadl known that cod 
devolatflizafion is a complie.aIed process, 
cannot easily be modeled with a single rate 
equation, ~ y  when the elemental 
composRions of char, gas, and tar and the amounts 
of the individual gas sp~ies are desirable. The full 
FG-DVC model was implemmted in the current 
version of the advanced fixed=bed code ~#FBED= I) 
in the previous contract, with the assumption that 
the particles are isothcmal. Incorponaing au 
intra-particle heat transfer model will require a 
substantial simplification of the FG-DVC model, 
in order to reduce the compmational burden. 

After a careful re-examination of the FG- 
DVC model, a number of model simplification 
options have been prolmSed. Option 1 is a single 
mm equation model which solves the tom1 
.mjrolysis weight loss. Other time 
variables, such as the yields of mr and gas species, 
are calculated by corrdation with the weight loss. 
Option 2 has a single rate equation for tond gas 
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yields and the DVC network submodel to predict 
the tar yield. Option 3 is Option 2 plus a 
submodel for nitrogen gas re1~asc, which cannot 
be evalua~d accurately with the wright loss 
correlation due to its heating tam dependance. 
These options we-re constructed based on the 
following considerations: 

. Devolatilization of individual gas 
species occurs independently 
(except for NH s, HCN) in the 
model. 

2. Tar and gas evolution are coupled. 

. Tar evolution is influenced by 
pressme and heating rate. In order 
to model the pressm-v and heating 
rate dependence, the ~"  mbmodel 
in FG-DVC must be retained. 
However, this can be implemmted 
in a pre-processing step so that the 
compmafional burden is not ~nduly 
increased. 

It was therefore assumed that: 

I. The total light gas evolution can be 
modeled using a single rate 
equation with a distributed 
activation energy accounting for 
multiple gas @wies conR'ibufions. 

. When the tar evolution amount is 
known from a pre-processing step, 
h can be I ~ . ~ t  as another "gas 
species" in addition m the tight gas 
evolution, so the total volatile 
evolution can be modeled with a 
single rate equation. 

. Alternatively, the tar submodd can 
be solved along with the light gas 
species model, but it adds an 
additional computational burden. 

. The amounts of individual gas 
spedes can be recovered from 
correlation with the total volatile or 
~o~1 light gas amounts. This 
correlation is provided by the full 
FG=DVC model caloulation which 
is run in a pre-processing stop. 

In summary, the tight gas species can be 
modeled with a simplified model since these 
evolve independently, but the tar submodel cannot 
be easily simplified since the ~olu'don depends on 
the process conditions (heating rate, pressure). 
With Option I, the tar amount is estimated from 
the preprocessing step with FG-DVC based a 
nominal heating rate and bed pressure. Tar is then 
lumped into the total volatile equation and its 
contribution is modeled via its share in the 
activation energy distribution. In this case, the gas 
elemental composition is correlated with the ~ial  
weight loss. The Correlation is given by a 
staudalone FG-DVC calculation and is an input To 
the one-equation model. The predictions of coal 
pyrolysis at a given heating rate by. the one- 
equation model (Option I) and by the full FG- 
DVC model are generally in "good agreement 

Transport Reactor M o d e l i n g  (At 'R)  - T o  model 
transport reactors, we plan to start with the 
entrained-bed coal gas'~cafion code developed at 
BYU, PCOC-2. Since Wansport reactors have 
particle loadings wh/ch are much higher than 
entrained.beds, dispersion of particles and their 
m ~ o n s  with the gas phase become important. 
A stochastic rarbul~nc~ particle dispersion model 
is being developed and is being verified with 
available data. It is also recognized that there 
exist flucra~ons of  particle number density 
eve~lwhere in the re.aztor. A model acxounting 
for this effect has been outlined and will be 
implemented into our particle model. Literature 
reviews for data on chem/cal and physic,~ 
processes in transport z~'tors for model validation 
are underway. 



The work during the first year was focused 
on developing and verifying a standalone 
turbulence particle disperdon model. Once it is 
verified, it will be implemented in PCGC-2, 
replacing the existing empirical particle dispersion 
model. The code then will be executed to 
convergence for ~'anspon reactor conditions which 
feature moderate particle loadings. • This model 
uses the Ornsmin-Uhlmbe~ stochastic process to 
simulate the turbulent component of the gas 
velocity,, h was demo~ that the tudoulence 
generated has the exact values of k and the time 
scale given by the k-e model. This is the 
advantage of our model in comparison with those 
of Gosman and Ioannides (1981), and Shuen et al. 
(1983). Their models used a direct Monte Carlo 
method to altar the local gas velocity and these 
numerical schemes will not necessarily W e  the 
correct values of k and e. There are in-depth 
discussions on the numerical solution of stochastic 
equations which use the Oms~in.Uhlenbeck 
process by Kiocden and Platen (1982). Truncated 
Fourier series with independent Cmassian random 
coefficients were also used to simulate the gas 
turbulence (for example, Wang and Stock (1992)), 
but computing a truncated Fourier series consumes 
large amounm of computer dmc. Our model is 
much more efficient- 

In order to verify our model, predictions of 
particle dispersion need to be compared with 
existing data. One, such comparison has been 
made with dam in grid genemmd turb~ence by 
Snyder and Lmn]ey (1971). It was found that our 

• . model under-predicts the dam. Shuen et al. (1983) 
indicated that their model was calibrated with 
Snyder and Lumlcy's dam (1971), but the nature 
of this calibration is not clear. We agree with 
Shuen et al. (1983) that it may be due to the 
arbiU-m7 estimation of the time and length scales 
of the turbulence. It is true that, although the 
Eulerian integration time and length scales do 
present the scales it. which the turbulence 
develops, they may not be quantitative enough to 
be used in the turbulence particle dispersion 

model Our model is clearly limited by the state- 
of-the-art in understan;d/ng gas tmbulence 
phenomenon. Although this is a fast advancing 
field, the k-e description is still the mo~ 
commonly azcop*,ed model. Using other 
tm'bulence models is beyond the scope of this 
conlza~ and we will conlinne to rely on the k-c 
description. In order to fit Snyder and Lumley's 
dala (1971)~ the time scale given needs to be 
increased by a factor of 2.7. The validation of 
this approach needs to be proved by comparing 
with more data. 

Work was also carried out to calculate the 
Euleriau particle properties, such as tb.e mean 
velocity and the particle number density, from the 
stochzstic particle model. Obtaining statistically 
meaningful values requires a large n:unber of 
particle, u'ajc~..cn'ies..The dis~bmions of particle 
number density are plotted in Figures la and Ib 
with 503 and 5,000 particle trajec~ry calcuimions, 
respectively. The c~tlculafion was based on Snyder 
and Lmnicy's fluid data mcmioned above and 
particles were injected from a poim source up- 
stream. It is clear that, while the two ealculafiom 
resulted in the same dism'bmions, the distn'bmion 
in Figure l b  is much smoother than that in Figure 
l a  The insufficient number of trajectories which 
resulted in the noisy signals in Figure la, would 
cause severe convergence problem in the gas 
phase calc~afion, especially at high particle 
loadings. Since practical inlet pipes have finite 
diameters, model calculations have to inject 
particles fxom multiple positions ~oughout rids 
diameter. Caic~ati~ s,o~ particle ~-aj:~:tx~-ks m 
each injection ~int ~ ,, 
computational load on the code. We have to 
calculate only the numix~ of trajectorim, that is 
practically possible and look for ways to smooth 
the noisy dism'butions. 

Fiuidized-Bed Modeling ( A F R )  - The work on 
fluidized-bed modeling is directed toward 
developing a coal devolalilizafion suixnodel for an 
existing fluidized-bed code, MF]2L A simplified 
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a. b. 

Figure 1. Relative Particle Number Density Calculated From the Stochastic Particle Dispersion 
Model Gas Fluid Data are From Snyder and Lumley (1971). 
a) 500 Particle Trajectories and b) 5000 Particle Trajectories. 

version of FG-DVC will be tailored toward the 
needs of fluidized bed models. Currently, the 
same options for model simplification and 
submodel specifications that are being developed 
for the Fixed-Bed Reactor code are, also being 
considered for the iluidized code. 

Oxidation Rates for Large Coal particles at 
High Pressures (BYU) - Fixed-bed combustion 
and gasification processes arc typically dons with 
large coal particles at high pressures but the 
previously available fixed-bed codes use kinetic 
rotes derived from small particle =xpmimen~s at 
atmospheric pressure. Thus, work began to 
measure kinetic rams for large coal particles at 
high pressures. 

" A unique experimental facility was 
constructed to obtain oxidation rates of large 
particles at high ~mperatures and high pressures. 
It consists of a cantilever beam balance insert for 
the BYU High Pressure Controlled Profile (HPCP) 
reactor. The balance.unit measure~ the-mass" lo~'::'- 
of the particles as they oxidize in the HPCP 
reactor. It includes a force transducer, a commie 
cantilever beam, and a platinum wire-mesh sample 
basket. The basket is secured to the cantilever 

beam and extcnc~ into the reactor tub= through 
one of th~ optical access ports of the I-IPCP 
reactor. This facility will permit measurements of 
the oxidation and gasification rates of char 
particles at pressures up to 17 arm and 
temperatures up to 1700 K. Batcman ct. aI., 
(1994a) successfully dcmonslra~d the us= of this 
experimen.tal setup to study the effect of pressure 
on oxidation rates of ram-sized char particles. 
Batcman et. al., (1994b) conducted experiments 
with Utah bituminous and North Dakota lignite 
coals at 1, 5, and 7.5 arm total pressure. In these 
cxpcdmcnts, 5 and 8 mm diameter particles were 
used. The reactor temperature was varied between 
900 and 1200 K and the bulk gas was air. 
Following the ignition and devolatilization stages, 
continuous char oxidation rates were m ~  to 
burnout. The oxidation rates wcre.si~.ifieantly 
in~ease.d with increased pressure but found to be 
indeI~ndent of temperature. The effects of 
particle mass and pressure on the oxidation rates 
of a Utah bituminous char particle are shown in 
• Figurcs-2"and 3-; ,respectively..-'The effec~'.of- • 
multiple particles on the oxidation rates was also 
smcUed. A pair of similarly sized -individual 
particles of coal had similar oxidation times to a 
single particle having a mass equal to the sum of 
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the pair. The observed pressure effects could not 
be explained by a simple global model based on 
oxyg~ ~ o n  to the surface. 

l . O [ ~ t  • .1 IpZm 

~ " 
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Time 

Fig-are 2. Normalization of the Oxidation 
Curve for Utah Coal, Sizes 0.1 Gram and 02  

Gram, in the HPCP Reactor for a Gas 
Temperature of 900 K and an Air Flow 
Reynolds Number of 126 at Atmospheric 

Pressure. 
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Figure 3;- Comparison of Trends of 101 kPa, 
507 kPa, and 760 kPa Tests for Utah Coal, 
Size 0.2 gram, in the HPCP Reactor for a 

Gas Temperature of 900 K 
and an Air Flow Re=126. 

This study provided the first kinetic ram 
data for large coal particles at high pressures. The 
data gave significant new insights into the 
oxidation process regazding the tempenmm: and 
pressure dependence and the role of the ash layer. 
The resul~ alto raised important questions: 
(1) V.~at processes cause the significant effects of 
~,m t ~  and pressure? (2) Why does the 
ash layer contract as h does during lmming? 
(3) Why does a group of m~ller pa~ioleffi bum 
like one large particle? (4) Why does the rate of 
burnout accelerate toward the very end of 
burnout? (5) Why do some low rank perticles 
ignite before devolatiliz~on? and (6)Why do 
some bituminous coal particles explode during 
devol ";afilization? Additional analysis and 
experiments will be conductexi to answer these 
questions and develop a new large particle 
oxidation submodeL 

Advanced Fixed-Bed Model Development and 
Evaluation ('BYU) - The ol~ectives of this task 
are to develop an advanced fixed-bed model 
incorporatiag the advanced sabmodeb for large 
particle devolatflizafion and large pm'ficle 
oxidation and gasification, and to evaluate the 
model by comparing its predictio~ with the 
experimental data available from the literature. 
Advanced fixed-bed gasifiers are an integral part 
of the U.S. Clean Coal Technology (CCT) 
pro6am end have been considered for imegrated 
gasification combined cycle (IGCC) power 
generation systems and for mild gasification of  
lump coaL. Recently, novel coafigm'afions have 
been proposed for ga~fication of caking coals end 
for mild ga.~fication of lump coal These 
conSgur~ons include the staged PyC~ gasifier of  
the Gasification Product Improvement Facili W 
(oe~ project (Brown and sadow~ 199D, and 
rolary kiln gasifier of the ENCOAL project 
(USDOE, 1993).. Most of the.available fixed-bed 
models can simulate only zradilional fixed beds 
and there is a need to develop an edvanu~ fixed- 
bed model capable of simnla~g both the 
~litional and emerging, novel gasifiers. 
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In a previous DOE-METC project, a one- 
dimensional model for fixed-bed combustion and 
gasification of coal, FBED-1, was developed 
(Radulovic et al., 1994). The FBED-I model has 
achieved major advances in the treatment of 
various chemical and physical processes as well as 
in the solution procedure and has been extensively 
evaluated. There are still several important k~ues 
which must be resolved in the development of an 
advanced fixed-bed model capable of providing 
realistic simulations of ~he emerging 
configurations. These is~2~ include tre2tment of 
large particle devolatilizazion processes, large 
particle gasification and oxidation processes, 
development of robust numerical solution methods, 
treatment of multiple additions and withdrawals of 
gases, handling of different flow patterns such as 
cocm'rent, crosscurrent and c o u n t c r c ~  and 
evaluation of the advanced model The FBED-1 
model provides a solid foundation for further 
developments which are continuing in this 
laboratory. 

In order to simulate the combined-bed 
gasifiers, a preliminary integration of the cocarrent 
flow option was implcmente~l in the FBED-1 
model. The modified code was successfiflly used 
to simulate the PyGas gasifier of the GPIF project. 
The pyrolyz~ section was simulated using the 
zero-dimensional submodd, FBED-0. The 
freeboard section was simulated by a s ~  full 
chemical and thermal ¢quillbrium for the gas 
phase and no heat and mass trausfer between the 
gas and solid phases. Both the upper and the 
lower fixed beds were simulated using the 

"modified, fixed-bed model. The detailed profiles 
for the cotmtercurrent and coetm'ent sections of 
the gasifier are shown in Figure 4. The results 
predicted about 10% conversion of feed coal in 
the cocurrent section of  the gasifier. Char 
consumption is due to" gasification by CO2 and 
H20. The gasification rates are higher at the top 
of the cocurrent section where temperature is 
relatively high. These rates decay as the solids 
cool down due to the endothemfic gasification 

reactions. 1-120 shows considerable depletion 
whereas the amounts of CO 2 remain almost 
constant. Only small amounts of CI-L are 
produced in this section. The amounts of CH~ 
produced in the countercurrent section are slightly 
larger. Large amounts of CO and I-I2 are produced 
in the countercurrent section. The peak solid 
tcmperarme is about 1500 K which is desirable for 
dry-ash gasifies such as the PyCras staged gasifier. 
The product gas, which is the mixed stream fi'om 
the coourrent and countercurrent sections, is rich 
in CO and H2, and has small amounts of CH,. 

Additional improvements will be made in 
the FBED-1 model to make it a design and 
analysis tool of significant industrial utility. Thes~ 
improvements wilI include incorporation of a large 
particle devola~l{~tion submodel and a large 
particle oxidation submodel being developed under 
this project. A robust solution method suitable for 

• stiff, non-linear problem of fixed-bed systems will 
be implemented. The model will be evaluated by 
comparison with the experimental data. 

Submodei  for Lean Premixed 
Combustion of Natural Gas in Industrial Gas 
Turbines (BYLO - A submodel for lean, premLxed 
combumion (LPC) of nstural gas in industrial gas 
turbines is being develop~l and implemented in a 
model beiug developed under Independent funding 
for practical combustcrs. The submodd must 
incorporate finite-rate chemistry and predict NO= 
and CO emissions at conditions approaching 
blowout (0.5 to 0.6 s~oichiometfie ratio in the 
primary zone). Proper accounting of the effects of 
chcanistry/turbul~c~ intcra~ons is important. 
The Monte Carlo pdf method ~ope, 1985) is 
being considered as a basis for the submodel. A 
partially-stirte2 reactor (PaSR) mode1 is being 
used to investigate the Monte Carlo ~ method. 
The PaSR (Chcn, 1993) is similar to the perfectly 
stirred reactor (PSR) model, with no spatial 
variation of mean fluid properties. The difference 
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is that molecular mixing is incomplete, so that the 
reactive fluids are not completely diffused into one 
another. Hence, there is a finite rate, given by a 
mixing frequency, at which the reactive flui& are 
mixed on a molecular level, as well as a finite rate 
at which they react after being mixed. Both the 
mixing and reaction time scales are important in 
the PsSR. 

Calculations are being Imfformcd" at 
conditions typical of  LPC in stationary gas turbine 
combustors ~ c d  methane in air, 700 K inlet, 
0.S-0.6 equivalence ratio, 1S arm, 10-20 ms 
residence time, and 100-5000 s "1 mixing 
frequency). The PaSR is being studied for several 
reasons. First, i t  provides an opportunity to 
understand the Monte Carlo pdf method in a 
simple model framework without the added 
complexities of fluid dynamics calculations. 
Second, many of the subroutines in the PaSR code 
may be applicable to a pelf submodel in PCGC-3 
with little or no modification. Third, the PaSR 
model is a viable engineering model in its own 
right, with capability for including full chemistry 
(critical for predicting trace species). Fourth, the 
lessons learned ~om the PaSR are directly 
relevant to pdf methods for multi-dimensional 
flow, since the pdf equation for the PaSR is a 
degenerate case (integrated over reactor volume) 
of the pdf for the multi-dimensional case. Fifth, 
the PaSR provides an alternate test bed (to the 
more commonly used stirred-tank and plug-flow 
models) for evaluating reduced chemical schemes. 
And sixth, the PaSR provides a test bed for 
mixing models, a critical element of lxtf models, 

" "in the context of full kinetics. 

Rcsul~s have been obtained using a reduce, d 
Miner-Bowman scheme (without ~ chemistry and 
prompt NO) (Correa and Bmaten, 1993). The 
effects of mixing rate, pressure, and mixkfg model 
Were investigated." The effects of mixing rate at 
15 atm and using the modified Curl's mixing 
model (Chen, 1993) arc shown in Fig. 5. The 
importance of in-combustor mixing, even for 

premixed ~ t s ,  is clearly shown. Mixing of 
hot, partially-reacted particles in the combustor 
with the cold, incoming particles, is necessary to 
sustain combustion. Stable combustion was not 
achievable with a mixing frequency of 300 s" and 
lower. As shown in the figure, the PaSR 
converged to the non-reacting state at a mixing 
frequency of 300 S'4 The higher the mixing 
frequency, the higher the temperature and the 
more complete the combustion, as the cold 
particles are quickly heated and brought to 
reaction tempemua~. The stochastic steady state 
is reached more rapidly with more rapid mixing. 
CO and the heat release chemistry ( i . e .  

temperattEe) converge to the stochastic steady 
state at about the same rate, while NO converges 
considerably mole slowly. This observation is in 
agreement with that of Corrca and Bmaten (1993). 
Scatter plots and lxlf plots (not shown here) 
showed that the particles became more uniform in 
their propc~cs as mixing ~ecluency increase~ 

The ~ove r~lalts were obtained with the 
modified Curl mixing model (Chert, 1993). The 
effect of the mixing model was investigated by 
repeating the calculations for a mixing frequency 
of 1000 s" with the Interaction-by-Exchange-with- 
the-Mean 0ELY0 model, but the solution converged 
to the non-reacting case. It was therefore decided 
to rqxoduce the results of Correa (1993) for 
CO/H2/air combustion with a goal of determining 
whether the IEM model is implemented correctly 
in the PASR code. These calculations are in 
progres~ If successful, c~alculatiom will then be 
performed with a full kinetic scheme for natural 
gas combustion, with a view toward obtaining a 
suitable reduced mechanism for use in a submodel 
to bc implemented in a 3-I) gaseous combustion 
code for application to lean, pre-mixe, d gas 
turbines. 
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FUTURE WORK 

Work during the next year will include: I) 
completion of simplified FG-DVC models for 
fixed-beds and fluidized-bed reactors; 2) 
integration of a particle heat transfer model with 
a simplified FG-DVC model; 3) complete 
stochastic particle dispersion model; 4) complete 
formulation of transport reactor code; 5) complete 
integration of simplified FG-DVC model into 
fluidized-bed code; 6) complete formulation of a 
large particle oxidation model; 7) complete 
integration of a large particle devolatilization 
submod¢l (based on FG-DVC) into FBED-1; 8) 
implement improved numerical solution method 
for FBED-I; 9) exmnd the PaSR pdfmodd to the 
case of natural gas combustion and use the model 
to develop/evaluate a suitably reduced kinetic 
mechanism for application in multi-dimensional 
flame codes. 
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