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SECTION I I I .  TASK 3. COMPREHENSIVE MODEL DEVELOPMENT 

AND EVALUATION 

Objectives 

The objective of this task is to integrate advanced chemistry and physics 

submodels into a comprehensive two-dimensional model of ~ntrained-flow reactors 

(PCGC-2) and to evaluate the model by comparing with data from well-documented 

experiments. Approaches for the comprehensive modeling of fixed-bed reactors 

~ i l l  also be reviewed and evaluated and an ini t ial  framework for a comprehensive 

fixed-bed code will be employed after submission of a detailed test plan (Subtask 

3.b). 

Task Outl ine 

This task is being performed in three subtasks. The f i r s t  covers the ful l  

72 months of the program and is devoted to the development of the entrained-bed 

code. The second subtask is for fixed-bed reactors and is divided into two 

parts. The f i r s t  part (12 months) was devoted to reviewing the state-of-the-art 

in fixed-bed reactors. This led to the development of the research plan for 

fixed-bed reactors, which was approved. The code development is being done in 

the remaining 60 months of the program. The third subtask is to generalize the 

entrained-bed code to fuels other than dry pulverized coal and will be performed 

during the last 36 months of the program. 



I I I . A .  SUBTASK 3.A. - INTEGRATION OF ADVANCED SUBMODELS 
INTO ENTRAINED-FLOW CODE, WITH EVALUATION AND DOCUMENTATION 

Senior Investigators - B. Scott Brewster and L, Douglas ~noot 

Brigham Young University 
Provo, UT M6D2 

(801) 378-6240 and 4326 

Research Assistants Ziaul Huque and Susana K, Berrondo 

Objectives 

The objectives oI this subtask are I) to integrate the FG-DVC submodel 
into PCGC-Z, Z) incorporate additional submoaels and improvements developed 
under Task 2, 3) evaluate the in~oroved code, 4) improve user-~riendliness and 

robustness, and 5) document the code. 

AccomDl4)hments 

~Vork continued during the past year on integrating the FG-DVC submodel, 
evaluating the code, and improving user-�riendliness and robustness. Tn 
addition, the minimum specifications for a ~oundational, entrained-bed code that 
wil l  sat isfy the terms o~ the contract were identif ied. 

FG-DVC In teorat ion 

A new version of the FG-DVC submodel, with rank-dependent kinetics, was 
incorporated into PCGC-2. I t  was noticed with the new version that the sum ol 
the functional group amounts calculated by FG-DVC does not exactly equal the 
total coal mass calculated by PCGC-Z. Results o9 a typical caTculation are 
sho'#n in Fig. 111.,~-I. The difference is attributed to numerics. FG-DVC uses a 
simple Euler method while PCGC-Z uses a predictor-corrector method. Attempts to 
bring the two predictions into agreement by reducing the time step were not 
completely successful, although the discrepancy was reduced. In order to make 
the t~o models consistent, the coal mass in PCGC-2 is set equal to the sum of 

the ~unctiona7 group amounts calculated by FG-DYC. 

Code Eva lua t ion  

Data ~rom six reactors have been identi/~ed for code evaluation: I) the 
AFR transparent wall reactor (mR), 2) the BYU/ACERC controlled-profi le reactor 
(CPR), 3) the 2-D ~urnace at In~oerial College, 4) the BYU gasi�~er, 5) the drop- 
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Figure I I I .A - I .  Comparison of normalized particle mass predicted by FG-DVC 
and PCGC-2 for a 60-pm Rosebud coal particle in the AFR transparent wall 
reactor. 

olatiles flame 
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Figure I i I .A-2. Calculational cell in PCGC-2 showing a devolatil izing 
particle surrounded by burning volatiles and a non-devolatilizing particle 
in the same cell that is s t i l l  in the heat-up stage. 

119 



tube reactor of ABB Combustion Engineering, and 6) the BO MH-- Goudey Station at 
Johnson City, New York, operated by New York State Electr ic i ty and Gas (NYSEG). 
Only near-burner test data, where the flo~ might be two-dimensional, wil l  be 
used from the Goudey furnace. These reactors have all been simulated with PCGC- 
2 as described below. Simulations during the past year were performed with a 
simple, empirical weight-loss model for devolatilization, with kinetics reported 
by Solomon et al. (1986), to establish a base. Cases wi l l  be compared to 
subsequent predictions with PCGC-2/FG-DVC. 

Transoarent Wall Reactor fTWR~ Data have been received from AFR for 
gaseous (non-reacting) flow and three coal flames (Rosebud "fast" flo~, Rosebud 
"slow" flow, and Pittsburgh No. B) (Markham and Serio, 1990). Simulations of 

the gaseoqs ~,Iov case and Rosebud "fast" flow flame were described in the 4 th 
Annual Report (Brewster et al . ,  iggO), where the following discrepancies between 
measured and predicted particle temperatures were noted: 

I. Predicted particles heat more rapidly than the measured particles near the 
edge of the stream. 

2. Measured particles seem to jump more quickly in temperature when they 
ignite. (There is nearly I000 degrees K difference in temperature between 
ignited and unignited particles at the same location.) 

. At the observed ignit ion point (lO ca), the predicted core is s t i l l  fa i r ly  
cool (fOOD K) and the particles are unignited, while tomography data 
indicate 20 percent of the particles ignited on the centerline. 

Modeling deficiencies which might account for these discrepancies include 
neglecting direct energy feedback from (i) volatiles combustion in the vicini ty 
ot devolati l izing coal particles, and (2) COz formation in the vicini ty of 

oxidizing char particles. Both  possibi l i t ies are being investigated. The 
feedback from volatiles combustion is of particular interest, since volatiles 
flames have been observed in the TWR. Also energy feedback from volati les 
flames would occur during the early stages of part ic le heatup (i .e. during 
devolati l ization), where the major discrepancies in part ic le temperature are 
observed, 

Energy Feedback f rom Y o l a t i l e s  Flames Energy from v o l a t i l e s  
combustion is fed back uni formly in PCGC-Z to a l l  of the par t i c les  in a 
computational cell. This feedback occurs by convection as the volatiles react 
to equilibrium in the gas phase and raise its temperature. A schBmatic diagram 
of a cell with two particles is shown in Fig. I!I.A-2. Particle A i~ giving off 
volati les, while particle B has not yet reached a temperature where volat i le 
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evolution is significant (due to a different trajectory, part ic le size, etc.). 
Volatile~ from particle A burn in the gas phase ( i f  oxygen is present), raising 
the temperature of the gas in the entire cell. Energy feedback 1"rom this 
combustion is sensed in the model equally by both particles through convection. 
However, the energy feedback should be sensed more by part ic le A i f  the 
combustion is occurring more in it~ v ic ini ty (i.e. i f  combustion is c, ccurring in 
a ~ingle-particle mode). The I~VR is a very l ight ly loaded system, and single- 
particle burning has been observed in photographs. Such effects would be less 
important in a practical reactor that is more heavily loaded and where cloud 
burning is the dominant mode of combustion. 

In order to investigate the discrepancies between measured and predicted 
particle temperature in the TWR, the code was modified to model direct energy 
~eedback from volatiles combustion. Heat of combustion data were added to the 
code for the l ight ga~es in FG-DVC, and an arbitrary fac-tor was introduced for 
directly feeding a Traction o~' the volatiles heat of combustion back to the 
particles. The effects of including direct enthalpy Teedback on the temperature 
and mass of a 60-~n Rosebud coal particle in an inert, uniform gas flowfield are 
shown in Figs. I i I .A-3 and 4. Including direct enthaIpy feedback causes a 
~ignificant increase in particle temperature (even to exceed the temperature of 
the gas, in the extreme case of 100 percent feedback). Particle burnout is also 
accelerated. However, including feedback for the more reasonable case of 50 
percent ~ee~back does not seem to result in an increase in temperature as large 
as what ha~ been observed experimentally. 

The moderate sensitivity of code prediction~ to including direct enthaIpy 
~eedback is also ~hown in Fig. I I I .A-5, where radial profi les of both measured 
and predicted gas and part icle temperatures are shown for  several axial 
locations. Including feedback results in hotter particles and, interestingly, 
les~ spread in particle temperature, The lat ter  observation is quite curious, 
since an increase in spread in part ic le temperatures might be expected with 
selective feedback of enthalpy. However, this does not appear to be the case in 
Fig. I I I .A-5. Apparently, a fixed percentage oi enthalpy feedback raises the 
temperature of large particles more than small particles. Such may not be the 
case i f  the fraction of ~e6dback were calculated from a single particle model 
and allowed to vary. 

A literature search was conducted to locate correlations or theoretical 

results for predicting the rate oT energy Teedback to a part ic le from a 
surrounding flame. Jost et el. (19B3) describe a flame sheet model, which 
"assumes that the volatiles oxidize on a thin stoichiometric flame sheet which 
~urrounds the coal particle. The r.adius of this sheet is speci1~ied when the 
oxygen transport to the flame equals the oxygen requirements of the escaping 
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volat i les fo r  the combustion product~ assumed. The heat released during 
volat i le oxidation is conducted both to the particle and out to the surrounding 
gas." Since the approach uses two algebraic equations 1'or flame sheet radius 
and temperature, i t  is probably 1'easible to incorporate i t  into the ~article 
submodel in PCGC-2 without too much penalty in increased computations. However, 
doing so is beyond the scope o1' this study because of the complications of 
interfacing with the radiation submodel. I t  may be possible, however, to use 
the approach to validate the choice of a reasonable energy feedback factor for 

typical combustion conditions. 

Energy Feedback from Heterogeneous COz Format ion In the model, 

~hen carbon oxidizes to COz heterogeneously, 94.05 kcal/gmol is  released at the 

particle sur1'ace. I f  C0 i= 1'armed, with subsequent oxidation to C0 z in the bulk 

gas, only 26.DZ kcal/gmol is released at the part ic le sur1'ace, with the 
remainder (67.63 kcal/gmol) being l iberated to the bulk gas which then is 
allo~ed to feed back to all particles in a computational cel l .  Mitchell (1989) 
observed that "account must be made of CO z 1'ormation in the v i c i n i t y "  of burning 

char particles in order to adequately model burning rate. Employing a single- 

1'ilm model of a burning carbon sphere with a 1'faction ~ o1' the carbon being 
converted to C0z at the particle surface, he was able to adequately describe the 

~urning behavior of coal char part ic les in the 75 to 125 pm size-range. 
Applying th is  model to char particles of bituminous coals, he 1'ound that "as 
much as 15% of the carbon content of the particle can be converted to C0z at 

temperatures in the range 1600 to 1700 K. At tenxoeratures above i800 K, C0 is 
essentially the sole heterogeneous reaction product.'" 

The effect o1' heterogeneous C02 formation on temperature and reaction rate 

aT a 60-1Jm carbon particle at the conditions oi' the Rosebud "1'ast" 1'lame in the 

TWR was investigated by varying the fraction o1' C0 z 1'armed (V) between zero and 

unity. The kinet ic parameters o1' Goetz et al. (IBBZ) for a subbituminous C coal 
char were used in this study. Results are shomn in Fig. I l l .A -6 .  The 

differences between the "all-C0z'" (•-- I.D) and "all-C0" (~/= 0.0) predictions 

are quite s ign i f i can t .  When C0z is the product, the maximum part icle 

temperature is 3500 K (radiation was not included in this calculation and heat 
loss was l im i ted ) ,  whereas i t  is only Z500 K when CO is the product. 
Interestingly, the particle burns out more slowly when COz is the product, even 

though the temperature is higher. The reason for this dif1'erence can be seen by 
looking at the oxidation rate and resistances. The rate is much higher in the 
case oi' CO production. The higher rate is due to a lower resistance to mass 
transfer, which is controlling at high particle temperature, since only one 
oxygen atom is required per carbon atom rather than two. The effect of 15 
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percent C0z formation (Mitchell, 1989) on temperature is on the order of ZOO K, 

and the effect on mass loss is negligible. 

BYU/ACERC Con t ro l l ed -P ro f i l e  Reactor (CPR% - Simulations were 
perfon~ed for a natural ga~ flame in the CPR. A diagram of the rea~-tor is shown 
in Fig. ]IT.A-7. Input data are shown in Table I I I . A - I .  The reactor is 
tel'erred to as "control led-prof i le" because of i t s  computer-controlio, d wall 
temperature profi le. Using the reactor's access windows, gas temperature, 
composition, and three ve loc i ty  components were measured with independent 
funding in a swirling natural gas flame (Eatough, 199]). Gas temperature, 
measured with a suction pyrometer, is con~oared with code predictions in Fig. 
I I I . A - 8 .  The potential ef fect  of soot on radiat ion was investigated 
theoret ical ly  by in~ec:ing carbon particles of i ~m diameter with the primary 
gas. A loading of 0.1 lb sol ids/ lb gas was assumed. The effect of radiation 

model type was also investigated. 

The effect of radiation model type was ins ign i f i can t ,  except at large 
axial distances. Both models underpredicted the gas temperature at the outlet, 
with the underprediction by the f lux model being more s igni f icant .  0nly the 
particle-Tree simulations underl3redicted the temperature. The predicted outlet 
temperature with injected carbon particles was 1375 K. 

Particle trajectories for the particle-laden case are shown in Fig. I I I .A -  
g. The !-pro particles were injected at 10 start ing locations in the primary 
duct. The presence of the particles causes smoother radial temperature 
prof i les.  The gas is hotter than otherwise predicted near the centerline and 
near the wall. The shape of the predicted profi le agrees mucn better with the 
shape of the measured data at axial locations of 0.26, 0.31, 0.36, 0.46, 0.66, 

and 0.76 rn. The effect of the particles, which were considered iner t ,  is 
thought to occur primarily through radiation. Particles in cold areas of the 
reactor receive radiation and act as heat sources to the gas. Particles in hot 
areas radiate heat away and act as heat sinks. These effects can be seen in the 
comparisons in Fig. IIZ.A-8. In general, however, the predicted temperature is 

too hi gh. 

Other predictions and data for the particle-free case are shown in Figs. 
I I I .A - !0  through 13. The predicted radial profiles of axial velocity agree well 
with the measured profiles. Predicted radial velocity agrees more closely with 
data at locations farther away from the inlet  than close to the inlet ,  as does 
also temperature. The predicted C0 z concentration near the in let  agrees more 

closely with the data than 02 concentration at the same location. Both the 
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Table I I I .A - I .  PCGC-2 input data for simulation of natural gas combustion in 
the CPR. 
GEOMETRY 

Primary tube ID 
Secondary tube ID 
Chamber ID 
Chamber lengt~ 
Primary wall thickness 
Ouarl half-angle 
Quarl Length 

MASS FLOW RATES 

O. 02664 m 
O. 0984 m 
0.80 m 
2.65 m 
0.00353 m 
35.0 degrees 
0.20 m 

Primary gas 0.002811 kg/s 
Secondary gas 0.047252 kg/s 

GAS PROPERTIES Primary Secondary 

Temperature (K) 298.0 298.0 
Pressure (KPa) 86.0 86.0 
Swirl number 0.0 1.45 

GAS. COMPOSITION (mass Primary Secondary 
fraction- dry basis) 

C02 0.016252 0.00000 
CH4 0.800761 0.000000 
C2H6 0.120040 O.OODO0 
C3HB 0.054172 0.00000 
N2 0.008775 0.76700 
02 0.000000 0.23300 

v ~  0.41 - 

o 

(.~ 
o 
,..J .<c 

r,.- 
o.0o 

- 0 . 0 5  O.A.7 D.~ 1.47 1.97 2.47 

A AL LOCA ON (M) 
PLOT OF ALL PARTICLE TRAJECTORIES 

Figure lII.A-9. Predicted par t i c le  trajectDrie~ for simulation of soot 
radiation effects in a natural gas flame in the CPR. 
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external (counter-clockwise)and internal (clockwise)recirculation z o n e s  are 
visible in the velocity vector plot (not shown). 

Imoeri~l Colleae Reactor Costa et al. (1990) reported gas phase 
composition, temperature, and char burnout for two swi-I numbers in the 
axisymmetric, Imperial College reactor. The near-field measurements of ignition 
distance (Lockwood et el., 1980, 1984; Lockwood and $alooja, 1983; Lockwood and 
Nahmud, :g88) are signif icantly underpredicted by the imperial College Z-D 
model. The quality of the data appears to be quite good, e.g. the radial oxygen 
concentration profiles are quite s~n~metric around the centerline. Since one of 
the potential benefits of detailed coal chemistry submodeling is more accurate 
prediction of particle ignition, these data are of significant interest to this 
study. 

Six data sets were requested and received from Imperial College, as 
~ummarized in Table III.A-ZA. Two different coals were used, namely, low- 
volati le UK Oakdale and high-volatile UK Gedd]ing coals. All six cases have 
been modeled using the base Z-D code (without FG-DVC). Diff iculty was i n i t i a l l y  
experienced in converging the cases because of energy coupling between gas and 
particles through radiation. Convergence was achieved only after under-relaxing 
the radiation source terms in the gas enthaIpy equation. Figure III.A-14 shows 
the velocity vector, burnout, and particle trajectory plots for Case A. The 
direction of both the internal and external recirculatien zones is opposite to 
what i t  should be. Because of this flow pattern, the particles are thrown to 
the wall, resulting in a higher residence time at axial locations near the 
inlet. This results in particle burnout very early in the reactor. The radial 
profiles of all species are therefore constant after a short distance from the 
inlet. Effort is being made to detect the source of the problem. 

Four cases of coal gasification in the BYU gasif ier 
(Azuhata et al., 1986) were simulated with the PCGC-Z base code (without FG-DVC) 
as shown in Table III.A-ZB. Results of North Dakota l igni te gasification are 
presented in this report. The single-step rate of Solomon et al. (1986) was 
again used for devolatilization in the base code. However, a volatiles fraction 
of 0.7 was used instead of 0.4 to match experimental burnout. Volatiles 
fraction during devolatilization is a function of final temperature (Smoot and 
Smith, 19B5). Solomon et al. went to a maximum final temperature of about 1100 
K. For typical coal combu,~tor temperatures (e.g. Z100 K), the volatiles yield 
may be above 6D percent ($moot and Smith, 1985). Since gasifier temperatures 
may reach above Z500 K, a volatile fraction of 0.7 is not unreasonable for the 
present simu! ation. 
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Table Ill.A-2 PCGC-2 evaluation cases fi~r coal combustion told gnsificmion in the lml~erild College t:tnnbttstor and BYU gasifier. 

A, Coal Combttstion (Imperial College) [Costa, et. hi., (1990)I 

Case # Coal type Ditameters fro) Chamber Mass flow rates (k~s) Swirl number 
Pri. Sec, Chain. length (m) Pri. Set:. Solids l'ri. Sec. 

TrialA UK Geddling .0222 .056 .60 3.0 .0(}785 .02872 .00305 0 0.78 

Trial B UK Geddling .0222 .056 .60 3.0 .00785 .02872 .00305 0 1.03 

TriaiC UK Geddling .0222 .056 .60 3.0 .00806 .02958 .00344 0 i.45 

TriaID UK Geddling ,0222 .056 .60 3.0 .01075 .03942 .00456 0 1.03 

Tri:d E UKGeddling .0222 .056 .60 3.0 ,01075 .03942 .00456 0 1.45 

TrialF UKOakdale .0222 .056 .60 3.0 .01067 .03886 .00400 0 1,45 

B. Co;d G,Isific:ltion (BYU) [Soelberg (1983), Brown (1984)] 

Case # Coal type Di0nleters fro) Chamber Mar, s flow rotes (k_g/s) Swirl number 
Pri. Sec. Ciulm. length (m) Pri. Sec. Solids P-i Sec. 

Soelberg Utah .0131 .0287 ,20 1.19 .0073 .0018 .0066 0 0 
bituminous 

Brown 1 Wyoming .0131 .0287 .20 2.0 .0066 0.0 .00616 0 0 
subbituminous 

Brown 2 N.D. lignite .0131 .0287 .20 2.0 .00774 0.0 .00776 0 0 

Brown 3 Illinois#6 .0131 .0287 .20 2.0 .0092 .0(10667 .00822 0 0 
bituminous 
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Figure IlI.A-15a shows the velocity vect r plot, where the external 
recirculation zone can be dist inct ly identif ied. I t  is also to be noted that 
there is no internal recirculation zone, which is expected from a non-swirling 
flow. Figure !II.A-15b shows the burnout of coal along the length of the 
reactor. B..rnout at the exit is predicted to be about 79 percent which agrees 
with the experimental value of BO percent. Figure III.k-15c shows the axial 
particle history of a single particle of 32 ~¢n diameter. Devolatilization is 
very rapid and finishes almost at the start of the reactor, followed by a very 
slow char oxidation process. This slow char oxidation is due to a high particle 
loading, low temperature, and Io~ 0z concentration. Figure I I I .A- !6  shows 

forward and aft radial profiles of H2, C0, COx, and 02. The predicted profiles 

of Hz and CO 2 match nicely with the experimental profiles, especially at the 

exit of the reactor. Near-burner predictions of H z and CD are higher while C0z 

profiles are sl ight ly underpredicted. The predicted profile of 0z shows that 

oxygen is depleted very early in the reactor. 

Sen~it lv i ty to Particle Optical Properties The sens i t iv i ty  of the 
above calculations to particle optical properties was investigated by performing 
simulations using two sets of absorption and scattering coefficients as shown in 
Table I I i .A-3. In both cases, the particle size distribution was f la t .  One set 
of coefficients was obtained from the user's manual and the other was obtained 
from AFR based on Mie theory calculations using measured particle properties. 
The coaT-gas mixture fraction was sl ightly higher when the AFR values were used, 
Out the differences in particle burnout, particle temperature, and gas 
temperature were insignif icant.  These results are in concurrence with the 
findings of J~r.~aluddin and Smith (1986), who also showed that PC5C-2 predictions 

are insensitive to particle optical properties. 

Correlations were developed for the code to predict absorption and 
scattering coefficients as a function of particle size. These correlations 
eliminate the need for the user to specify particle optical properties in the 
input data. The correlations are based on Mie theory calculations. Figure 
I I I . A - I ?  shows Mie theory predictions (solid lines) of coefficients of 

extinction, scattering, and absorption as functions of the particle size 

parameter ~Tdj/~u, where L is the wavelength (here assumed to be Z pm). The 

dashed lines are values reported in the user's manual, aTso obtained from Mie 
theor) caTculations. The reason for the difference between the two sets of 
calculations is not known, since both were based on Mie theory. However, the 
difference is fa i r l y  small and, since the code predictions are insensitive to 
particle optical properties, .will be neglected. The correlations used in PCGC-2 
are based on the more recent Mie theory calculations, since the program used to 
obtain the original values is not available for further comparison. 
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Table Ill, A-3 

OPTICAL PROPERTIES FOR NORTH DAKOTA LIGNITE PARTICLES USED IN SENSITIVITY STUDY 
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ABB ~ombustton ~nalneerina rCE~ Reactgr Eight cases of coal and 
char combustion in the ABB CE drop-tube furnace were simulated. Two different 
high-volati le, bituminous coals, namely U.S. McCall and South African coals, 
were used. Cases were also simulated with chars of the above-mentioned coals. 
The flow conditions were assumed to be laminar. Solomon et al. 's (]g86) one- 
step model was used for devolatil ization. Con~ustion Engineering Inc. supplied 
the parameters for char oxidation kinetics. 

A schematic of the ABB CE drop-tube furnace is shown in Fig. ! I I .A-IS. 

Primary gas and coal flow downward through a O.Z7-cm-diameter duct. Secondary 
gas flows through a flow straightener with ]51 holes. The diameter and length 
of the reactor are as shown. 

Table III .A-4 shows measured and predicted values of gas composition at 
the exit  along with the primar$ and secondary gases used in each case. Only the 
exit  values are compared since they are the only experimental values supplied. 
DeSoete's Kinetics (1975) were used for fuel NO in the pollutant calculations, 
and the extended Zel'dovich mechanism was used for thermal ND. Levy et a l . 's  
(igB1) global decay expression was used for char/NO decay calculations. 

The predicted and measured values of oxygen concentration at the exit are 
in quite good agreement. For coal combustion, the predicted CO concentration is 
found to be in good agreement when there is argon in the secondary gas. I f  
there is a i r  in the secondary flow, the predicted values are found to be 
substantially lower than the measured values. Similar trends in the predicted 
values were observed for cases with char oxidation. The measured values of CO 
concentration at the tube exit  are found to have some inconsistencies. 

The maximum error in the predicted values of NO concentration is found to 
less than 52 percent. The predictions are always lower than the measured values 
except for char combustion cases with Oz and Ar in the secondary. But in 

general, the predicted trends are similar to those observed during experiments. 

Goudev furnace Simulations were performed under independent funding 
for the near-burner f ield of the NYSEG Goudey plant. The p~ant is located at 
Johnson City, New York. A schematic of the furnace is shown in Fig. !II.A-19. 

Near-burner measurements were taken at Level Z, following the probe paths shown 
in Fig. I I I .A-Igb and ZOb. The data were compared with PCGC-2 predictions, 
assuming the axis of symmetry coincides with the centerline of the burner jet .  
As shown in the figure, the furnace is corner-fired, and the centerline is 
offset from the 45-degree diagonal by 4 degree~ and t i l t ed  downward. The 
equations for coordinate transfortnation from the Goudey reactor coordinates to 



Table II!.A-4:PCGC-2 predicted values of NOx, CO and 02 against measured values 

Case Coal Coal/  Secondary Species Measured PCGC-2 
No. a type Char gas value prediction 

dffsl US McC, aU coal Air 

dffs2 US McCall coal 21% 02 
79% AR 

NOx 133 ppm 93 
CO 70 ppm 9_29 
02 20 % 20 

NOx. 90 ppm 71 
CO 58 ppm 61 
02 20 % 20 

19pm 
ppm 
% 

~1)m 
ppm 
% 

dtfs3 US McCall char 21% 02 
79% AR 

NOx 45 ppm 68 ppm 
CO 13 ppm 62 ppm 
02 19 % 20 % 

dtfs4 US McCall char Air NOx 116 ppm 108 ppm 
CO 38 ppm 25 ppm 
02 19 % 20 % 

dffs5 South coal 
African 

Air NOx 128 ppm 92 ppm 
CO 52 ppm 22 ppm 
02 20 % 20 % 

dtfs6 South coal 
African 

21% 02 
79% AR 

NOx 85 ppm 68 ppm 
CO 50 ppm 62 ppm 
O2 20 % 20 % 

dffs7 South char 
African 

Air NOx 107 ppm 95 ppm 
CO 74 ppm 24 ppm 
02 19 % 20 % 

dffs8 South char 
African 

21% 02 
79% AFt 

NOx 45 ppm 68 ppm 
CO 79 ppm 62 ppm 
02 19 % 20 % 

a dtfs = drop tube facility system 
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the axisymme~ric coordinate system with axis corresponding to the burner 
centerline and origin corresponding to the burner in le t  are given in the 

appendix. 

A plot of the predicted particle trajectories and assumed geometry for the 
simulation is shown in Fig. III.A-20a. The angle between the reactor ~all and 
burner centerline was assumed to be 45 degrees ( i .e.  the 4-degree offset was 
neglected). After a distance equal to hall = the width of the reactor, the wall 
was assumed to converge back toward the reactor centerline, in order to prevent 
recirculation at the exit plane and achieve convergence over a relatively short 
axial length. Otherwise, the reactor length would need to be increased by a 
factor of 3 or more in order to provide enough distance so as to not have any 
recirculation at the reactor exit plane. The code does not converge i f  there is 
recirculation at the reactor exit plane. Since i t  is only the near-burner 
region of the calculation that is of interest, the modified geometry to achieve 
convergence for a shorter total axial distance of simulation was assumed to have 
no adverse effect. In fact, i t  was necessary to allow for  more detailed 
simulation of the near-burner region with the same number of total grid points. 

A contour plot of predicted temperature is shown in Fig. lll.A-20b. The 
probe paths with measurement locations is also shown. Temperature was measured 
at most, but not all, of the indicated locations. Due to the uncertainty in the 
burner t i l t  angle, two values were tr ied. Oxygen concentration and gas 
temperature are shown in Figs. ]II.A-20c and 20d, respectively. The curves 
represent a least-squares f i t  of the experimental data. The horizontal axis is 
the distance from the wall. The predicted temperature rise and oxygen decrease 
with increasing distance from the wall agree well with the experimental data at 
distances less than 1.5 m. The disagreement at 1.5-2 m may be due to 3- 
dimensional effects in the furnace. 

The applicabil i ty of PCGC-~ to this 3-D configuration, even in the near- 
burner region, is questionable. Subsequent predictions wil l  be made with a 3-D 
code under independent funding. 

User-Friepdltness and Robustness 

Improving code user-friendliness and robustness is an on-going activity. 
During the last year, york continued on ~implifying code input, developing a 
graphical user interface, improving code diagnostics, and developing a graphical 
post-processor. 

Code ~.nout User-friendliness was improved during the last year by 
adding a sorting algorithm for Lennard-Jones parameters supplied in the input 
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~ile for thermodynamic data. These data have often been a source of input 
errors for the inexperienced user, because they were required for each gas 
species and in the same order as the other data for the species. Nov the order 
in which they can be supplied is arbitrary, and the program wil l  i~sue a warning 
i f  any required data are missing. Also, correlations were developed as 
explained earlier for particle optical properties as a function of particle size 
to eliminate the need ~'or the user to specify particle optical properties in the 
input data. 

Graohi:~l Inters'ace - A graphical user interface (6UI) for preparing 
code input was extended to include particle combustion data. The GUI runs under 
the OPEN LOOK TM windowing system developed by Sun Microsystems and available on 
Sun workstations. The particle data ~indow is shown in Fig. Ill.A-21. The top 
part of the window contains logical variables which toggle between their true 
and false states by clicking the mouse on the arrow. A brief text string by the 
side of the arrow explains the meaning of the current setting. Below the 
logical variables are numeric ~ields for specifying the number of trajectories, 
particle sizes, etc. These values are changed by using the mouse to position 
the cursor in the appropriate numeric f ield and entering the data from the 
keyboard. Directly below the numeric field for specifying the maximum number of 
particle iterations for convergence is a stacL: button ~'or selecting the option 
for interpolating gas properties. Again, tne user can cycle through the 
available options by clicking the mouse on the box with the arrow. Below the 
stack button ~or the gas properties interpolation index is an array of numeric 
fields for specifying the particle diameters. A stack button for cyciing 
through available unit options is also provided. At the bottom of the window, 
numeric fields are provided for specifying particle properties. Stack buttons 
allow the user to select from ~everal unit options. 

Code Diaono~tlcs - Diagnostic messages have continually been added to 
the code when problems with code input have occurred. These messages wi l l  
assist in detecting errors in code input in the future. During the past year 
for example, a problem was encountered in the Goudey plant simulation when the 
gas stream flowrates were mistakenly input in kg/hr rather than kg/s. This 
error resulted in the simulation not converging because nT unreasonably high gas 
velocities at the inlet. Diagnostic messages were therefore added to yarn the 
u~er when the inlet velocities, calculated from input Tlowrate values, exceed a 
reasonable value. A value greater than 200 m/s is currently considered 
unreasonable. Diagnostics were also added to aid the user in selecting the 
upper temgerature l imit  for the physical properties table. The lower l imit  is 
fa i r ly  easy to select; i t  is commonly set equal to the lowest in let  stream 
temperature entering the reactor. The upper temperature l imi t  is d i f f icu l t  to 
specify because some regions o~" the reactor may exchange significant heat 
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through radiation with other regions oi' the reactor. Therefore, the code was 
modified to print a message wi=enever the upper temperature l imi t  specified by 
the user is inadequate and needs to be modified. The message also suggests what 

the new value should be. 

GraDhlcs - The various post-processors for plott ing gas, particle, and 
pollutant properties were consolidated during the last  year into a single 
program with various options. An option was added to the post-processor for 
producing text f i les in tabular format that can be read and plotted with a 
~imple spreadsheet program. Options were also added for creating velocity 
vector plots and for  comparing code predictions with experimental data. The 
data comparisons for gas composition can be made on either a wet or dry basis. 

Foundational Code Specifications 

Minimum specifications for a foundational, entrained-bed code that wil l  
:atis?y the terms of the contract were identified. These specifications are as 
?ollows: 

i. The percolation version of FG-DVC with rank-dependent kinetics wil l  be 
included. Additional submodels from AFR wil l also be included based on 
avai ! abi I i ty. 

. The code vil ~, operate with a single solids progress variable. Coal offgas 
composition wil l  be assumed constant. I f  possible, volati les enthaIpy 
wil l  be allowed to vary as predicted by FG-DVC. 

. Code output wil l  be provided in a format suitable for hardcopy printout. 
In addition, electronic data f i les suitable for use with independent 
computer graphics programs (e.g. spreadsheets and/or more advanced 
commercial software) for plotting wil l  be provided, and experiences with 
such graphics programs wil l  be documented. Any software ( i .e.  driver 
programs) developed under this program in connection with the use of such 
graphics programs wil l also be provided. 

. Sorbent in ject ion wi l l  be allowable with the coal or through an 
additional, sidewall inlet. 

In addition to identifying a set of minimum specifications for compliance 
with the contract, additional features that would fur ther enhance code 
performance were identif ied. These additional features wil l  be considered once 
the development of a code with the n~inimum specifications is insured, based on 
avai labi l i ty  of resources and technology. The additional features include 
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additional submodels, an additional solids progress variable for tracking coal 
offgas, and agt injection of coal. The lat ter has been incorporated under 

Subtask 3c. 

During the next quarter, the 9inal version o9 the FG-OVC submodel will be 

integrated. Other submodels from Task 2 (e.g. swelling and char reactivity) 

will be incorporated if available. Evaluation cases will be run with the FG-DVC 

submodel and compared with experimental data. Additional cases of the ABB CE 

drop-tube ~'urnace will be run. A coal combustion case in the CPR will be run. 
The lldR cases will be completed, E~fort will be made to resolve the problems 
with the Imperial College simulations. Further consideration will be given to 
~n=orporating energy feedback from volati le fla~es. Work wil l  continue on code 

graphics. 
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I I I . B .  SUBTASK 3 . B .  - CONPREHENSIVE FIXED-BED MODELING, REYIEH, 

DEVELOPNENT, EVALUATION, ~ AND IMPLEMENTATION 

Senior Investigators - Predrag T. Radulovic and L. Douglas Smoot 

Brighe~a Young University 

Provo, Utah B460Z 

(BOl) 378-3097 and (801) 378-43Z6 

Research Assistant - N. Usman Ghani 

Qb_~ ect l  ves 

The objectives of thi~ subtask are. I) to develop an advanced, fixed-bed 

model incorporating the advanced submodels being developed under Task ~, 

particularly the large-particle submodel (Subtask 2".e.), and 2) to evaluate the 

advanced model. 

Accomollshments 

During the past year, work continued on developing and evaluating the 

fixed-bed model. The f i r s t  version of the one-dimensional, fixed-bed model, 

MBED-I, was f inalized and evaluated by simulating several test cases and 

comparing predictions with experimental data. The user's manual for the MBED-I 

code was completed and reviewed. The MBED-I code and user's manual were 

submitted to METC. The minimum specifications for the f inal fixed-bed code, 

FBED-I, and the cases for the application of the code were defined and accepted 

by both AFR and HETC. A major improvement in the FBED-I code is the inclusion 

of the FG-DVC submodel developed at AFR. The stand-alone FG-DVC submodel was 

received from AFR and ~tudied in detail for better understanding and proper 

integration in the final version of the comprehensive, fixed-bed code. 

Preliminary integration of the FG-DVC submodel was performed jo in t l y  by BYU and 

AFR, but was only partial ly successful. This effort necessitated restructuring 

of the f inal version of the code. The present version of the fixed-bed code, 

FBED-I, which includes the properly integrated FG-DVC percolation submodel, 

~as tested by simulating a Wellman-Galusha gasi f ier  ~ired with Jet, on 

bituminous coal. The results compared well with the previous versions of tne 
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~ixed-bed code. Two papers were submitted for publication (Hobbs et a l . ,  Iggla, 

Igglb). 

Prellmlnarv Code Version (MBED-I~ 

E v a l u a t l o n -  The f i r s t  version of the fixed-bed code, MBED-I, was 

further evaluated by simulating several test cases for a ~qellman-Galusha 

gasi f ier  f i red with Elkhorn bituminous, Jetson bituminous, Leucite H i l l s  

bituminous, and Utah Blind Canyon bituminous coals. Figure I I I . B - I  compares the 

predicted and measured temperature profi les and shows the effect of operating 

conditions for these 1"our coals. Additional evaluation was performed, by 

studying the mathematical models and the con~outational methods which form the 

theoretical basis of the code and through a l ine-by- l ine check of the code. 

Portions of the code which can be rewritten as separate modules were ident i f ied.  

The robustness of the code was tested by applying the code to a l imi t ing case of 

devolat i l izat ion under an inert  environment. The results did not produce a 

converged solution, and the portions o~ the code were ident i f ied which need to 

be improved to yield converged results under al l  conditions. A brief discussion 

of the ~Vellman-Galusha simulation results follows. 

E!kl:orn Bituminous Coal Case - A shirt in the measured temperature 

profile due to changing reactant feed rates during gasification of Elkhorn 

bituminous coal is shown in Figure III.B-IA. The predicted trends were in 

agreement with the direction of the measured temperature shifts in each case. 

From the sensitivity analysis, an increase in coal flow rate caused the location 

of the maximum temperature to move closer to the bottom of the reactcr. In 

general, an increase in either the steam flow rate or air flow rate caused the 

location o9 the maximum temperature to move closer to the top of the reactor. 

In this case, the coal and air flow rates were increased, the steam flow rate 

was decreased, and the location of the maximum temperature moved toward the 

reactor bottom. Although increased air flow rate would cause the location of 

the maximum temperature to move toward the reactor top, changes in coal an~ 

steam flow rates were apparently more significant for the Elkhorn case. 

Jetsam Bituminous Coal Case The elfect oi varying operational 

parameters on the location of the maximum temperature is shown in Figure Ill.B- 

IB Ior gesilication of Jetson bituminous coal. The direction of the temperature 
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sh i f t  was predicted adequately by the one-dimensional model. An increase in the 

coal, a i r  and steam mas~ flow rates caused the locat ion  of the maximum 

temperature to move toward the top of the reactor. For the Jetson case, the 

increases in  steam and a i r  mass flow rates were apparentRy more s ign i f icant  than 

the increase in the coal mass flow rate. 

Lsucite H l l l s  Subbitumlnous Coal Case Although gas i f i ca t ion  of low- 

rank coals seems to be more d i f f i c u l t  to simulate, predict ions from the one- 

dimensional model were in agreement with the experimental data fo r  the Leucite 

Hi l ls  subbituminous coal, as shown in Figure I I i .B- IC.  The increase in coal 

flow rate and decrease in steam flow rate caused the locat ion of the maximum 

temperature to s h i f t  toward the bottom of the reactor fo r  the Leucite Hi l ls  

cas e. 

Utah B11nd Canyon Bituminous Coal Case The Utai~ Bl ind Canyon case 

depicted in Figure I I I .B- ID also shows the effect of increased coal and gas 

throughputs. Trends in measured and predicted profi les do not agree for this 

case. The uncerta inty in the experimental measurements may explain the 

discrepancy. The temperature measurements were taken for two time periods. For 

the f i r s t  time period, the measurements were repeated on two separate days, but 

only one set of operational data was reported lo t  this time period (Thimsen et 

al., IgB~). 

Documentation and Imolementatlon - A user's manual f o r  ~BED-I (which 

includes only the FG submode]) was prepared. TOe manual consists of two parts. 

The f i r s t  part  includes the model ferTnulation and the so lu t i on  procedure, 

whereas the second part includes user's and implementation guides as well as 

sample p r o b l e ~ .  The f i r s t  version of the one-dimensional code, MBED-I, 

inc~,uoes only the FG submodel. The code was ported to a S i l i con  Graphics 

workstation, and a sample case was successfully executed. The sample case was 

for the Wellman-Galusha gasi f ier  f i r ed  with the Jetson bituminous coal. The 

code, user's manual, and ins ta l la t ion  instructions were sent to METE. 

Final Code Version iRBED-I~ 

Minimum specifications for the final product version of the fixed-bed code 

(FBED-I) were approved by both AFR and MZTC. They include: 
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I ,  

2. 

. 

4. 

5. 

. 

. 

8 .  

One-dimensional, heterogeneous, counter-flow, steady-state. 

Gas ~low calculated by Ergun equation: solid flo~ with 

variable velocity and porosity. 

Bed settling with variable porosity. 

Solid-to-gas heat transfer with elfective heat transfer coefficient. 

Devolatilization calculated by FG-DVC percolation submodel ~or large 

patti cl es. 

Combustion/gasification with shell-progressive shrinking core (SP) or ash 

segregation (AS) submodel. 

Ca= chemistry by partial equilibrium. 

Code output wil l  be provided in a format suitable for hardcopy printout. 

In addition, electronic data f i les suitable for u~e with independent 

computer graphics programs for plotting wil l  be provided. 

The code plan and schedule with milestones for completing the contract were also 

proposed and accepted at the Contract Review Meeting in March. 

FQ-DVC Submodel - Coal devolat i l izat ion in MBED-I is based on the 

Functional Group (FG) model along with computation of the tar yield based either 

on the correlation of Ko et al. (1988) or as specified by the user. The 

simulation results show a significant effect of tar yield and demonstrate the 

need for a more rigorous devolatilization model. A major improvement in FBED-I 

is that devolatil ization modeling is based on the ful l  FG-DVC submodel. F6-DVC 

was developed on a Sun workstation under an older version of the operating 

system (Sun OS 3.4). The code was ported to a Sun workstation at BYU under Sun 

0$ 4.1, and a sample case was executed with partiai success. The stand-alone 

FG-DVC code, modified to exclude graphics routines, was executed successfully. 

The differences in the graphics routines between the two operating systems, Sun 

OS 3.4 and Sun 05 4.1, are. The code with the graphics routines was, therefore, 

not executed. The most recent version of FG-DVC is formulated as a differential 

equation system. The original version was formulated as an algebraic equation 

system. 

~oda Oevelooment - The preliminary integration o~ the FG-DVC submodel 

into the comprehensive fixed-bed code was performed jo in t ly  by BYU and AFR. The 

number of functional groups in the fixed-bed code was increased from !9 to 27. 

Furthermore, these functional groups are tracked in the char, tar  and gas 
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phases. The new version includes rank-dependent devo!atilization kinetics. The 

preliminary integration of FG-DVC was performed by adding the new 

devolat i l izat ion equations and then tracking tar and the original nineteen 

functional groups of the MBED-! model. A sample case for the Wellrnan-Gallusha 

gasif ier fired with Jetson bituminous coal was simulated, but with only partial 

success; the integration broke down in the oxidation zone, as shown in Figure 

I I I .B-Z.  I t  is interesting to note that the pressure, major and minor species 

concentrations, particle diameter and burnout do not show any aiscontinuities. 

I t  is only the temperature profiles and, i.n particular, the carbon consumption 

rates, which clearly demonstrate the breakdown. 

In order to isolate and correct the problem, two possibi l i t ies were 

explored. The f i r s t  one was to determine i~ the FG-DVC submodel was the source 

of the error. This was achieved by allowing devolati l ization to occur in the 

drying, devolatilization and gasification zone but not in the oxidation zone. 

This aid not correct the problem, and therefore, this possibi l i ty was ruled out. 

The second one was to determine i f  the inherent, non-linear nature oI the system 

of ordinary differential equations was the cause of the problem. Simulations 

were made with the standard LSODE integration package instead of the sparse 

version, LSODES, as well as with a simpler 5th-6th order Runge-Kutta-Felhberg 

algorithm with step-size control. Both of these approaches required some 

adjustment of tolerances, but were successful, and integration in the oxidation 

zone proceeded without any discontinuities. The CPU time requirements with the 

standard LSODE integration were signif icantly less than that needed for the 

Runge-Kutta-Felhberg a lgor i t~ .  The results of a simulation for the Wellman- 

Galusha gasi~ier, using the standard LSODE package, are sho~n in Figure I l l .B-3. 

The preliminary version oi ~ the FBED-! code included twenty redundant 

equations for the nineteen functional groups and the tar-forming fraction, and 

therefore, a complete restructuring of the code was required to eliminate this 

redundancy. A s igni f icant  aspect of the code restructuring was the 

rearrangement of the system of governing equations. Th i s  rearrangement was 

achieved by separating the governing equations into two groups. The 1~irst group 

is comprised o~ the equations which must be solved irrespective oI the choice oI 

devolatil ization submodel. The second group is comprised of the equations which 

depend upon the choice oi devolatilization submodel. In the modified setup, tar 

in the gas phase is treated as a pseudo-phase, and the equations within these 
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two groups were further arranged in a logical order dealing with separate gas, 

tar and solid phases. The new setup permit~ inclusion of additional variables 

and corresponding governing equations with minimal changes in the code and is, 

therefore, considered a major improvement in the code structure. 

The MBED-I code was used to test the new structure of the code. 

Simulations were made for the Wellman-r, alusha gas i f ie r  f i red with Jetson 

bituminous coal with both versions ( i .e . ,  the original and the restructured 

versions), and the results were compared. The two versions did not produce 

identical results. The values of all the output variables, however, were always 

very close and usually differed only after the 3rd or 4th significant dig~t. A 

careful scrutiny of the modified version of the code did not reveal any errors 

in coding. Experimentation with step size and tolerances did not yield any 

improvements in the results and, instead, showed some effects of these 

integration parameters. However, no discrepancies in the results of the zero- 

dimensional portions of the codes, which do not involve any integration, were 

observed. In order to identify the problematic module, the two versions were 

executed with the Runge-Kutta-Felhberg integration routine, and they produced 

identical results, i t  was therefore concluded that the standard LSODE 

integration routines were the source of the problem and should be carefully 

s tudi ed. 

The new version of the MBED-I code formed the foundation for the present 

version of the FBED-] code, which is fu l ly restructured to properly integrate 

the FG-DVC percolation submodel. The FG-DVC submodel, provided by AFR was 

modified to accommodate the new structure of FBED-I. Options were added in the 

FBED-I code to perform the numerical integration of the resulting system of 

equations using the LSODE or the Runge-Kutta-Felhberg algorithm with step-size 

control. Portions of the code were also rewritten to enhance clar i ty  and 

modularity. The code was executed on a Sun Sparc station i computer. A sample 

run f o r  the W~llman-Galusha gasif ier f ired with Jetson bituminous coal was made, 

and the result~ are shown in Figure I l l .B-4. 

The results from the preliminary and the current versions of FBED-I are 

similar but there are also differsnces as one can see in Figures II!.B-3 and 

III .B-4. Some of these differences can be attributed to the coding errors found 

in the preliminary version. Others remain to be explained. There are also 
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questions with both versions of the code. The comparison of predictions with 

~'ellman-Galusha data 1"or the Jetson coal case are currently better with the 

completed ~BEO-I code than with the preliminary FBED-I code, as shown by Figures 

III.B-3 and I l l .B-4. In preliminary FBED-! predictions, questions include high 

ash and maximu~ temperatures, dips in temperatures and a jump in oxygen between 

the ash and the oxidation zone, a jump in nitrogen in the oxidation zone, etc. 

These questions are probably numerical in origin and remain to be resolved. 

The current version o~" FBED-I was also ported to a VAX computer running 

under the VMS operating system. The code was compiled successfully, but twenty- 

five warning messages were given. These messages were related to the character 

v~rlables in the module CREEO, which were in i t ia l ized in data statements with 

Hollerith variables. In addition, two minor modifications had to be made in the 

code: the machine-dependent routine ETINE was replaced with the equivalent 

routine SECND$ on the WAX, and calls to the routine FLUSH were commented out. 

The code was executed successfully a~.ter making these minor modifications. The 

results, although very close, were not identical to the results on the Sun 

machine. The differences may be attributed to the hardware di~lerences of the 

two machines. 

During the next quarter, work will continue on developing the l:inal 

version of the comprehensive, fixed-bed model, FBEO-I. Additional portions of 

the code will be rewritten to further improve code structure, modularity and 

user-lriendliness. All submodels will be thoroughly studied to justify their 

inclusion in the final code. Options will be provided in the code to choose 

between the simpler FG model or the more rigorous FG-DVC model. The iteration 

method will be further modi1=ied to improve convergence and robustness. The 

fixed-bed code will then be validated, and a sensitivity analysis will be 

performed. Work on spreadsheet graphics and other graphic outputs/interfaces 

will be initiated. Preparation of the FBEO-! user's manual will be initiated. 



I I I , C .  SUBTASK 3,C. GENERALIZED FUELS FEEDSTOCK SUBMODEL 

Senior Investigators - B. Scott Brev,,ter and L. Douglas Srnoot 
Brigham Young U~-Tver~itj 

Provo, UT .'.,4602 
(801) 378-6Z4D and 4326 

The objective of this subtask is to generalize PCGC-2 to include sorbent 

injection, as outlined in the Phase I I  Research Plan. 

Accomol I ~ hments 

PCGC-~ was modified to allo~ both coal and sorbent part ic le injection in 
~econdary and additional (sideval l)  in le ts .  The method of calculating the 
source term Tot the gas phase based on sulfur capture by sorbent va~ verif ied. 

Plan~ 

Test rnodification~ with coal  and/or sorbent part icles in additional 

(~idewall) in lets.  


