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SECTION I I .  TASK 2.  SUBMODEL DEVELOPMEh'T ~J~D EVALUATION 

Ob.,qecti yes, 

The objectives of this task are to develop or adapt advanced physics and 

chemistry submodels for the reactions of coal in an entrained-bed and a fi×ed-b~ 

reactor and to validate the submodels by comparison with laboratory scal~ 

experiments. 

Task Outline 

The development of advanced submodels for t~e entrained-bed and fixed-bed 

reactor models will be organized into the following categories: a) Coal Chemistry 

(including coal pyrolysis chemistry, char formation, particle mass transfer,  

part ic le thermal properties, and particle physical behavior); b) Char Reaction 

Chemistry at high pressure; c) Secondary Reactions of Pyrolysis Products (includin~ 

gas-phase cracking, soot formation, ignition, char burnout, sulfur capture, and 

tar/gas reactions); d) Ash Physics and Chemistry ( inc luding mineral 
characterization, evolution of volatile, molten and dry particle components, and 

ash fusion behavior); e) Large Coal Particle Effects (including temperature~ 

composition, and pressure gradients and secondary reactions within the particle, 

and the physical affects of me]ting, agglomeration, bubble formation and bubbl;~ 

transport; f) Large Char Particle Effects (including oxidation); g) SOx-NO × 
SubmOdel Development (including the evolution and oxidation of sulfur and nitrogen 

species); and h) SO× and NO x Model Evaluation. 
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Obj ective 

The objective of this subtask is to develop and evaluate, by comparison with 

laboratory experiments, an integrated and compatible submodel to describe the 

organic chemistry and physical changes occurring during the transformation from 

coal to char in coal conversion processes. Many of the data and some computer 

code~ For this submodel are available, so i t  is expected that a complete integrated 

code w~ll be developed during Phase I .  Improvements in accuracy and efficiency 

will be pursued during Phase I f .  

Acc~pl  i stJents 

In order to further understand the role played by ion-exchangeable cations on 

char react ivi ty,  samples of demineralized Zap coal were subjected to ion-exchange 

with M9 and Ca. This work is being done jo int ly under Subtasks 2.a, 2.c~ and 2.d, 

which cover i n i t i a l  react ivi ty~ char burnout and mineral catalytic effects, 

respectively. For the time being, i t  will be reported under Subtask 2.a. Chars 

were prepared by heating in a TGA at 30°C/rain to 900~C or 1000°C and reactivity 

measurements were done in both a i r  and C02. In both gases the loading of 

sufficient amounts of Mg or Ca produced a char which was equal or more reactive 

than chars produced from the raw coal. 

Char samples obtained from drop tube experiments done with Pittsburgh Seam 

coal were prepared for SEM analysis by potting and polishing, The SEM photogra.phs 

were taken and were analyzed to obtain quantitative information such as bubble size 

and wall thickness, which can be used for validation of the viscosity and swelling 

models. Our preliminary analysis indicates that maceral effects may be important. 

Work resumed on the viscosity model and continued on using the FG-DVC model 

to model the baseline pyrolysis data obtained for the 10 coals from the EFR and TG- 

FTIR reactors, as well as from FIMS analysis at SRI InternatiOnal. Some 

refinements were made to the treatment of internal and external transport in the 
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model. Work was also done on comparing the FG-DVC model to the statist ical ~d~l 

of Pugmire and Grant at the University of Utah which is based on percolazior~ 

theory. 

Entrained flow reactor experiments continued with three coals and addition~l 

FIMS analysis experiments were done at SRI. 

Coal Characteri zation 

Additional characterization of coal samples was done by doing ion-exchange and 

char reactivity experiments with various cations, swelling experiments with ~he 

Pittsburgh Seam bituminous coal and pyrolysis experiments in the TG-FTIR, EFR an~ 

FIMS reactors. 

Char Reactivity 

In order to fur ther understand the roles played by the ion-exchangeable 

cations in char reactivity, a 200 x 325 mesh sieved fraction of Zap Indian H~.ad~ 

demineralized according to th~ standard Bishop ~nd ~.'ard (1958) technique, , ~  

subjected to ion-exchange with Mg and Ca, using a modification of the procedure, by 

Hengel and Walker (1984). In the case of Mg, a 1.5M acetate salt solution w~s 

employed. In the case of Ca, the amount ion-e×change~ onto the demineralized Zap 

l ign i te  was control led by using O.5M, 1.0M and 1.5M acetate salt solutions. 

Slurries of 5 grams of demineralized Zap and 125 ml of the desired loading solution 

was stirred at 57°C for 5 1/2 hours. The solution was allowed to cool to room 

temperature and st irr ing was continued for an additional 22 I/2 hours. Th~ slurry 

was f i l tered, washed with deionized water and dried at I05°C in a vacuum oven for 

approximately two hours. 

The amount of cation exchanged was determined by x-ray analysis. Listed in 

Table I I .A-I are the mineral components for the raw, demineralized and cation 
loaded Zap !ndian Head samples. 

Char reactivity measurements (Tcr) were done both in air and in CO 2 and can be 

viewed in Table II.A-2. In the case of air reactivity, chars were prepared by 

heating in N 2 at 3O°C/min to 900°C. In the case of CO 2 reactivi ty, chars were 

prepared by beating in N 2 at 30°C/min until IOODQC was achieved. 

I n  both air  and C02, the demineralized Zap char is far less reactive (higher 

Tcr) than the raw Zap char. As discussed in previous reports, this is probably due 
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Table IL~ - 2. P~eactivity ~leasurements for Raw, Dem~neralized and Cation 

Leaded Dem~-~eraIized Zmp indian Head Li~n~te Samples. 

900°C N 2 Char  1000°C N 2 C ' ~ r  

Tcr  °C Tcr  °C 
in  Air  Lu CO 2 

R a w  Zap 420, 418 

~ Z a p  528 99~. 

Mg Loaded I)emin. Zap 4L:~,, 424 909, 905 

0.SM C a ~  Detain Zap , ~ 3  

1.0~,[ Ca Loa~e~ ~ Zap 42,6 

LSNI Ca Loaded Detain, Zap 433, 434 819, 821 
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to the removal of the organically bound alkali metals which are thought to dominate 

char reactivity in coals possessing more than 8% 02 . I f  this is true, then cation 

loading should result in the restoration of char reactivity. 

The I.SM Ca and Mg loadings effectively increased the demineralized Zap char 

air reactivity. In both cases, the loaded samples proved to be almost as reactive 

as the raw coal. A plot of Tcr (°C) in air versus Ca weight percent obtained from 

the raw, demineralized and the O.SM I.OM and 1.5M loaded Zap samples (Fig. II.A-1) 

suggests that calcium's abi l i ty to promote char reactivity in air decreases at 

higher Ioadings. Furthermore, the optimum level of Ca for increased char 

reactivity exists between 1.26 wt% and 3.31 wt%. This differs from the results of 

Hippo et al. (1979) who found that the steam reactivity increased linearly with Ca 

loading up to 13 wt% Ca in the char, even when allo~ring for a factor of two 

difference between loadings on a char basis and a coal basis. This may be due to 

the difference in mechanisms between the steam and 02 gasification reactions. We 

will be examining additional Ca loading levels to better establish the satura:ion 

Ievel s. 

When gasification took place in CO 2, the Ca and Mg loadings again effectively 

increased the demineralized Zap char reactivity. In the case of Mg, the loaded 

demineralized Zap sample was 60°C less reactive than the raw Zap lignite while in 

the case of Ca, the loaded demineralized sample actually became 30°C more reactive 

than the raw Zap sample. 

Swellin~ FJperiments 

In this quarter, samples of the 200 x 325 mesh sieved fraction of Pittsburgh 

No. 8 bit~inous coal were subjected to low temperature pyrolysis in the drop tube 

furnace described in the last quarterly report. Drop tube temperatures ranged from 

450°C tO 700°C. 

The TC~ was employed to detemine the amount of vo lat i les remaining in each of 

the chars collected. Char samples were heated in N 2 at 30°C/min to 900°C. The 

percent volatiles released (DAF) in the TGA is plotted in Fig. II.A-2a as a 

function of drop tube temperature. Results from the set of drop tube chars 

presented in the Fifth quarter!y Report are included here for comparison. I f  a 

plot is made using the volatiles released by heating to 550°C, as shown in Fig. 

II.A.2b, the rapid tar loss that occurs in this temperature range is more evident. 
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The SEM was employed to obtain both external (Figs. II.A-3 to II.A-3) ~nd 

internal (Figs. II.A-9) micrographs of the low te~.perature char particles. In 

order to micrograph the internal structure, the cnar particles were f i r s t  subjected 

to potting and "cutting". This technique involved mixing approximately 20 ~g of 

char sample and 1-2 ml of LR White hard grade acrz¢]ic resin in micron embedding 

mounts. With continued st i rr ing, less than one drop of LR White accelerator w~s 

added to quicken polymerization° The potted samples w~re cured at 58°C for a 

twenty-four hour period and "cut" with a single edged razor blade° 

Examination of the external micrographs suggests that three different 

pyrolysis pathways exist. Particles seem to undergo either I)  rapid swelling and 

cenosphere formation at lower temperatures or 2) gradual surface flowing, sw~_lling 

and cenosphere formation or, 3) no obvious swelling and lack cenosphere formation 

even at higher temperatures. 

A possible explanation for the differences in char morphology could be due to 

the differences in maceral content. According to data obtained from Karl Vorres at 

Argonne National Laboratories, Pittsburgh t(o. 8 bituminous coal contains 7% 

l ip t in i te ,  85% v i t r in i te  and 8% inert in i te (Vorres~ 1988). In lower rank coals 

where the properties of macerals d i f fe r ,  Richard Neavel describes the inert ini te as 

being carbon rich when compared to the v i t r i n i t e  of the same coal, and the_ 

l ip t in i te  as being comparatively hydrogen rich (Neavel, 1981). 

I f  one assumes that for f inely ground particles~ most of the particles contain 

single maceral types, one might expect 7% of the particles to be composed of 

l ip t in i te  and undergo rapid swelling, 85~ of the particles to be composed of 

v i t r in i te  and undergo a more gradual swelling, a~d 8% of the particles to b~ 

composed of inert in i te and lack swelling qualities. 

A s s u m i n g  the SEM micrographs displayed in Figs. I I .A-3 to II.A-S are 

representative of the char particles collected at each drop tube temperature, 

approximations can be made regardi~ig maceral content. In the 454°C char cases 4 + 

1 out of 37 particles have under gone cenosphere formation. In other words, 8- 

12% of the particles are perhaps l i p t i n i t e  in composition. Similarly, at 47B~C, 6 

+__ 2 out of 50 particles have formed cenospheres or 8-16% of the particles are 

possibly l i p t i n i t e  in composition. In the 502 and 519~C char cases~ the majority 

of the particles (possibly all the ~ipt ini te and v i t r in i te  particles) have either 

demonstrated some form of swelling or have already formed cenospheres. • At 558~C, 

6 +2 out of 49 particles or 8 - 16% of the particles have not demonstrated an)' 
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Figure H.A-3. SEM Micrograph of a 454°C Drop Tube Char of Pittsburgh No.8 
Bituminous Coal. Magnification: 300X. 
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Figure H.A-~ SEM lY~crograph of a 478°C Drop Tube Char o~ Pittsburgh No~S 
Bituminous Coal. Magnification: 300X~ 
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Figure H.A-$. SEM Micrograph of a 502°C Drop Tube Char of Pittsburgh No.8 
Bituminous Coal. Magnification: 300X. 
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Figure II.A-6. SEM MJcrograph of a 519°C Drop Tube Char of Pittsburgh No.S 
Bituminous Coal. Magnification: 300X. 
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F i g u r e  ILA-7. SEM Micrograph of" a 538°C Drop Tube CZar of Pit ,burgh No.8 
itum/nous Coal. l~gnification: 300X_ 
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F i g u r e  II.A-8. SEM Micrograph of a 558°C Drop Tube Char of Pittsburgh No.S 
Bituminous Coal. Magnification: 300X. 
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indications of surface melting or swelling and are probably inertinite in 

~omposi t i on. 

Figure If .A-9 displays the internal structures which the majority of the 

particles possess at various stages of pyrolysis. In Fig. II.A-9a, the particle is 

quite angular and has micropores of approximately one micron in diameter. In 

Figs. II.A-gb and II.A-9c, the particles have begun to lose their angularity and 

the micropores have begun to increase in size, forming bubbles ranging from 

approximately 5-15 microns in diameter. In Figs. II.A-9d and II.A-ge, the bubbles 

have both decreased in quantity and increased in diameter to as large as 85 

microns. Finally, in Fig. I f .A- f ,  a hollow cenosphere of approximately 110 micron 

diameter has formed. 

T G-FTIR Experiments 

As reported previously, the TG-FTIR apparatus has been used to characterize 

the coal samples used in this progra~i,. Approximately 35 mg of coal sample was 

heated at 30°C/min, f i rs t  to 150°C for drying and then to 900°C ~or pyrolysis. In  

the f i f th  quarterly report, results were reported for the tar evolution rates for 

the eight Argonne coal samples. These experiments were repeated with an improved 

temperature calibration for the instrument and better sealing against air leaks. 

The results are shown for the tar in Fig. II.A-IO and for CH4, C02, CO, S02, and 

H20 in Figs. II.A-IO to If.A-14, respectively. The coals are arranged on each 

plot according to the rank order given in Table If.A-3. The actual temperature- 

time profiles are given on the f i r s t  plot in each f igure.  

The results show how the structure of the product gas evolution curves varies 

from simple in the case of hydrocarbons to complex in the case of oxygenated 

species. One reason is that the la t ter  are l ikely to be influenced by mineral 

decomposition peaks. Of course this can be assessed to a large extent by running 

demineralized samples, which we are in the process of doing. 

In order to determine how well pyrolysis of the Argonne coals agreed with the 

assumption of rank-insensitive kinetics, a compilation was made of the temperatures 

for maximum evolution rate for the evolution of the most consistently prominent 

Peaks for each gaseous product. This was di f f icu l t  in some cases because of the 
fact that numerous "subpeaks", shoulders and minor peaks were often present. 

However, i t  was the usual case that an identifiable peak appeared in the same 
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TABLE II.A-3 

EI_E)U~LAtiALYSES OF ARGOIiNE PREMIUM CI]#J_S/@~PLES (I} 

%daf basis ,,% dry basis 
C H 0 S Ash 

1 .  Pocahontas 91 4.7 3 0.9 5 
2. Upper Freeport 87 5.5 4 2.8 13 
3. Pittsburgh #8 83 5.8 8 1.6 9 
4. Upper Kanawha 81 5.5 11 0.6 20 
5. Utah Blind Canyon 79 6.0 13 0.5 5 
6. I l l inois No. 6 77 5.7 10 5.4 16 
7. Wyodak 74 5.1 19 0.5 8 
8. Beulah-Zap 73 5.3 21 0.8 6 
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temperature vic ini ty for each coal. The results of this analysis are tabulated in 
Table II.A-4. 

In general, the standard deviations are greatest for oxygenated gases (C02, 

CO, S02, H20 ) compared to hydrocarbon gases (CH4, t~r/aliphatics). This phenomena 

was also observed previously (Solomon and Hamble~,, 1983). I f  one assure as a 50 

Kcal/mole activation energy, a range in the pea~: temperature of 40°C corresponds :o 

roughly a factor of 5 in the rate while a range in the peak temperature of 65~C 

corresponds to roughly a factor of 10 (Solomon and Hamblen, 1983). I t  appears th~r~ 

about one-half of the volati le products show a variation of x5 or less, while one- 

half show a variation of xlO or less. 

The conclusion was that, for most species~ there is a tre~d of increasing 

evolution temperature with increasing rank. However, the variations are small 

enough that the assumption of rank-insensit ive kinetics is a good f i r s t  

approximation for all of the major volati le products~ 

EFR Experiments 

Since the last quarter, two additional coals, 200 x 325 fractions of Montana 

Rosebud subbituminous and Indian Head Zap l ign i te,  were pyrolyzed in the entrain~ 

flow reactor. Due to its high water content, the l ignite w~s vacuum dried at 105% 

for two days prior to use, while the subbituminous co~l was vacuum dried for 1 hour 

prior to use, as previously practiced with the ~rgonne coals. The coal feed rates 

were maintained between 1.5 to 2.2 g/min with N 2 carrier. Particle residence :ime 

was approximately 0.7 seconds with furnace conditions of 700°C and 1100°C fcr both 

coals. Gas analyses were performed with the Nicolet 1179 FT-IR gas analyzer and a 

Hach Series 400 gas chromatograph with FID and TCD detectors. 

Additional EFR experiments will be done at 1400°C with these two coals. In 

addition, runs will be done at 700, 1100, and 1400°C with I l l inois No.5 coal (which 

was recently received) and selected demineralized coals. 

FINS, Experim~ts 

F I M S  analysis experiments were done on the Zap Lignite and I l l ino is  No. 6 

coals. In addition, FIMS analysis of the Pocahantas coal was repeated at a higher 

temperature (500°C maximum instead of 450°C). A method was developed for reading 

the raw FIMS data obtained from SRI International directly into ~he SUN 3/260 
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computer on which the FG-DVC model simulations are done. This allows an easier 

comparison between experiment and theory. Th~se cc~parisons wi l l  b~ shown in th~ 

next quarterly report. 

godel i n 9 

The modeling effort was very active during the past quarter, Improvements 

were made to the FG-DVC model and i t  was used to model pyrolysis data from the 

various r~actors. Work was also done on comparing the FG-DVC model to the 

statistical model of Pugmire and Grant. Finally~ work resumed on the viscosity 

model, 

FG-DVC Model 

Wurk continued on using the FG-DVC model to m~del the baseline pyrolysis data 

obtained for the ten coals fr~--~ the EFR and TG-FTIR reactors, as well as from FIMS 

analysis at SRI International. Some of these comparisons wil l  be shown in the next 

quarterly report. I t  was also decided to simulate l i terature data on Pittsburgh 

Seam coal, since a lot of work has been done on this coal, Th is  w~ll be 

especially valuable for validating tba treatment of internal and external transport 

effects in the mode] (see below), In addition, information was obtained from the 

University of Utah on characterization studies of the Argonne coals by ~MR ~nd 

pyridine extraction. This information was used to calculate parameters needed as 

inputs into the FG-DVC model. 

A lot  of work was done on studying the trea:ment of intern~l and external 

transport in the FG-DVC model during the past month. In addition~ a sensitivity 

analysis was done on the various model parameters. Finally, the abi l i ty of the 

model to predict yield variations with heating rate for a bituminous coal was 

demonstrated. These ef for ts  were undertaken partly to respond to reviewers 

comments made on the paper "A General Model of Coal Devoiatilization" submitted to 

Energy awJ Fuel, A revised version of the paper was accepted and is included ~z 

Appendix A. 

I n  the case of the mass transport effects, i t  was decided that i f  tb_ ~ 

resistances were in series, the internal transport term was dominant in all of the 

cases that were studied and the external transport term was not needed. We ~l~o 

considered treating the resistances in parallel. However, in this case the surfac~ 
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concentration of tar needed for the external transport equation cannot be readily 

calculated. For this reason, and because the assumed (convective} mode of internal 

transport provides for transport out of the particle, i t  was decided to drop the 

external transport term for the time being. However, i t  is recognized that this 

may be needed for small particles. 

The results of the sensitivity analysis can be summarized as follows. The 

model has eight coal structure parameters which must be determined for each coal 

from selected laboratory experiments. Once determined, these remain fixed for all 

experiments. The model also contains one adjustable parameter, A P, the internal 

pressure difference which drives the volatiles out of the particle. A sensitivity 

analysis shows that the volati'Je yield is most sensitive to the fraction of labile 

bridges, WB, the crosslinking efficiency parameters m(C02) and m(CH4) , and, in some 

cases (low rank coals, low pressure), to A P. The monomer molecular weight 

distribution parameters, Mavg and A, have only a weak effect on yields and tar 

molecular weight distributions. The ini t ia l  molecular weight between crosslinks, 

Mc, and the ini t ia l  oligomer length, ~., affect the coal's solvent swelling ratio 

and extract yield but have l i t t l e  effect on the subsequent pyrolysis behavior. 

Work began on comparing the FG-DVC model to the statistical model of Pugmire 

and Grant at the University of Utah, which is based on percolation theory. The 

Utah model does not contain the transport or chemistry which we believe are 

relevant. The percolation theory, however, has some advantages in terms of 

computational efficiency when compared to the Monte Carlo method used in the FG-DVC 

model. We are considering ways to combine the FT-DVC chemistry and transport 

description with the percolation theory mathematics. 

Vl IsCOS ~,~ ~ Model 

In the First Annual Report, a semi-empirical predictive model for the 

viscosity of heated coal was described. The model was to be the same as that 

published by van Krevelen for linear polymers (van Krevelen, 1976), and included 

dependencies on functional group composition, average molecular weight, 

temperature, and chain length, amongst other features. The data used to compare 

with the model was that of Fong (1986). van Krevelen's model, without adjustable 

parameters, gave values of viscosity too low by about four orders of magnitude. 

The major part of ~his discr~pap..j is - ~  ~**~k,+~ to the ~--~ -~  . . . . . . .  

established for l inear chain polymers, to a situation in which crossIinking 

undoubtedly plays a major part. Nevertheless,. there are features of van Krevelen's 
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model which appear to have application to a broader array of fluids than mmlt,~n 

linear chain polymers, and these will be retained. Specifically, the fur~ction~l 

group, average molecular weight and temperature dependence features of v~n 

Krevelen's model will be retained, while introducing one parameter to account for 

the "coalness" of the f lu id.  A value of that parameter has been established from 

comparisons of the results of model calculations with the experimental result~ o~ ~ 

Fong, and i t  will be determined whether the new mcdel can describe results from our 
own measurements. 

Our ini t ial  measurements are not direct measurements of viscosity, but of char 

form and structure. An analysis which will provide relationships between these 

observations and viscosity is being performed. 

The results of some e a r l i e r  work on cenosghere swelli~g (Selomon, e% al.~ 

1983) are b r i e f l y  reviewed here. In that research, a single bubble was considered,~ 

a cenosphere, under the inf luence of the contract ing force of surface tension and 

the expanding force due to the pressure d i f ference between the inside and outside 

of the cenosphere, The pressure dif ference ar ises from gas evolution from the 

pyrolyzing coal f l u i d ,  t h i s  gas being apportioned between inside and outside in the 

ra t io  of the corresponding surface areas. Gas d i f f us ion  f r ~  inside to outside of 

the cenosphere is also taken into account. 

The above forces act against the resistance of viscosity, as described by 

Chiou and Levine (1978), giving rise to the following expression for the rat~ of 
change of the external radius of the cenosphere, r2. 

dr2/dt = r13r? (APt)___ 

47 (r23 - r13 ) 
( i )  

where r I is She internal radius of the cenosphere~ ~ is the viscosity, and 4 P~ is 

the effective outward pressure difference across the cenosphere wall, consisting of 

surface tension and real differential pressure ~s described above. 

AP t = n t RT - o ( I / r  I + I / r2) 

(47r /3) r13 

where n t is the total excess tar and gas within the cenosphere, R is the gas 

constant, T absolute temperature, and o is the surface tension. 
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For moderate heating rates of coal, i t  is believed that there is a fair ly well 

defined sequence of events during pyrolysis. Early in pyrolysis, hydrogen bonds 

are broken and melting occurs, before appreciable tar evolution. At this stage of 

development, surface tension is the dominant "active" ( i . e . ,  non-resistive) force, 

leading to the sealing off of larger pores, and tends to collapse these cavities. 

Surface tension is a classical force associated with a continuous medium, and so is 

not the appropriate concept to use to describe the behavior of the smallest 

cavities in coal. A pore radius of 3000 X was tentatively adapted as a lower pore 

radius for which the concep%s of Eqs. i and 2 are valid. Smaller pores will s t i l l  

tend to  contract under the influence of intermolecular forces, but steric 

hindrances wi l l  begin to dominate the behavior of the system when only a few 

macromolecules f i t  around the "circumference" of a pore. Specifically, the 

behavior of the macropores (d4) described by Suuberg (1987) should be described by 

Eqs. I and 2. In the model of Gavalas and Wilks (1980) there is a density of about 

one d 4 pore per square !D #m by i0 Izm area. This is of the order of the cavity 

density observed in our SEM measurements. An estimate of the minimum viscosity 

seen by the coal in this early stage can be obtained by the following analysis, 

which wi l l  be made more precise in computer simulations. 

One assumes an early epoch in pyrolysis, when f l u id i t y  is established, but 

before appreciable gas and tar have been evolved. In Eq. 2, le t  n t ~ O  , and take 

the internal wall radius, r l ,  to be much less than the outer radius, r 2. One can 

rearrange Eq. I ,  and integrate to find that bubbles of i n i t i a l  radius r I wi l l  

vanish as a rate 

dr l /d t  : c /4~ (3) 

where t is the period for which the coal has a viscosity ~ , and a surface tension 

. One would count the frequency of occurrence of cavities of different radii in 

chars treated at different temperatures and time. From this data i t  should be 

possible to estimate 7/ from Eq. 3. Empirically predicted values of c will be used 

in the computer simulations. 

A second test of the viscosity calls for the incorporation of calculated 

values of the viscosity, ~ , in Eq. 1, in model simulations of single cel l  
i 

cenosphere swelling, as we now describe. When particles have experienced more 

extensive pyrolysis at suff ic ient ly high temperatures, evolved tars can cause 

expansion. The subsequent swelling of the single cell cenosphere is described by 

Eq. 1. In practice, values of viscosity from the model wi l l  be inserted into 
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Eq. I ,  and predicted swelling compar~ with observed particle swelling. The ca~e 
of multi-cell particles will be treated in future ~ork. 

Our recent experiments on particle heating ~ere described in this ~nd the 

previous quarter. Calculations have been performed of temperature historie~ for 

particles fall ing through the drop tube furnace~ on the assumption of non-sw~lling 

( i .e . ,  constant terminal velocity).  The part icle heats up to the ambient 

temperature in less than 0.1 sec, while the transit time through the furnace is 
about 2 sec. 

To date, simulations at AFR hav~ been based on average particle propertie~. 

As described above, when we take scanning electron microscope (SEM) photographs ~f 

a collection of pulverized coal particles i t  is primarily individual maceral~ tb~t 

we see. These macerals have very different swelling histories, so i t  would be 

d i f f icu l t ,  at best, to try to describe these by one "average" model. In the f i rst  

simulations of the f luid properties of these particles, parameters derived from 

TG-FTIR experiments on differentiated macerals will b~ used. 

I t  is with these results and comparisons that the model parameters established 

from Fong's viscosity data will be tested against our own results. I t  is believed 

that these comparisons wil l  provide a good test for the ear l ie r  stage~ c~f 

pyrolysis, including swelling. However, as the experiments stand, they do not give 

information about the viscosity in the later stages of pyrolysis, when crosslinki~g 

is the dominating factor. This problem wil l  be addressed in the next quarter~ 

P l a n s  

The study of SEM photographs of Pittsburgh $e~ coal chars will be continued. 

This will provide information to help validate the viscosity model. The FG-DVC 

model will be used to simulate results from baseline pyrolysis experiments with the_ 

ten coals. An analysis of pyrolysis data on the Pittsburgh Seam bituminous coal 

will begin. The work on comparing the FG-DVC model to other pyrolysis models ~ I I  

continue. The EFR experiments with remaining coals should be completed. The 

studies on cation effects on char reactivity wil l continue. 
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I I . B .  SUBTASK 2 . B .  - ,~DAMENTAL HIGH-PRESSURE REACTION 
RATE DATA 

Senior Investigators - Geoffrey J. Germane and Angus U. Blackham 
Brigham Young University 

Provo, Utah 84602 
(801) 378-2355 and 6536 

Student Research Assistants - Chuck Monson and Russell Daines 

Objectives 

The overall objectives of this subtask are 1} to measure and correlate 
fundamental reaction rate coefficients for pulverized-coal char particles as a 
function of char burnout in oxygen at high temperature and pressure and 2) to 
provide fundamental kinetic rate measurements of sulfur species with sorbents 
for a range of stoichiometries under laminar, high-pressure conditions. 

Specific objectives for the last quarter include: 

1. Continue reactor fabrication and construction 

. Continue preparation of the test cell to house the reactor and the 
optical instrumentation. 

. Continue preparation and analysis of test samples of char from Utah 
bituminous coal under atmospheric and greater than atmospheric 
pressure. 

4. Continue development of the sorbent capture test plan. 

Accomplishments 

Four components of this subtask have been identified to accomplish the 
overall objectives outlined above: I) char preparation at high temperature and 
high pressure, 2} determination of the kinetics of char-oxygen reactions at high 
pressure, 3) design and construction of a laminar-flow, high-pressure, 
controlled-profile (HPCP) reactor, and 4} measurements of fundamental sulfur 
capture rates by sorbents. Most of the effort during this reporting period was 
focused on components I and 3 in preparation for accomplishing the work 
identified by components 2 and 4. 

Component 1 - Char Preparation at Hiqh Temperature and Hiqh Pressure 

The main objective of this component of the study is to prepare chars by 
three different methods. A simple hot-tube reactor has been employed at 
atmospheric pressure, and modifications to this reactor will enable char 
preparation at elevated pressures. The two other reactors from which char 
samples wil l  be obtained are the BYU high-pressure, entrained-flow gasifier and 
the HPCP reactor being fabricated for this subtask. Char samples from the three 
reactors will be compared and their properties correlated with the oxidation 
kinetics of these chars which will be determined in the HPCP reactor. The 
reference char sample to which other samples wil l  be compared will be prepared 
in the HPCP reactor at pressures up to 27 atmospheres. 
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Chars wil l  be prepared from five different coals from the Argonne premium 
coal sample bank. Utah bituminous, North Dakota l ignite, and Wyoming 
subbituminous are three of the five coals to be studied. The other two coal~ 
wil l  be selected in the near future. A Utah bituminous coal, which is similar 
to but not the same as the Utah coal in the Argonne bank, has been used to 
prepare char samples. This coal is now in large supply at the BYU Combustion 
Laboratory. Small char samples of the Utah coal from the Argonne bank will be 
characterized and compared to the char samples from the BYU Utah coal. 

Literature Review - Wells and Smoot (1987) reviewed Lhe preparation method~ 
for chars and determined that to obtain satisfactory char samples for reactivity 
testing, the parent coals must be pyrolyzed in ~ reproducible manner. They also 
listed six cr i ter ia thought to be important to the selection of a pyrolysis 
method for char preparation. These included heating rate, maximum temperatur~: 
residence time, particle size, pressure, and gas composition. A study by Goetz 
et al. (1982) is quoted by Wells and Smoot (1987) in which char is prepared in 
nitrogen at 1728 K using a drop-tube furnace. They concluded that drop-tube 
furnaces and flat-flame burners achieve satisfactory heating rates on the order 
of 10,000 K/s or higher. They also state that the residence time for pyrolysis 
should be long enough for complete pyrolysis, but not so long that the coal goes 
through condensation and polymerization. Residence times in the range of 10-70 
ms at the temperature of interest are usually adequate. 

A recent study of coal char gasification at elevated pressure was conducted 
by Guo and Zhang (1986). The chars were prepared by devolatilizing coal in 
nitrogen ~t 1070 K for 2 hours. The gasification runs were at 29 atm pressure 
(30 kg/cm ~) at temperatures of 1120-1220 K. The kinetics were determined by 
having the carrier gas pass through a sample of char contained in a 22 ~ 
tubular reactor in a furnace and measuring the extent of burnout as a function 
of time. Under these conditions, the char reactivity followed first-order 
kinetics. Our approach for kinetics measurements wil l be uRder entrained-flo~ 
conditions rather than the fixed-bed approach used in this study. Anothec 
concern is that char should be prepared at temperatures higher than the 
temperatures at which the reaction rates are measured to avoid further 
devolatilization of the char. 

Technica],,Approgch - The simple hot- tube reactor  (described in the 5 th 
Quarterly Report, Solomon et el., 1987) has provided small a~ounts of char which 
have been analyzed. The hot-tube method allows for easy changes in the values 
of heating rate, residence time ~nd temperature. The varied conditions wil l aid 
in determining the conditions which will be selected for the high-pressure 
reactor. The samples were prepared by flowing nitro§on gas down the tube along 
with the coal. The nitrogen gas enters the tube from two inlets, one below and 
one above the coal. The bottom stream of gas fluidizes the coal particles 
while the top stream entrains the particles and carries them into the tube. The 
char samples were prepared at temperatures from 1413 to 1484 K. The samples 
used for the oxidation kinetics studies wil l be prepared at temperatures higher 
than those used for the kinetics measurements, to avoid further devolatilization 
of the char in the reactor. The modification to the simple hot-tube reactor for 
elevated pressures is complete. The feeder and receiver vessels ~ i l l  be 
contained in small, stainless steel bulbs. 

The BYU high-pressure, entrained-flow gasifier allows for collection of 
large quantities of char. Data from these chars will be compared with the char 
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samples prepared by the other methods. The high-pressure, controlled-profile 
reactor will also be used to prepare char at pressures up to 20 atmospheres with 
careful control of residence time and temperature. These chars will be 
designated as reference char samples to which the char samples prepared from the 
other methods wil l  be compared. 

Analysis and Measurements - Seven char samples obtained from the simple 
hot-tube reactor were analyzed along with a sample of the Utah bituminous coal. 
The residence time for these chars was calculated in the following manner. A 

temperature profile was measured for various settings of the reactor, which 
indicated the maximum temperature of the reactor and the length of the reaction 
zone used for the calculation of the volume in which the coal converted to char. 
The reaction zone was defined by the plateau of the temperature profile. The 
residence time is calculated by: 

tr= Vtube/WN2 (II.B-I) 

where Vtube is the volume of the reaction zone in the tube and WN2 is the 
volumetric flowrate of the nitrogen gas through the tube. The flowrate was 
adjusted as the density of the nitrogen gas changed with temperature. The 
expanded volume of gas flowing through the tube was determined from the maximum 
temperature of the tube. 

A gas expansion coefficient was defined as the ratio of the normal and 
maximum temperatures. The nitrogen flowrate, WN2 , was corrected by multiplying 
the flowrate with the gas expansion coefficient. The residence time was then 
calculated according to Eq. I I .B-I.  Residence times from 6.0 to 86.4 ms and 
maximum gas temperatures up to 1484 K have been achieved in the simple hot-tube 
reactor. Carbon and hydrogen measurement~ for each char sample from this 
reactor have been determined and are shown in Table II.B-1, which summarizes the 
status of the char preparation and characterization to date. As the residence 
time increased, the hydrogen content in the char sample decreased. The trend 
shows that the coal is being devolatilized in the reactor. Satisfactory char is 
being prepared by the simple hot-tube reactor and further comparison studies 
wil l  be made with these chars. No analyses have been performed on the chars 
obtained from the BYU gasifier. 

C o m p o n e n t  2 - Kinetics of Char-Oxyqen Reactions at Hiqh Pressur~ 

No work planned or conducted. 

Component 3 - HiqhrPressure Reactor Desiqn and Fabrication 

The primary objectives of  this subtask are to prepare char at high 
temperature and pressure, to determine the kinetics of char-oxygen reactions at 
high pressure, and to measure fundamental sulfur capture rates by sorbents at 
high pressure. The high-pressure, controlled-profile (HPCP) reactor will be 
used to prepare char, conduct char reaction rate experiments, conduct 
experiments concerning sorbent capture of sulfur species, and produce and 
collect tars. The reactor will operate at pressures up to 27 atmospheres and 
temperatures up to 1700 K. Provision is made for adjustment of axial 
temperature profile; in-situ measurement of particle temperature, diameter, and 
velocity; direct sampling of particles; and variable reaction tube diameters. 
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Table If.B-1 

CHAR SAMPLE CHAP~,CTERISTICS 

Char Preparation Met,hod 

Hot-tube reactor (atm) 

" " " (pressure) 
BYU Gasifier 
HPCP Reactor 

Analysi~ 
Char Prepared____~ H _N SEM N ~ B ~  

Y Y Y N  N N 
N N N N N  N 
Y N N N N  N 

N N N N  N N 

P R E L I M I N A R Y  RESULTS 

SamDl~  

2 8 8 - 6  
2 8 8 - 7  
2 8 8 - 1 1  
2 8 8 - 1 2  
2 8 8 - 1 : 3  
1 
2 
U t a h  
C o a l  

Residence 
T im~ 

28.4 ms 
41.1 ms 
53.9  ms 
35.9  m s  
25.4  ms 
6 .05 ms 
86 .4  ms 

Temperature 
R, pnqe 

11 92-1211 o c  
1140.1200oc 
1149-1200oc 
1140-1200oc 
1140-1200oc 
1192-1211oc 
1192-1211oc 
- -  . . . .  m . .  

Amount 
Cot~. 

0.145 g 77.3 
0.245 g 81.1 
0.193 g 81.6 
0.238 g 84.3 
0.303 g 8 1 . 9  
1.308 g 73.4 
0.100 g 77.3 
. . . . . . . . .  77.0 

77.1 
75.7 

Analysis ,  % 
C H 

2.23 
0.42 
0.32 
0.23 
1.59 
3.21 
0.83 
4.36 
5.27 
5.10 
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L~terature...Rev~9~ - Two papers of interest were recently presented in 
March, 1988 at the Western States Section of the Combustion Institute. Mitchell 
(1988) at Sandia National Laboratories in California used a laminar flow furnace 
to determine the reactivities of pulverized coal at atmospheric pressure. He 
employed an optical system which uses two-color pyrometry and light intensity to 
simultaneously determine particle temperature, diameter, and velocity. Waters 
et al. (1988) also performed work at Sandia using the optical system described 
above to determine how dimensional irregularity in char would affect the 
measurement of the kinetic rate. They found that even with these non-spherical 
particles, the measured kinetic parameters were relatively insensitive to the 
assumption that the particles were spherical. Saran char, which is highly 
irregular in shape, was used in a laminar flow furnace to study how measurements 
of the optical system using irregular char would vary from the results obtained 
using spherical charL The variation in measured particle temperature increased 
significantly for the irregular particles, and diameter uncertainty increased by 
±15%. This char is probably a worst case situation for particle shape; no coal 
char which wil l be used in the present study wil l  l ike ly be as irregular as the 
Saran char. 

A more complete report of Flaxman and Hallett's (1986) flow and particle 
heating work was obtained. Flow visualization studies were performed to 
determine i f  laminar flow was achieved for the reaction tube and burner design 
that was currently in use. A f inite difference computer program, included in 
the report, was used to determine particle heating and residence time in the 
furnace. Some o~ the conclusions rea~'ed were that heating rates increased with 
increased heating of the secondary gas and with increased particle size up-to 
100 mm, since particle heating was most strongly affected by wall radiation. 
The mass flowrate of the primary gas had l i t t l e  influence on the heating rate. 
Also, lowering the coal feed rate decreased the variations in the temperature 
histories of different-sized particles. One result of the flow visualization 
studies was that decreasing the size of the injection tube decreased the chance 
of unstable flow. 

Final Reactor Desiqn Improvements in the wall heater" and preheater 
designs have been made to reduce cost and improve the re l iab i l i ty  of the 
reactor. Figures II .B-I through II.B-3 show the final configuration of the 
reactor and preheater. In an earlier design, reactor wall heat was provided by 
custom-made, circular heating elements. One of these elements was ordered for 
testing, but i t  arrived broken. In consultation with a co~ercial furnace 
manufacturer, Calvin Stevenson of Deltec, Inc., i t  was determined that a 
standard horseshoe shaped heater would be less expensive, more reliable, and 
could be made to provide nearly even heating of the reaction tube. The new 
heater configuration is shown in Figure I f .B-).  Each heater wil l  l ie  on a 
ceramic insulation tray that slides into the reactor to hold the heater in its 
proper position. The heater surrounds about three-quarters of the reaction tube 
and a reflective section of the heater tray surrounds the remaining quarter. 
This section of the tray is made from a ,;ul l i te fiber insulation with better 
radiative heat transfer characteristics than the insulation surrounding the 
heaters. This results in more even radiative heat transfer and, in conjunction 
with the high conductivity mullite reaction tube, provides more even heating of 
the reactiontube. 

The preheater has been changed from being an integral part of the reactor 
head to being a separate, bolt-on assembly (see Figure II.B-3). Other changes 
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Figure II.B-1. Vert ical cross sectional v iew of reac[or. 
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Castable Ceramic lnsu Mullite Reaction Tube 

Optical Window / 

i•Semi-circular 
Wall Heater 

I 

Wall Heater Tray 

F i g u r e  II.B-2. Horizontal cross sectional view of reactor. 
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Figure II.B-3. Cross sectional views of preheater. 
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have been made to increase the longevity of the delicate heating elements. The 
two heating elements will be enclosed in separate wells that keep the heaters 
from coming into contact with the packed bed. This bed surrounds the heater 
wells to ensure good heat transfer. Stress in the heaters will be reduced by 
allowing them to hang vertically, and the flow area and length of the preheater 
have been increased to ensure adequate heating of the secondary gas. The packed 
bed is contained by a mullite fiber cylinder, surrounded by a mullite fiber 
blanket for additional insulation. 

To better account for the variations that wil l  occur in the coal char in 
the high pressure reactor currently under construction, a method is being 
investigated that would give more accurate size characterization by making use 
of two particle dimensions instead of one. 

Reactor Testinq and Characterization A program developed to test and 
characterize the reactor before the char experiments are conducted is outlined 
below. 

Structural Integrity - The vessel will be pressure tested to 1.5 times its 
maximum pressure at maximum shell temperature. All joints will be checked for 
proper sealing. 

Temperature Profile - A thermocouple wil l  be attached to the end of the 
injection probe and moved axially through the reaction tube. The preheater and 
wall heater zone configurations and settings wil l be adjusted to obtain an 
isothermal temperature profile for each of the experimental conditions required 
for the char tests. 

Particle Flow - Experiments using the optical system will be conducted to 
ensure that the particles are fed at a constant rate and that they flow down the 
centerline of the reaction tube. 

Injection Probe - An uncooled injection probe wi l l  be used since the char 
tests wil l  be conducted at temperatures lower than those used to prepare the 
char. Tests conducted to verify that the char characteristics won't change as a 
resul t  of heatup in the injector will consist of char injection into an 
atmosphere of nitrogen only. Since no oxidizer is present in these runs, char 
properties shouldn't change. The char wil l be collected and its properties 
compared with the those determined before the run. 

Collection Probe - During the char oxidation experiments, char reactions 
wi l l  be quenched in the collection probe with nitrogen by both cooling and 
dilution. This quenching process will be tested by making char runs with only 
nitrogen for both primary and secondary flows and using air as the quench gas. 
Any change in char characteristics during the run due to oxidation will be a 
result of improper quenching. 

Optical Instrumentation - The optics will be tested using nonfriable carbon 
spheres (Spherocarb), and the calibration system bui l t  into the instrumentation. 

Comparison With Other Researchers - Data from atmospheric pressure runs in 
the reactor wil l be compared with data obtained by other researchers using 
similar conditions to establish a baseline. Potential sources are Wells (1985), 
Solomon e t a l .  (1982), Nsakala e ta l .  (1978), and Kobayashi (1976). 
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C o m p o n e n t 4  - Fundamental Sulfur Capture Exo~r~m~nts 

No work planned or conducted. 

Other Activities 

The research team made a technical review presentation to the AF~ 
management team at Brigham Young University during the reporting period. A 
member of the research team was invited to present the details of th~ HPCP 
reactor design to a regional American Society of Mechanical Engineers' student 
paper contest in Phoenix, Arizona. 

P1 a r t s  

Further characterization by SEM and R2 BET will be made in the next 
quarter on the char samples already obtaineo.- The transition from preparing 
char samples at atmospheric pressure to elevated pressures wil l  be attempted in 
the next quarter. Also, chars wil l  be prepared at temperatures up to 1750 K. 
These chars, as well as two char samples obtained from the BYU Gasifier, will be 
analyzed by the following methods: CHN d~termination, Scanning Electron 
Micrographs, N 2 BET surface area, and particle size measurements. The Ch~F~ 
prepared at elevated pressures wil l  have residence tines approximately equal to 
those at atmospheric pressure. This will enable comparisons to be made about 
the effects of heating rate, pressure, and residence time on the characteristics 
of char. 

Fabrication of the reactor and preheater shells is in progress at the ~YU 
Research Machine Shop. Figure If.B-4 shows the construction schedule for the 
high-pressure reactor. Plans call for the basic reactor to be completed by the 
end of the next quarter and the instrumentation and support equipment in place 
during the following quarter. Testing and characterization wil l  be started in 
August, 1988 and extend into October, 1988, when char testing will begin. Chzr 
wil l  be prepared in the high-pressure reactor during and following reactor 
testing and characterization. 
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I I . C  SUBTASK 2.c,  - SECONDARY RBCTION OF PYROLYSIS PRODUCTS AND C l ~  BURNOUT 

SUBIIOgEL DEVELOPHENTAND EV~LL~TIOH 

Senior Investigator - Michael Serio 

Advanced Fuel Research, !nc. 

87 Church Street, East Hartford, CT 06108 

(203) 528-9806 

Objective 

The objective of this subtask is to develop and evaluate by comparison with 

laboratory experiments, an integrated and compatible s~bmodel to describe the 

secondary reactions of volati le pyrolysis products and char burnout during co~:l 

conversion processes. Experiments on tar cracking, soot fomation, tar/gas 

reactions, char burnout, sulfur capture, and ignition will be performed during 

Phase I to allow validation of submodels in Phase 11. 

Accmp1 i shments 

Data collection was temporarily suspended in the I~R as the spectrometer ~s 

needed for a different project. 

P1 ares 

Continue data collection in TWR for ignition and burnout experiments wizb 

chars, coals and demineralized coals. 
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I I . D .  SUBTASK 2.d -ASH PHYSICS AHDCHEHISTRY SUBMODEL 

Senior Investigator - James Markham 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(203) 52B-g06 

Objective 

The objective of this task is to develop and validate, by comparison with 

laboratory experiments, an integrated and compatible submodel to describe the ash 

physics and chemistry during coal conversion processes. AFR will provide the 

submodel to BYU together with assistance for i ts implementation into the BYU 

PCGC-2 comprehensive code. 

To accomplish the overall objective, the following specific objectives are: 

I) to develop an understanding of the mineral matter phase transformation during 

ashing and slagging in coal conversion; 2) To investigate the catalytic effect of 

mineral matter on coal conversion processes. Emphasis during Phase I will be on 

the acquisition of data which will be utilized for model development in Phase I f .  

Data acquisition will be focused on: 1) design and implementation of an ash sample 

col lect ion system; 2) developing methods for mineral characterization in ash 

particles; 3) developing methods for studying the catalytic effect of minerals on 

coal gasification. 

Mineral matter in coal is a source for slagging and deposits on reactor or 

down stream component walls, causing corrosion of equipment. Minerals can also 

catalyze reactions or can poison processing catalysts. The objective of this 

research is for the development of a model for the prediction of ash behavior and 

the correlation of the behavior with the original chemical composition, particle 

size, physical properties of the minerals and the process conditions. A model 

wil l  also be developed to predict the catalytic effect of minerals on coal 

conversion. 

Accompl i sh~mts 

During this quarter, SEM/dispersive x-ray analysis was performed on individual 

ash spheres that were recovered from the eight stages of the cascade impactor for 

an "in stack" ash collection from 200 x 325 mesh Zap l ign i te .  As noted in the 

- 5 4 -  



6th Quarterly 5/88 WP#88 

Fifth Quarterly Report for this program, the small spheres (< !0 /~m in diameter) 

apparently are shed from the coal particles durin~ the combustion proce~3 and 

contain inorganic components that are intr insic to the coal. X-ray analysis ~Bs 

performed on the eight size fractionated samples to see i f  the inorganic species 

present were biased ~owards certain particle sizes. 

For presumably pure mineral oxides, however, the x-ray data produced con~i~r.Ed 

of unusually low ash values: typically < ¢% total ash. Investigation has led us 

to believe that due to the small par t ic le sizes and the relat ively high 

acceleration voltage (30 kv) used for the analysis, transmission and sidesca~ter of 

the penetrating electron beam through and out of the part icles has bec,m~;e 

significant. This condition would result in x-rays being emitted by the substr~T.e, 

a graphite layer, that has an atomic number too Io~ for detection on our instrumer, t 

and would result in the observed low material balance. 

To correct for this condition, we wi l l  turn down the electron beam 

acceleration voltage, and also analyze some pure oxide standards in the s~me 

particle size range to better calibrate the instrument. 

Ash Col lec t ion  

Two experimental diff icult ies with the "in stack" ash collection process have 

been ident i f ied,  both deriving from the geometry of the TWRo Due to the 

combination of coal flame, hot gas stream, and shielding room air,  positioning the 

inlet to the Anderson cascade impactor in the stack and ensuring an isokinetic 

collection flow is a problem. Also, as shown in the previous quarterly report f~r 

this program, the time necessary to collect a reasonable ~ount of ash can be up to 

20 minutes, which is unreasonable in respect to the amount of coal fed (~40 g) and 

maintaining the TWR at an equilibrium operating temperature. To overcome thes~ 

problems, ash collec~ion tests will be perforn~ in the entrained flow reactor 

(EFR) with all of the air and ash particles exitin,~ the reactor and flowing through 

the cascade impactor. This should minimize collection time and ensure a unifo~ 

col I ection. 

P1 arts 

Continue collection and characterization of ash particles produced from 

combustion of different coal types. 
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I I .E. SUBTASI( 2.e. - LARGE PARTICLE SUB~DELS 

Senior Investigator - Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street 

East Hartford, CT 06108 

(203) 528-9806 

Objective 

The objectives of this task are to develop or adapt advanced physics and 

chemistry submodels for the reactions of large coal particles (> 0.5 ram) and to 

validate the submodels by comparison with laboratory scale experiments. The result 

wil l  be coal chemistry and physics submodels which can be integrated into the 

fi×c~d-bed (or moving-bed) gasifier code to be developed by BYU in Subtask 3.b. 

Consequently, this task will be closely coordinated with Subtask 3.b. 

Accomp] i shments 

The design of the fixed-bed reactor was completed, parts were ordered and 

construction began. This reactor wffll have on-line analysis of evolved volati le 

products, functional group composition and particle t~mperature. 

Design and Construction of Fixed-Bed Reactor 

Additional modifications were made to the design for the fixed-bed reactor, as 

described below. A revised schematic of the main reactor section is given in Fig. 

I I .E- I .  

The reactor includes both inner (5) and outer (8) quartz tubes and a quartz 

gas preheat section (1). Quartz is used to withstand the high heat load and 

minimize background radiation. A second heater (2) will be put inside the outside 

reactor tube to provide an additional heat source, i f  necessary. Two water-cooled 

aluminum flanges provide for securing the reactor system in place. These flanges 

are screwed together with three spring loaded screws to allow for heat expansion. 

An O-ring seal (6) is used for the inner tube and teflon gaskets for the outer 

tube. 

The coal sample (0.5 - 3 g) sits on a steel wire mesh in a quartz basket 
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which is kept in place by quartz spikes protruding into the inner reactor tube (5). 

The sample can be changed through the removable window (7). A thermocouple is 

placed above the coal surface in a quartz capillary tube. l~ne reaction of 

additives with the coal surface can also be examined by injecting the reactant 

through this capillary tube. A bellows (3) allows for an elastic metal glass 

connection and for relatively trouble-free alignment of the transmittance cell (4). 

The difference between most previous experiments of this type and ours is that 

the diffusely reflected l ight (DR) is led into the interfer~eter in the same way 

as the emitted l ight (E). Either the E plus DR or E spectrums (the latter with 

the IR source shut out) can be measured. Then DR = (E + DE) - E can be derived. 

This arrangement makes i t  possible to build a more straightforward optical 

pathway, as well as increase the sensit ivity of the DR spectra measurement by 

increasing the incident l ight intensity. The IR source is a coil put into the 

primary focal point of an ellipsoidal reflector (D). The secondary focal point 

coincides with that of an off-axis paraboloid mirror (B}, thus providing a high 

intensity parallel beam. Reflected l ight is collected at an angle different from 

the incident l ight to minimize the specular reflected l ight content in the DR 

spectra. E plus DR l ight  is collimated the same way incident l ight is, thus 

providing a relatively simple optical pathway to the FT-IR spectrometer. 

In i t i a l l y ,  the plan is to  use two separate spectrometers. An IBM IR/32 with 

an IBM PC/AT wi l l  be used for the evolved gas analysis (EGA). The PC/AT wil l  also 

provide the temperature programming and data handling capability developed at AFR 

for the TG-FTIR instrument. A second spectrometer, either on IBM _TR/32 or a 

Nicolet 20SX, wil l  be used for E, DR measurements. 

P1 arts 

C o m p l e t e  construction of fixed-bed reactor. Begin model development for large 

particle submodel. Consider interface of this model with the BYU fixed-bed model, 

along with the specific needs for modeling mild gasification processes. 
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I I .F .  SUBTASK 2. f .  - LARGE CHAR PARTICLE OklDATION AT HIGH PRESSURES 

Senior Invest igator - Angus U. Blackham 

Combustion Laboratorb, 

Brigham Young University 

Provo, Utah 8¢602 

(801) 378-2355 

Objective 

Provide data for the reaction rates of large char part lc ies of in=eresZ to 

fixed-bed coal gasi f icat ion systems operating at pressure. 

Accompl J sl~ents 

No work planned. 

Plans 

No wDrk planned. 
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I I . G .  SUBTASK 2.G. - SOx/NO x SUBMODEL DEVELOPflEb"i" 

Senior Investigators - L. Douglas Smoot and B. Scott Brewster 
Brigham Young University 

Provo, Utah 84602 
( 8 0 1 )  378-4326 and 6240 

Graduate Research Assistant - Richard Boardman 

Objectives 

The objectives of this subtask are i) to extend an existing pollutant 
submodel in PCGC-2 for predicting NO x formation and destruction to include 
thermal NO, 2) to extend the submodel to include SO x reactions and SOx-sorbent 
reactions (effects of SO 3 nonequilibriu~ in the gas phase will be considered}, 
and 3) to consider the effects of fuel-rich conditions and high-pressure on 
sulfur and nitrogen chemistry !n pulverized-fuel systems. 

Accomplishments 

The components of this subtask are 1) extension of an existing pollutant 
submodel to high pressure and fuel-rich conditions (including thermal NO 
formation), 2) modification of the current comprehensive code to include sorbent 
particle injection and reactions (including sulfur capture}, and 3) extension of 
the pollutant submodel to include SOx formation. 

Cpmponent ] - NO x a t  H~qh-Pressure /Fue l -R ich  Cond i t i ons  

The goal of this subtask is to extend the current pollutant submodel in the 
comprehensive code to be applicable to high-pressure, fuel-rich conditions such 
as are common in gasification processes. An important part of this extension is 
the inclusion of thermal NO formation which may be significant at the higher 
temperatures typical of gasification in oxygen. The integration in~) PCGC 2 of 
a revised NO submodel, including thermal NO, was described in the 5 ~n Quarterly 
Report. Wit~ thermal NO turned off, the revised submodel correctly predicted 
fuel NO. Thermal NO predictions for a swirling, coal-laden reactor, however, 
turned out to be unreasonable. Consequently, modifications to the theory and 
calculation method were considered. A review of the literature for modeling 
turbulent flames is given below. "This review will provide a foundation for 
describing the current direction of the NO X submodel development. 

Theoret)cal.Review - The solution of the major field variables in PCGC-2 is 
based on the "fast" chemistry assumption where all reactions go to equilibrium 
as soon as the reactants are mixed. Specification of the local pressure, 
enthalpy, and elemental composition is sufficient to determine the equilibrium 
composition, temperature, and fluid density of the gas mixture. For turbulent 
flames i t  can be reasonably assumed that al" species have equal turbulent 
diffusion coefficients. Thus, the local ele,~ntal composition is determined 
throughout the system by tracking the mixing of primary gas, secondary gas, and 
coal offgas. Two conserved scalars, f (primary gas mixture fraction) and h 
(co~ offgas mixture fraction), are used in PCGC-2 to track this mixing. The 
energy equation is then solved to determine the enthalpy. In summary, with 
knowledge of the instantaneous values of f ,  h and enthalpy, the instantaneous 
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values of species concentrations and temperature are uniquely determined. In 
other words, the system is dependent exclusively on the state of mixing and the 
local enthalpy. 

For some species, the "fast" chemistry assumption is inappropriate. In 
such cases, the species are not exactly conserved and cannot be linearly related 
to the mixture fraction. For instance, the concentrations of radicals a~ often 
considerably higher than the equilibrium values in fuel-rich zones, in c~;es 
where non-equilibrium effects are important, significant error c~n result in the 
predicted temperature i f  these effects are ignored. In order to account for 
these effects, a reaction mechanism may be incorporated for the non-equilibrium 
species. When the extents of these reactions are known, the thermochemical 
state of the system may be determined. The system, therefore, exists in a ~tate 
of part ial equilibrium, constrained from ful l  equilibrium by i~posing necessary 
reaction mechanisms and their corresponding extents. For each kinetic~llv- 
limited reaction, a new scalar progress variable, r, is introduced. Th~ value 
of r varies from zero (unreacted flow) to unity ( fu l l  equilibrium). The 
reactive scalar is calculated by casting r in terms of one of the 
non-equilibrated species and solving a continuity equation for this species ~ith 
a reaction source term included. The reaction s~urce term is defined by the 
prescribed reaction mechanism. All concentrations, as well as density, 
temperature, and all source terms of r, can be formulated as functions of th~ 
independent progress variables, r, the mixture fractions, and enthalpy. 

Pollutant species typical ly exist at levels well below their equilibrium 
values. Since they are usually only present in trace quantities, they are 
assumed to have negligible influence on the ther~ochemical state of the system. 
However, the prediction of kinetic source terms may involve radical 
concentrations which are themselves out of equilibrium. 

An alternative approach to calculating nonequilibrium effects in diffusion 
flames is the perturbation analysis of Bilger (1978, 1979, 1980). In this 
approach, species mass fractions are partitioned into an equilibrium value 
(dependent on the mixture fraction) and a perturbation of this valu~. 
Experimental evidence suggests that, over a broad region of a given gas-phase 
diffusion flame, the molecular species composition is only a function of ~he 
local equivalence ratio, even though the products are not in equilibrium. 
Fenimore and Fraenkel (1981) tested and confirmed this hypothesis for thermal NO 
concentrations in laminar, gaseous, diffusion flames. This observation suggest~ 
that the perturbation factor is a well-conditioned, approximately lineEr 
function of the independent variables. 

B o t h  the NO x and SO~ submodels require an adequate description of 
chemistry/turbulence inzeraczions and eff icient and accurate numerical solvers. 
The chemistry/turbulence interactions have three aspects: 1) the kinetic 
mechanism, 2) calculation of the instantaneous species concentrations and 
temperature to be used in the rate ~quations~ and 3) calculation of mean 
reaction rates for source terms in the species continuity equations. The 
kinetic mechanisms describing pollutant formation are typical ly composed of z 
large number of parallel and sequential steps. Thes~ steps may or male not be 
well-understood. However, from well-designed experiments, i t  is often possible 
to develop a sequence of global reactions which contains sufficient detail to 
describe the overall process for reactors of interest. The global rates should 
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account for the major actors (species) in the mechanism and be capable of 
predicting the effects of combustion process variables. 

When the rate expressions are dependent on radical species such as hydroxyl 
molecules and oxygen atoms, these concentrations must be predicted a ~ .  
Various theories have been suggested and tested for the prediction of 
non-equilibrium radicals in simple H2-air flames (Janicka and Kollmann, 1982; 
Bilger, 1980). They each refined the description of the reacting H2-air system 
by postulating a set of fast-shuffle reactions to account for species in partial 
equilibrium. Janicka and Kollmann (1978) modeled the partially equilibrated 
oxy-hydrogen radical pool using a combined reaction progress variable and 
mixture fraction progress variable. Bilger (1980) applied his perturbation 
approach to account for the departure from equilibrium. Correa et al. (1984) 
and Pope and Correa (1986) included CO in the non-equilibrium pool and predicted 
the radical concentrations in a turbulent CO/H2/N 2 jet diffusion flame. 
However, in the rich parts of the flame, there are discrepancies in the 
calculated CO and OH concentrations. I t  is yet unclear whether these approaches 
can be successfully applied to hydrocarbon systems and coal flames. In a 
separate project, a non-equilibrium CO submodel is being incorporated into 
PCGC-2 (Colson, 1988). Thus the effects of nonequilibrium in the major species 
pool are currently being implemented into PCGC-2. 

In a study related to the work of Correa and coworkers, Drake et al. ()984, 
1987) measured and modeled the formation of superequilibrium radicals and nitr ic 
oxide in atmospheric pressure, turbulent diffusion flames. Their model for NO 
was based on the Zeldovich mechanism which is .reduced to a single rite 
expression involving atomic oxygen. This rate expression is identical to that 
being implemented into the NO X submodel to account for thermal NO formation. 
Using their two-scalar (reaction progress and mixture fraction) model to predict 
the radical pool, increases in thermal NO were a factor of 1.4 to 2.5 over the 
values calculated by oxygen radicals taken in equilibrium. This difference is 
attributed to a large decrease in the system temperature (-250 K} and an 
increase in the concentration of oxygen radicals. 

The effect of turbulence on the mixing of reactants and products can 
dramatically affect mean chemical kinetic rates that'have reaction time scales 
on the order of the turbulent time scales or less. This includes essentially 
all gas phase kinetics where the species have f ini te kinetics. This influence 
is the result of the random fluctuations of th~ temperature and species 
compositions at any given point in time. A method for obtaining mean reaction 
rates from information provided by the progress variables is possible, provided 
the instantaneous temperature and species concentrations are unique functions of 
the instantaneous progress variables. While the combustion models do not solve 
for the instantaneous values of the progress variables, a statistical 
distribution of the instantaneous values can be hypothesized. Given the mean 
value of the progress variable, i ts variance about the mean and an assumed shape 
for its distribution, the probability of the instantaneous values can be 
statist ical ly defined. In other words, a probability density function (pdf) of 
the instantaneous values is defined by the mean, i ts variance and the shape of 
the distribution. Equations for the mean and the variance are easily modeled 
while experimental and modeling experience has provided information for 
selecting the shape of the distribution. Typically, a clipped Gaussian shape is 
selected for the pdf. The mean rates are thus obtained by integrating the 
instantaneous rates over the statistical probability of the progress variables. 
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When two progress variables are involved, a double integration is performed over 
the jo int  probability function of the progress variables. This method is the 
same technique that is used to determine the tine-mean gas properties, including 
density, species concentrations, and temperature. 

NO X Subm(Klel Proqress - In PCGC-2, the residual enthalpy is defined as the 
difference between the'actual enthalpy (determined from the energy equation) and 
the adiabatic enthalpy (determined uniquely from f and h}. The assumption is 
made that the sensible heat loss to the surroundings is small relative to the 
adiabatic enthalpy, and the turbulent fluctuations in the residual enthalpy are 
neglected. Thus, the instantaneous temperature is uniquely defined bj the 
instantaneous values of f ,  h, and hr, but mezn reaction rates are calculated for 
source terms in the NO x species continuity equations by convolving over the 
jo int  probability of only f and h. The formation of fuel rCO has b~en 
successfully predicted for coal reacting flows using a simple three-reaction 
mechanism as discussed in the 5 th quarterly Report (Solomon et al . ,  1937). Th~ 
global rate expressions for this mechanism involve stable, non-radical species 
eliminating the need to predict non-equilibrium radical species. Thermal ~0 
formation, on the other hand, is generally agreed to occur through the Zeldovich 
mechanism, and a single rate equation has be~n derived for thermal NO which is 
consistent with the derivations of other investigators. Unfortunately, this 
rate expression contains the concentration of &tomic oxygen radicals ~hich must 
be accurately calculated. Finally, each of the rate expressions are exponential 
in temperature ~nd may depend on the existenc~ of superequilibrium, unreacted 
species in fuel-rich regions of the flame. 

I n  the current theory for the formation of fuel NO, instantaneous species 
concentrations are obtained assuming the perturbation technique of Bil%er is 
acceptabl&. The functionality of the linear perturbation factor was discussed 
in the 5 un Quarterly Report (Solomon et el . ,  1937). Successful prediction of 
fuel NO has been achieved by this approach for diverse pulverized coal fla~e;. 
During the past quarter, an attempt was made to jo in t ly  predict fuel NO and 
thermal NO using a similar but redefined perturbation factor. The c~Iculatio~,s 
thus far have been physically unrealistic, and~the current method is under 
investigation.. 

A new method for calculating the instantaneous species mass fractions has 
been developed and is being tested. In the new method, the instantaneous 
factors are determined by solving mass balances for C, H, D, and N at each node 
for the following set of global reactions: 

N 2 + 02 ~ 2 N O  

HCN + 02---)-~I0 + . . . . .  

NO + HCN~N 2 + . . . . .  (II.G-I) 

The four mass balances can be written in terms of three extents of reaction. 
Additional equations include the species continuity for NO and HCN in terms of 
their  mean reaction rates and the mole fraction constraint. Thus, on each 
iteration, a syste~ of 7 equations is solved for 7 unknowns to dete~ine the 
instantaneous species values. A submodel based on the revised NO model h~ been 
developed and is currently being debugged and tested. 
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The extents of reaction re~resent the departure from equilibrium and, l ike 
before, are assumed to depend only on j and h. This assumption is valid 
provided that the solution of the major field variables is accurate based on the 
"fast" equilibrium assumption. 

Component 2 - Sprbent Panicle Chemistry 

This subtask component is aimed at developing a sorbent particle submodel 
for incorporation into PCGC-2. The submodel wi l l  include both calcination 
chemistry and reactions with the gas phase. The submodel will be an extension 
of independent work being performed by Pershing and coworkers at The University 
of Utah, where a sorbent chemistry submodel for fuel-lean conditions is being 
developed and incorporated into PCGC-2. Work has been initiated on this subtask 
to monitor the project at the The University of Utah. Progress during the last 
year on the Utah submodel development is described in the Second Annual Report 
of the Advanced Combustion Engineering Research Center (Smoot et al., 1987} and 
summarized below. 

The objective of the Utah project is to develop a computational procedure 
which can be used to predict the effectiveness of dry sorbent injection in a 
variety of combustion applications. The approach is to identify an appropriate 
sulfation model to describe the CaO/SO 2 reaction system in the furnace 
environment and to modify PCGC-2 to include the sulfation model and the 
associated sorbent particle tracking. During the past year, a sulfation model 
based on a grain formulation with nonlinear SO 2 kinetics and CaO sintering was 
selected and modified. The model selection was based on good agreement between 
model predictions and the most recent, time-resolved sulfation data. I t  was 
also based on the observed granular nature of CaO particles removed from the 
reaction zone and the overall simplicity of the model. Figure Ii.G-I shows the 
ab i l i ty  of the grain model to correlate new short-residence-time (less than 200 
ms sulfation data of Milne and Pershing,lg87}. The sulfation rate and loss of 
surface area due to sintering appear to be more rapid at short residence time 
than currently assumed, and efforts during the coming year will. address these 
issues. 

ComDo~tent 3 - SOx. Formation 

This subtask component wi l l  model the gas-phase reactions that generate the 
sulfur species for input to the sorbent capture model developed under Component 
2 of this subtask. A review of the literature is being made to identify recent 
work related to sulfur pollutants. Objectives include: I) identifying the steps 
and kinetics in the SO X formation process, 2) isolating the most important or 
rate-determining steps, 3) identifying the dominant products or stable species 
in combustion gases, 4) determining whether an equilibrium approach is 
acceptable, 5) gaining a comprehensive understanding of the effect of reactor 
parameters and operating conditions on the sulfur species, and 6) identifying 
important $Ox/NO X interactions. A previous literature review on sulfur 
pollutants has been useful in reducing the current literature study to only the 
most recent sulfur studies and journal publications. 

Plans are also being made to elucidate some of these issues by measuring 
sulfur pollutant species as described in Subtask 2.h. Data obtained from 
independent investigations at the BYU Combustion Laboratory will also be 
considered. An analytical chemistry group as been formed for the purpose of 
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correlating the measurements and data reduction for the combustion experi~e~z~. 
Procedures are currently being resolved to measure both SO 2 and SO 3. 

The major species of interest in hydrocarbon flames containing sulfur zF~ 
H2S, COS, CS2, S02, and SO 3, with SO 2 typically being the dominant product 
(Kramlich et al., 1984). In fuel-rich flames lacking significant hydrocarbons, 
H2S as been shown to be the dominant stable non-SO 2 species. In hydrocarbon 
flames at richer conditions, COS and CS 2 can replace H2S as the non-SO 2 product 
(Nichols, 1986; Kramlich et al., 19845. This l i s t  constitutes the pool of 
species that will be measured during the combustion tests. 

P1 ans 

Plans for the next quarter include continuation of the NO x Model 
development and validation. The new approach involving a system of equation~ 
wil l  be tested and evaluated. Predictions will also be ~ade for selected 
gaseous combustion systems described in the 5 th Quarterly Report (SoloMon et 
al., 1987). An evaluation of sulfur species data collected during recent 
Combustion Laboratory experiments will also be made to begin l~yin~ the 
foundation for the SO X submodel. 
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II.B. SUBTASK 2.H. - SOx/NO X SUBMODEL EVALUATION 

Senior Investigator - Paul O. Hedman 
Brigham Young University 

Provo, UT 84602 
(8013 378-6238 

Student Research Assistants - Aaron Huber, David Braithwaite, 
Laren Huntsman, and Gregg Shipp 

Objectives 

The objectives ot this subtask are I) to obtain detailed mixing and 
turbulence measurements for radial crossjet injection of sorbent particles in a 
cold-flo~ fac i l i t y  designed to replicate the geometry of a 2-dimensional, 
axisymmetric entrained flow coal gasifier, 2} to obtain concentration profile 
data for sulfur and nitrogen pollutant species from laboratory-scale, coal 
gasification at atmospheric and elevated pressure with and without sorbents, and 
3) to investigate the effect of pressure on the effectiveness of sorbent 
injection in capturing sulfur pollutants. 

Accomplishments 

This subtask is being carried out under three subtask components: I) A 
cold-flow investigation of sorbent mixing f luid mechanics, 2) modifications of 
the laboratory-scale reactor to accommodate sorbent particle injection, and 23 
space-resolved sulfur and nitrogen pollutant measurements in the 
laboratory-scale reactor. 

Component ] - Sorbent Mix inq F lu id  Mechanics 

The BYU cold flow fac i l i ty  is being used to simulate the flows that exist 
in the entrained flow gasifier when sorbent is injected in ~ flow that is 
perpendicular to the main gasifier flow. Previous investigators (see Webb and 
Hedman 1982; Jones, et al., 1984; and Lindsay, et al., 1986) have used the BYU 
cold-flow fac i l i t y  to simulate the flows that exist in one of the BYU coal 
combustors and the BYU entrained-flow gasifier. The existing cold-flow faci l i ty  
is being modified to include crossflow jets for sorbent injection. Also, the 
Flow chamber design is boing changed from previous studies. The new flow 
chamber is being made of transparent plastic to simplify making LDA measurements 
and enable qualitative flow visualization with smoke. Smoke visualization will 
provide a qualitative means of examining the rate of mixing of the crossflow 
injection of the sorbent jets. 

Modifications to the BYU cold-flow fac i l i ty  were completed during the 
quarter. A probe collar (See Figure I I .H.I  in the 5 th Quarterly Report) to 
make gas extractions from the flow was installed and tested. The probe collar 
enables sampling over the entire flow cross-section. The collar can be moved to 
various streamwise locations; thus, gas extractions can be taken at almost any 
axial location of interest in the flow. Modifications were also made to the 
smoke-generating device to increase the quantity of smoke yielded. The best 
results l aere obtained by heating a thin film of a commercial, smoke-producing 
fluid, i t  was found that i f ' the f luid used to produce the smoke was allowed to 
accumulate on the heated surface, its decomposition was slowed and the amount of 
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smoke produced decreased. By increasing the heated area of the generztor~ ~nd 
by t i l t i n g  the smoke generator at an angle to avoid buildup of the f lu id ,  
adequate amounts of smoke were produced to visualize the flo~. 

An IR CO 2 analyzer was installed in the cold-flow fac i l i ty ,  connected to 
the sample probe collar, and calibrated. CO 2 is being injected into the f'io~ 
chamber through the crossflow jets and the IR analyzer wil l  be used to determine 
the local composition of gas samples extracted from the flow. The r~lativ~ 
concentration of CO 2 in the mixed gases is a direct measure of the extent of 
mixing in the duct at the local sample point. 

Checkout testing was init iated during the quarter to identify possible 
problems with the apparatus, and to gain fami l iar i ty  with the flow control and 
metering devices. Preliminary tests using smoke injection showed a strong 
recirculation zone at the inlet of the main flow chamber. This recirculation 
zone was also observed by previous researchers using the cold-flow fac i l i t y  (se~ 
Lindsay et al., 1986). I t  may be necessary to instal l  a flow straightener in 
the main flow chamber i f  the recirculation zone proves to have a signif icantly 
distorting effect on the mixing of the crossflo~ jets. 

Testing with CO 2 tracer gas injection was also init iated. Preliminary 
results showed a signif icant increase in the mixing rate when using t h r ~  
crossflow jets versus a single jet, while keeping the total jet  flowrate 
constant. Extractions were made over cross-sections of the flow and analyzed 
for their CO 2 concentration. Figure II.H-I shows the normalized concentrations 
obtained at a point near the tube wall. Note that the configuration with thre~ 
injection jets approaches the well-mixed value much more r~pidly than that from 
the configuration with a single injection jet, even though the total mass of the 
material injected was the sane. With the three jets, the well-mixed 
concentration at that sample point was reached by about 5 duct dia~ter~, 
whereas the injection with one jet required about 7.5 duct diameters to reach 
the well-mixed level. 

Figure II.H-2 shows the normalized trac~ gas concentrations obtained at the 
centerline of the flow chamber. Extractions taken at the centerline seem to 
indicate that the single je t  configuration mixes more rapidly; however, th~ 
additional velocity used for a single jet at the same total flowrate as three 
jets,  forces the injected gases to penetrate farther into the main flo~. Thi~ 
penetration raises the centerline concentration, while other areas of the flow 
are not as well mixed. Over the entire cross-section of the flow, the threE-jet 
configuration has been observeo to mix better than the single-jet configuration 
for  al l  cases tested thus far. Complete maps of concentration (and consequently 
mixing pattern) wi l l  be obtained during the next reporting period. 

Component 2 - laboratory-ScaleReactor M odificatjoos 

This subtask component is aimed at modifying the laboratory-scale reactor 
to accommodate sorbent particle injection. Previous research has shown (se~ 
Categen etal., 1987; and Ka~otani and Gerber, 1974) that the two most important 
c r i t e r i a  in the mixing of  crossflow jets are the jet-to-main flow diameter and 
momentum f lux rat ios.  The effect  of both c r i t e r i a  w i l l  be investigated in these 
experiments. The l,ower l i m i t  of the sorbent/sulfur rat io  w i l l  be determined by 
the amount of sorbent which can be entrained in a given amount of gas while 
maintaining an adequate sorbent/sulfur ratio, and the upper l imi t  w i l l  be 
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determined by the amount of gas and sorbent flow which would overly dilute the 
gasifier effluent. One of the modular reactor sections is b~ing modified to 
allow the sorbent to be injected perpendicularly to the m~in gasifier flow 
through three injection ports uniformly positioned around the circumference of 
the reactor section. In addition, i t  has been necessary to design and construct 
a new pressurized feeder for sorbent injection, and to connect the feeder to an 
inert gas flow system that will be used to transport the sorbent to the 
crossflow injectors. 

During the reporting period, the research t~am has worked on th~ 
maintenance and repair of the existing faci l i t ies while designing and 
manufacturing the necessary new fac i l i t y  components. The new component~ 
include: the pressurized sorbent feeder, the modified reactpr section for the 
injection of the sorbent particles, and the flash tank. 

The pressurized sorbent feeder (Figure l!.H-2 in the 5 th Quarterly R~poFt) 
has been completed and is ready to instal l .  Sorbent will be injected through 
three equally-spaced ports in a modified reactor section. Figure II.H-Z shows 
schematic of the modified section. Tests conducted in the cold-flow faci l i ty 
have shown that three ports spaced 120 degrees apart wil l previde good mixing 
between the sorbent particles and the pollutant species. 

A flash tank has also been designed and manufactured for the faci l i ty.  A 
schematic of the completed flash tank is shown in Figure II.H.4. The flash tank 
will allow the noxious sulfur and nitrogen pollutant gases, that are dissolved 
in the exhaust gas quench water when tests are conducted at elevated pressures, 
to be separated from the quay,oh water and be discharged to the exhaust gas flare 
on the roof of the laboratory building. This will eliminate a problem with the 
noxious exhaust gases being discharged to the sewer and being vented back into 
occupied work areas. 

Work has also been conducted on to modify the gasifier so that temperature 
measurements of the gases inside the reactor can be measured. In the past, 
thermocouples have not been inserted into the reaction chamber due to the high 
temperatures and highly corrosive atmosphere, but were embedded into the 
insulating refractory wall. High-temperature thermocouples have been ordered, 
and by adjusting the thermocouple ports, temperature measurements within the 
reactor effluent wil l  be attempted. I t  is not certain i f  these temperature 
measurements can be related to the local gas temperature, but an attempt to do 
so wil l be made. Also, a reactor section wil l be modified to incorporate t,o 
quartz sight windows spaced 180 degrees apart to allow the use of an FTIR 
analyzer (supplied by AFR) from which temperature profiles and gas species 
concentrations wi l l  be obtained. The use of the FTIR will be somewhat limited 
by the limited optical transmission of the quartz windows used in the reactor 
sight windows to the near-IR region (to ca. 2.7 microns). Neverthel~s~, 
important temperature and species concentration data for verification of the 
computer code wi l l  be obtained. 

S e v e r a l  familiarization and checkout tests have also been conducted with 
the fac i l i ty .  The familiarity with the equipment and procedures gained in th~se 
tests will be invaluable during the test period. Some cf the highlights 
include: on February 23, 1988 the gasifier was operated with I l l inois No. 6 
coal at atmospheric pressure; on March 17 the gasifier was operated with UtBh 
coal at atmospheric pressure, and on April 7 the gasifier was operated with Utah 
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coal at 5 atmospheres of pressure. Repairs and maintenance of the fac i l i ty  have 
continued as these tests have been conducted. 

During the recent contract review meetings between BYU and AFR, i t  was 
recon~nended that tests be conducted with a higher rank coal along with the two 
bituminous coals, Utah (low sulfur content) and I l l inois No. 6 (high sulfur 
content), that are already on hand. Efforts have been made to obtain a source 
of Pocahontas No. #3 which will be added to the test matrix. A supply of 
sorbent (approximately 96% calcium carbonate) has been obtained and is now being 
prepared and analyzed in preparation for the test program. 

Component 3 - Space-Resolved Sulfur and Nitroqen Pollutant Measurements 

This subtask component is aimed at making detailed measurements of sulfur 
and nitrogen pollutants and char in the laboratory-scale reactor. Work on this 
subt~sk wil l  follow the completion of Component 2. 

Plans 

Component ] - Sorbent Mixinq Fluid Mechanics 

Testing using CO 2 tracer gas injection wil l continue. The test program 
wil l  investigate the effect of the number of jets, jet-to-main flow size ratio, 
jet-to-main flow momentum ratio, and streamwise location of the jets on mixing. 
Testing wil l also be done at different Reynolds numbers in the simulated 
gasifier effluent to determine how the intensity of the turbulence affectsthe 
je t  mixing. Additional testing using smoke injection will be conducted to 
obtain qualitative information about the flow and mixing patterns, and different 
methods of presenting the results observed using smoke will be investigated. 
Laser doppler anemometer (LDA) tests wil l d~termine mean and instantaneous flow 
velocities. 

Component 2 - Laboratory-Scale Reactor Modifications 

One additional checkout test is planned. This test will be made with the 
direct injection of a mixture of coal and sorbent particles into the gasifier. 
This test will determine i f  the introduction of the sorbent causes any unusual 
problems with the formation of slag in the reactor, and i f  the slag formed might 
cause any unTorseen problems with the refractory insulation. Once this checkout 
test has been completed, the flash tank, pressurized sorbent feeder, and 
injector system wil l  be installed. The reactor wil l be completely disassembled, 
and new refractory insulation will be installed. This is being done to prevent 
any possible sulfur contamination from earlier experimental tests with high 
sulfur coals from iRterfering with the sorbent capture tests. 

Work wi l l  be continued, to prepare the coal and sorbent (dry, pulverize and 
analyze), to improve the ignit ion system, and to implement analysis techniques 
for sorbent part ic les. Routine testing is scheduled to begin in early May. A 
jo int  test with AFR will be made later in the summer. AFR will bring their FTIR 
instrument to BYU, where i t  will be used to make temperature and species 
measurements across the flame front in the gasifier. For this test, one of the 
reactor sections wil l be further modified to allow optical access from both 
sides of the reactor. 
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. C o m p o n e n t  3 - Space-ResolvedSul.fu.r and Nitr~qen Pollutant Mea.s.urements 

Once the Component 3 experiments are completed, space-resolved sulfur ~nd 
nitrogen pollutant measurements with or without sorbent injection will be ~ade. 
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