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I.E. FIFTH QUARTER PROGRESS 

The f i r s t  annual review meeting for the project was ne]d at Advanced Fuel 

Researcm, inc. in East Hartford, CT on November 12 and !3, 1987. The program for 

the meeting iS l isted in Table I .E-I .  

Subtask 2.a. Coal to Char Chemistr_~y SubnHxlel Development and Evaluation 

A review of in te rna l  pore t ranspor t  models was prepared by Professor Er ic 

Suuberg of  Brown U n i v e r s i t y .  I t  was determined tha t  d i f fe rences  in the pressure 

orops ca lcu la ted by the Simons and Gavalas approaches to in terna l  t ranspor t  were 

p r i m a r i l y  due to d i f f e r e n t  assumptions regarding the py ro l ys i s  race. The geometry 

of  the Simons approach makes i :  the easiest  model to use in p red ic t ing  swe l i i ng  

based on knowledge of the pressure ins ide  pores a~d so i t  w i l l  be used in the 

fu tu re  swe l l ing  model. However, the model w i l l  be modif ied to r e f l e c t  She fact  

chat t ranspor t  in zhe f i n e s t  pores needs to be descr ibed by an a c t i v a t i o n  d i f f u s i o n  

process. The review is  presented in Appendix A. 

Addicional characterization of the coal samples for this program was performed 

by TG-FTIR and Field Ionization Mass Spectrometry (FIMS). To examine the effect of 

product evolution, citer viscosity, and transport on the swelling of char, drop tube 

experiments have been done with a Pittsburgh coal a= temperatures varying from 475- 

600~C in 25=C intervals. The chars collected from these experiments have been 

characterized for volat i le content and reactivity in a TGA. Selected chars wi l l  be 

potted and polished for analysis of their morphology by SEM. Some samples nave ben 

examined under the SEM without polishing. 

Subtask 2.b. Fundamental Hi~h-Pressure Reaction Rate Data 

UCah bituminous coal was selected for the i.nitial char oxidation studies. 

Preparations were continued to obtain char from the BYU gasif ier. Samples were 

also prepared in a simple hot-tube reactor. The high pressure reactor design was 

completed, and construction was in i t iated.  Orders nave been placed for the reactor 

components. The l i terature review of sulfur capture by sorbents was continued. 

Subtask 2.c. Secondary Reaction of Pyrolysis Prod..ucts and Char Burnout 

Studies of ignit ion and soot formation in flames were continued in the 

transparent wall reactor (TWR). Attention is being focused on vahat controls 



Table LE-L 
AND MODELING OF ADVANCED COAL 

C O N V E R S I O N P R ~  

Contract No. DE-AC21-85MC23075 

Thursday ,  November  12,1987 

8:30 Transportat ion from Parkview Hilton to AFR 

9:00 Introduction 

9:30 - 12:15 AFR Program Overview 

9:30 - 9:50 Combined FG-DVC Model 

Pe te r  R. Solomon 
L. Douglas Smoot 
Peter I~ Solomon 
Chairman 

David G. Hamblen 

9:50 - !0:20 implementat ion of FG-DVC on 
Sun Workstation 

Girish V. Deshpande 

10:20 - 10:40 Break 

10:40 - II:00 

II:00 - 11:20 

iI'~0 - II :40 

11:40 - 12:00 

12:00 - 12"15 

Viscosity Model 

Mass Transport in Pores 

Mass and Heat Transpor t  Limits 
and Large Particle Effects 

Ignition, Soot Formation, Flame 

Char Reactivity 

Philip E. Best 

Eric M. Suuberg 

Nlichaet A. Serio 

Po-Liang Chien 

Michael A. Serio 

12:15 - 1 :i 8 Lunch in _~FR Lunchroom 

1 :t 5 - 3:00 

3:00 - 3:45 

BYU Program Overview 

1"/5-1:30 

1:30 - 1:45 

1:45 - 2:00 

2:00 ~ 2".15 

2:15 - 3:00 

Introduct ion 

• First  Year Objectives 
• Personnel 
• Overall Summary  of Accomplishments 

Design of High Pressure  Reactor 

Thermal NOx Extension 
Validation for Fuel  _~r~.'~Iigh Pressure 

Cold Flow Modifications 

Entrained Flow Code 
• Single Solids Progress Variable (SSPV) Method 
• Multiple Solids Progress Variable (MSPV) Method 
• S~atistical Gas Dispersion (SGD) Method 
• Thermal Parameters 

PCGC-2 Demo (Scott Brewster,  Mike Hobbs, Michael 
Serio, Zhen Zhong Yu) 

L. Douglas Smoot 
C h a i r m a n  

L. Douglas Smoot 

Scott Brewster 

L. Douglas Smoot 

Scott Brewster 

Scott Brewster 

David G. Hamblen 
Chairman 
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Table LE-L (continued) 
M E _ A S ~  AND MODEIJNG OF ADVANCED 

COAL CONVERSION P R ~  

C o n t r a c t  No.  DE-AC21-8o'NIC23075 

3:45-3:55 Break 

3:55- 4:45 BYL" Pro~ram Overview ContLnued 

3:55 - 4:35 

4:45 - 5 : 3 0  

Fixed Bed Code 
• Review of Exhisting Codes 
• Advanced Model Plan 
• External Review Meeting 

4:35- 4:45 S u m m a r y  
• Second Year Objectives 

Laboratory Tour, (James R. Markham-TWR, Kenneth 
Tarantul-LCF, Robert M. Carangelo-TG-FTIR, James R. 
M a r k h a m - H E ,  Rosemary Bassilakis-SEM) 

L. Douglas Smoot 
Cha i rman  
L. Douglas Smoot/ 
Sung-Chul Yi 

L. Douglas Smoot 

MAchael .~. Serio 
Cha i rman  

5:30- 6:00 Discussion 

6:00 Transportation to Restaurant 

6:30 - 8:30 Dinner 

Peter R. Solomon 

F r i d a y ,  N o v e m b e r  13,1987 

S:00 Transportation f~orn Parkview Hilton to AFR 

8:30 - 9:30 Discussion of Data Sets to Model 

9:30 - l l :00  Pregentation of Fixed Bed Plan 

11:00 - 12:00 Discussion 

12:00-1:00 Lunch 

1:00 Adjou,m 

Peter tL Solomon 
L. Douglas Smoot 

L. Douglas Smoot 
C h a i r m a n  

L. Douglas Smoot 
C h a i r m a n  
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i g n i t i o n  (heterogeneous or homogeneous oxidation) and soot formation. Seven 

additional samples have been completed in addition to the four reported in the 

Annual Report. Flame properties were compared with characterist ics of the samples 

to determine the factors which control flame behavior. A comparison of the 

ign i t ion of several samples suggests that the rate of igni t ioh correlates with the 

i n i t i a l  rate of weight loss in air  in a TGA experiment at lower temperatures. 

Igni t ion of chars is heterogeneous; igni t ion of high rank coals is homogeneous; but 

low rank coals exhibit both homogeneous and heterogeneous con t r i bu t ions  to 

ign i t ion .  Soot formation in combu, stion correlates well with tar yield in pyrolysis 

suggesting that tar is the chief precursor of soot. 

Subtask 2.d. Ash Physics and Chemistry Submodel 

During the f i f t h  quarter, two sample collection probes were constructed that 

can be inserted into the transparent wall reactor (TWR) to allow for the 

collection of char with i ts transforming mineral matter from the flame at various 

stages of burnoff, and of f l y  ash from above the flame. Both probes result in no 

visual disruption of the s tab i l i ty ,  size or ignition delay time of the flames. 

In i t ia l  sample collections were performed. 

Subtask 2.e. Lar~le Particle Sub~els 

The l i terature review of heat and mass transport effects in coal pyrolysis 

was completed. A cr i t ical  evaluation was made of two models from the l i terature 

that have been used to describe coupled reaction and transport in large particles. 

A major e f for t  was made on design of the fixed-bed reactor. This reactor wil l  

have on-l ine analysis of evolved vo la t i le  products and on-line measurement of  

weight loss, functional group composition and par t ic le temperature. 

Subtask 2..g. SOx-N~O .. Submodel Development 

A revised NO x submodel has been completed. Revisions to the previous model 

include simplification of the overall flow of subroutine calls and calculation 

procedures in order to fac i l i ta te transfer of the code to the Unix operating 

system. A l i terature survey of SO x chemistry was init iated to determine the key 

reaction mechanist,: and identify the important aspects of predicting SO X behavior. 

This effort wi l l  receive increased emphasis in the upcoming quarter. With the 

thermal NO x rate of formation turned off ,  prediction of fuel NO x by the revised 

_ 
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model matched that of the former code for ~ swirl ing-flow, coal com)ustion case. 

Efforts are curr=~nt3y being made tc validate predictions with cherr..:l NO x included. 

Subtask 2.h. NOx/S__S__O X Submw)del Evaluation 

Work continued on the cold-fl~w study for turbulence and ~,ixing measurements 

with cross-flow injection. ~abrication of the clear plastic flow chamber was 

completed. A new research team for the gasifier was organized, and training in 

gasif ier operation was in i t ia ted.  A sorbent particle feeder was designed and is 

being cons-.ructed. 

Subtask 3.a. ~nte?ration of Advanced Submedels into Entrained-Flow Code, 

with Evaluation and Documentation 

Work continued on the Single Solids Progress V~riable (SSPV) and Multiple 

Solids Progress Variables (HSPV) methods for incorporating the FG/DVC model into 

PCGC-2. Under the SSPV method, the existing particle model in the 1987 version of 

PCGC-2 was carefully reviewed, and an interface between the comprehensive code and 

the single particle model was proposed. Work is continuing to review an advanced 

research version of PCGC-2 (Baxter, 1987) before a final recommendation is made. 

Under the MSPV msthod, calculations were continued to investigate ~he effect of 

using two progress variables to track coal offgas. After locating and fixing 

several bugs in the code, a converged solution was obtained where the existing 

mixture f ract ion variables were used to separately track coal volati les and 

heterogeneous oxidation offgas. Work is c_entinuing to investigate the effects of 

separately tracking various elements and allowing coal offgas enthalpy to vary with 

extent of burnout. Other accomplishments include selection of the UNIRAS graphics 

software fo? examining code output. The advanced research version of PCGC-2 

(Baxter, 1988) was installed and demonstrated on the Sun workstation at AFR. The 

FG/DVC model and a model developed at The University of Utah (Grant et a l . ,  1988), 

based on percolation theory, are being reviewed and evaluated. 

Subtask 3.b. Comprehensive Fixed-Bed Modelin 9 Review, Development, 

E.v.aluation, and Implementation 

A research plan for developing an advanced fixed-bed model was prepared based 

on the written comments and recommendations of expert consultants. This plan was 

presented to AFR and METC at the annual contract review meeting. Data comparisons 

and a sensi t iv i ty analysis of the Washington University 2-D model were performed. 

- 7 -  
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A plan for developing a simplified fixed-bed code with several of the advanced 

model features was formulated. 

Subtask 4.a. J~Dplication of .G~neralized Pulverized Co.al Comprehensive Cede 

The FG/DVC model was successful ly integrated with PCGC-2. The f i r s t  

generation code took 15 hours to run compared to less than 4 hours for running the 

PCGC-2 code alone. We analyzed the FG/DVC code to find ways of reducing the burden 

i t  placed on the combined code. A major area of investigation was to reduce the 

number of monomers in the model coal molecule created in the DVC routine. I t  was 

found that the number of monomers could safely be reduced by a factor of three 

without affecting the accuracy of the simulation. This change red,.'ced the total 

CPU time for running the integrated code down to 6.5 hours. We examined reducing 

the number of cal ls to the FG/DVC subroutines. I t  was found that there were some 

redundant calls and we were able to further reduce the time to a l i t t l e  over four 

hours per simulation, in which the FG/DVC model takes less than 20~ of the total 

time. 

Subtask 4.b. Application of Fixed-Bed Code 

NO work was scheduled. 

- R -  



SECTION I I .  TASK 2. SUBRODEL DEVELOPMENT AND EVALUATION 

Objectives 

The objecl;ives of  th is  ~ask are to develop or adapt advanced physics and 

c~emistry s~jbmodels fo r  the reactions of coal in an entrained-bed ant: a fixed-bed 

reactor and to v a l i d a t e  the submodels by comparison w i th  l a b o r a t o r y  scale 

experiment~. 

Task Outl ine 

The developmeqt of advanced submodels for the entrained-bed and f ixed-bed 

reactor mo~els w i l l  De organized into the fo l lowing categories: a) Coal Chemistry 

( including coal pyro lys is  chemistry, char f o rma t i on ,  p a r t i c l e  mass t r a n s f e r ,  

p a r t i c l e  thermal proper t ies ,  and par t ic le  physical behavior); b) Char Reaction 

Chemistry at nigh pressure; c) Secondary Reactions of Pyrolysis Products ( including 

gas-Phase cracking, soot formation, i g n i t i o n ,  char burnout, su l fu r  capture, and 

t a r / gas  r e a c t i o n s } ;  d) Ash Physics and Chemis t r y  ( i n c l u d i n g  m ine ra l  

character izat ion,  evolut ion of vo la t i l e ,  molten and dry par t i c le  components, and 

ash fusion be,havior), e) Large Coal Par t ic le  Ef fects ( i nc l ud ing  tempera ture ,  

composition, and pressure gradients and secondary reactions wi th in the pa r t i c l e ,  

and the physical a f fec ts  of melt ing, agglomeration, bubble formation and bubble 

t r a n s p o r t ;  f )  Large Char P a r t i c ] e  E f fec ts  ( including ox idat ion) ;  g) SOx-NO x 

Submodel Development ( inc lud ing the evolution and oxidation of su l fu r  and nitrogen 

species); and h) SO x and NO× Model Evaluatiqn. 

_ 



I I . A .  SUBTASK 2 .a .  - COAL TO CHAR CHEMISTRY SUBMODEL DEVELOPMENT AND EVALUATION 

Senior Investigator- David G. Hamblen 

Advanced Fuel Research, Inc. 

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 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 

codes for this submodel are available, so i t  is expected that a complete integrated 

code wi l l  be developed during Phase I. Improvements in accuracy and efficiency 

w~ll be pursued during Phase I I .  

Accomp1 ishments 

A review of internal pore transport models was prepared by Professor Eric 

Suuberg of Brown University. I t  was determined that differences in the pressure 

drops calculated by the Simons and Gavalas approaches to internal transport were 

primarily due to different assumptions regarding the pyrolysis rate. The geometry 

of the Simons approach makes i t  the easiest model to use in predicting swelling 

based on knowledge of the pressure inside pores and so i t  will be used in the 

future swelling model. However, the model wil l be modified to reflect the fact 

that transport in the finest pores needs to be described by an activated diffusion 

process. The review is presented in Appendix A. 

Additional characterization of the coal samples for this program was perfotTned 

by TG-FTIR and Field Ionization Mass Spectrometry (FIMS). 

To examine the effect of product evolution, char viscosity, and transport on 

the swelling of char, drop tube experiments have been done with a Pittsburgh coal 

at temperatures varying from 475-600°C in 25°C intervals. The chars collected from 

these experiments have been characterized for volati le content and reactivity in a 

TGA. Selected chars wil l be potted and polished for analysis of their morphology 

by SEM. Some samples have been examined under the SEM without polishing. 

- 10 - 
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Work was done on developing a droptube furnace to study the morphology of 

inCividual char par t i c les .  Some pre l iminary Iaw temperature chars of Pitzsburgh ~8 

bi tuminous coal were made and charac te r i zed  through SEM micrographs and by 

pyro lys is  and char r e a c t i v i t y  measurements in a TGA. 

Coal Characterization 

Addit ional  character izat ion of the coal samples for t h i s  program was performed 

by TG-FTIR and Field Ionizat ion Mass Spectrome-ry (FIMS). 

TG-FI~!R Anal ysi s 

This analysis consists of thermogravimetric analysis (TGA) with analysis of 

the evolved produc-.s by Fourier Trarsform Infrared (FT-IR) spectroscopy. The TG- 

FTIR consists of a sample suspended from a balance in a programmable furnace. The 

evolved products are swept into a gz cell for analysis by FT-IR. Toe FT-IR allows 
1, . 

on-, I ne measurements of the gas and tar concentration and composition. The 

apparatus has been described by Carange!o et al (1987) and Whelan et al (1988). 

The results of monitoring the tar evolution for eight of the coal samples is 

presented in Fig. I I .A-I .  The temperature at which the peak evolution rate is 

reached is shown in parentheses for each coal. The ~emperatures vary from 450°C 

for the l ign i te  to 500°C for the Pocahontas. As suggested in several previous 

papers (see Solomon and Hamblen, 1983) the k inet ics for  tar evolution are 

insensitive Zo coal rank. Similar insensit iv i ty was observed for the other major 

species as well. 

An interesting feature of the evolution curves is a low temperature evolution 

peak which is probably due to unattached guest molecules in the coal. These are 

most apparent in the Pittsburgh and Upper Freeport evolution curves. A comparison 

of the infrared spectra obtained at the low and high te .=rature peaks is presented 

in Fig. I I .A-2. The spectr,.in taken at the early peak (Fig. II.A-2b) ~as been 

scaled up to compare to the spectrum from the later peak (Fig. II.A-2c). The 

ear l i e r  peak appears to have a s l ight ly  higher aliphatic to aromatic content 

compared to the later peak. This would be consistent with the concept of some 

guest polymethylene in the coal ,  perhaps mixed with small molecules more 

representative of the coal's average organic structure. 

- 1 1 -  
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FIMS Anal ysis 

Molecular weight distributions of coals were obtained at SRI International 

using the Field Ionization Mass Spectrometry (FIMS) apparatus described by St. John 

et al. (!978). The coal samples were pyrolyzed directly in the FIMS apparatus. 

The FIMS technique produces l i t t l e  fragmentation of the evolved tars and so 

provides a good determination of the tar molecular weight distr ibution. Figures 

II.A-3 to II.A-8 present the weight loss of the sample heated in the FIMS apparatus 

a t  0.05/sec. 

The spectra show a distinct progression from low to high rank. The highest 

rank coals, Pocahontas (Fig. If.A-6) and Upper Freeport (Fig. If.A-3) both show low 

intensities at low molecular weights (100 - 200 amu). This suggests few one and 

two ring clusters. The intensity in the 200 - 600 amu range, however, suggests the 

presence of three, four and higher ring cluster sizes and dimers and trimers of 

these. The low yield for the Pocahontas is due to i ts higher bond energies (500°C 

tar peak in Fig. II.A-2) and lower number of small ring clusters capable of being 

volatil ized. 

The intermediate rank coals, Pittsburgh (Fig. If.A-5), Utah (Fig. II.A-7) and 

Upper Kanawha (Fig. If.A-8) all have similar molecular weight distributions showing 

substantial intensities in the 100 to 200 amu region indicative of one and two ring 

clusters as well as in the 200 to 600 amu range. 

The low rank coal, Wyodak (Fig. II.A-'4) shows high intensity between 100 and 

200 ainu, but substantially lower intensity above 200 amu. This is typical of the 

Zap l i gn i t e  also, and has been explained by extensive cross linking related 

carboxyl groups in low rank coals (Solomon et al. 1988). 

In future work, these FIMS spectra wi l l  be simul'ated using the FG-DVC model. 

Swel 1,ing Experiments 

In this quarter,,extensive work was done on developing a drop tube furnace in 

which individual char particles could be studied at various stages of pyrolysis. 

The apparatus is designed to drop a di lute sample of particles without carrier gas 

into a preheated furnace. This geometry w i l l  insure rapid heating of the 

individual particles to the furnace temperature. 

14 -  
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The coal samples subjected to pyro lys is  were of the 200 x 325 mesh sieved 

f rac t i on  of Pit tsburgh #8 bituminous coal. 

Pyro lys is  was performed in an e l e c t r i c a l l y  heated drop tube furnace (Fig.  

I I . A - 9 ) .  A thermolyne tube furnace was used to heat a v e r t i c a l l y  standing, 2" 

I .D.  x 22" long vycor tube. Samples were dropped in to the rad ia t ion cav i ty  from a 

gas cooled v ia l  having a 200 mesh screen as a cap. The 200 mesh screen l im i ted  

the number of par t ic les  entering the cav i ty  with each shake or in jec t ion  and thus 

prevenZed agglomeration. Pr ior  t o  par t i c le  i n j ec t i on ,  the system was purged with 

nitrogen through upper and lower i n l e t s .  Immediately before par t i c le  i n jec t ion  

the lower gas flow was shut o f f  to allow the par t i c les  to f ree - fa l l  through the 

rude. 

The chars ,;,._~re accumulated in a sta in less steel co l lec t ion  chamber which was 

submerge~ in an ice bath to prevent fur ther  py ro lys is .  

Typical SEM micrographs of the col lected chars are shown in Figs. I I .A -10-  

14. At 465°C most par t ic les  are s t i l l  angular in shape although some ear ly stages 

of surface f lowing and swell ing are present. At 508°C only a few par t i c les  s t i l l  

possess t h e i r  angular i ty  and cenospheres as large as 62 microns have formed. In 

some p a r t i c l e s ,  bubble ce l ls  are observed. At 535°C par t i c les  have begun to 

collapse and in the 602°C and 682°C char cases the major i ty  of par t i c les  have 

col lapsed. The char par t i c les  must s t i l l  be qui te f l u i o  at t h i s  point and must 

remain f l u i d  as the gas inside the cenosphere cools. Cenosphere size cannot be 

determined at t h i s  point .  ,- 

The col lapsing of the cenospheres has not previously been observed. In 

previous studies the furnace temperature has been 700°C or higher. Under these 

conditions, the particle may go t~rough i ts f lu id phase and start to sol id i fy  

prior to being cooled in the col lector. The reason for the collapsing particles 
wi l l  be studied "further. 

The TGA was employed to d, -mine the amount of v o l a t i l e s  remaining in each of 

the chars co l lected.  All char ,amples as well as the raw source coal were heated 

in ni t rogen at 30°C/min to 900:C. Figures l l .A-15a and 16a d isp lay the weight loss 

curves generated for the 465:C and 508:C char cases, while the percent v o l a t i l e s  

released (D,aF) in the TGA are plot ted in Fig. 1!.A-17 as a funct ion of drop tube 

temperature. T~is plot demonstrates a direct correlation between an increase in 

drop tube temperature and a decrease in volati les release~ in the TGA. 
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Fi ,gure II.A-9. Schematic Diagram of the Drop Tab¢ Furnace. 
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Fignlre II.A-10. SEM %~icrograph of a 465°C Drop Tube Char of 
~ i r , ~ h u ~  #g_ ~ i t u m i n n u ~  C~al. 7\~a~ni.qeazion X40C'~. 

I Reproduced from 
best available copy 



Fifo'are II.A-11. ' SEM Micro~raph of a 508°C Drop Tube Chaz of 
Pittsbur=~h #8 Bituminous Coal. Ma=~zification X400. 



F i g u r e  ~a-12. SEM Micrograph of a 535°C Drop Tube Char of 
Pittsburgh #8 Bituminous Coal. Magnification X400 



Figure H.A-I3. SEM M/cro~raph of a 602°C Drop Tube Char of 
Pittsburgh #8 Bituminous Coal. Magnification X400. 
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Figure  ILA-14. SEM ~'Vlicrograph of a 682°C Drop Tube Char of 
Pittsburgh #8 Bituminous Coal. Magnification X400. 
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ASh le 'emninasions ~nc caar reac~iv;%y ;~easurements were also ,]one in -me 

TGA. Af ter  sumjec-ing =he co] 'es-ea caar samples to py ro lys ;s  in ni'_rogen as 

~ gO0 °r Tne weign= descriDe~ ,:~bove, ,'.he samples ,~ere neared in a i r  at ~0 ,~,mi~ -Q ~. 

loss curves for  the ~65~C and 508°C char cases are displayed in --igs. [ i . A - ! 5 b  

and !6D. 

. tmit ial  a~temats, w.,:-:~ m--de =3 repor', the extent  of py ro lys is  by. ~.ne ,aercenz 

char ca l lec te~ as ue=e.~ined by =he ash : racer  me-.nee of ana lys is .  The percenz 

char values on an ash free oasis wer_: plot=ed against tne mr,up =ube temperatures 

(Fig.  .'_T.A-18). Alt,~ougn =here aooears to be a l i nea r  corre]a~;ion, Zne percent 

char values were unusual ly low (,-_ne ash values were unusual ly nigh', wnen compar_~a 

to nigher Zemper~ture pyrDlys is  mace. There are two p o s s i b i l i = i e s  for  "_his: i }  

the ~resence of ai~ in T.ne ~roD =ume sys=em causing Dar=ial ox idat ion or 

2) se lec- ive  to l t ec= ion  of heavier par=ic les which con%aim more asn. The SE'.I 

mlcrograpns provided no evidence of surfac e ox ida t i on .  During .'.me experimenz 

however, par=Ic les were observea jusz outside the drop tube inle-_. TSA analysis 

shows -.his sampie ~-o con~.ain hal f  tne ash value of  the sample removed from the 

co l l ec t i on  chamber suggesting Znaz segregation is  occur r ing .  

Char reac=ivir .y measurements (Tcr) are plot-.ed in Fig. : i .A -19  as a fJnct ion 

of drop tube temperature. This p lo t  ind icates that  the collec=ed chars produced 

a: d i f f e r e n t  drop tube temperatures are s im i l a r  in r e a c t i v i = y  a f te r  the treatment 

at 90O°C. This resu'~ is expec~-eo. I t  is  i n t e r e s t i n g  to note however, that the 

drop tube chars proved to be more react ive  (had a lower Tcr ) -nan t h e i r  source 

coal .  I :  is possib le that zme rapid nea=ing rate in the tube furnace resul ted in 

e i the r  an increase in act ive size area or an increase in accessible surface area. 

This e f fec t  w i l l  be fu r the r  st Jdied. 

I n  the 5080C (F igs.  l l .A-15z) ~, char case as well as in the 535:C and 602°C 

char cases, a bump is  apparent in curves j u s t  p r i o r  to o x i d a t i o n .  At 

approximately 280°C a gradual increase in w~% occurs. This increase, which is 

probably the res,;It of cnemisorption of 02 , reaches a maximum of i !/2 - 2 wz% at 

45(]°C. TG-FTIR analysis indicates that the Jrop in weight and the level ing of f  of 

the sample before weight loss from oxidation is due to the evolving oxidation 

products H20,  SC]2, CO 2 and CO. This phenomenon w i l l  be fur~ner studied and 

evolu*.ion curves w i l l  be included in the next quarter ly repor-.. 
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Figure II.A-18. Variation of % Char Collected in Drop Tube with Drop Tube 
Temperature. 

- 3 2  - 



590 

58O 

570 

0 8OO 21)0 4OO 601) 

Drop Tube Temperature °C 
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P1 ans 

Obtain the missing FIMS spectra and push to higher temperatures (~-500°C) for 

the higher rank coals like Pocahontas. Finish the Entrained Flow reactor and TG- 

FTIR measurements on the 9 standard coals and init iate modeling with the FG-DVC 

model. Continue the study of melting and swelling of the Pittsburgh Seam coal. In 

the next quarter more low temperature pyrolysis runs will be done and char samples 

will be subjected to potting and polishing. Start the development of the swelling 

model~work on improvements in the viscosity model. 

# 

l 
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I I .B. SUBTASK 2.B. -- FUNDAMENTAL HIGH-PRESSURE REACTION RATE DATA 

Senior Investigators -- Geoffrey J. Germane and Angus U. Blackham 

Brigham Young University 
Provo, Utah 84602 

(801) 378-2355 and (801) 378-6536 

O b j e c t i v e s  

The overall objectives of this subtask are I) to measure and correlate 

fundamental reaction rate coefficients for pulverized-coal char particles as a 

function og 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: 

I. Continue reactor fabrication and construction. 

2. In i t iate preparation of the test cell to house the reactor and the 

optical instrumentation. 

3. Begin preparation of test samples of char from Utah bituminous coal 

under atmospheric and greater than atmospheric pressures. 

4. Continue development of the sorbent capture test plat,. 

A c c o m p l i s h m e n t s  
f 

Four components of this subtask have been identified to accomplish the 

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 reactor, 

and 4) measurements of fundamental sulfur capture rates by sorbents. Most of 

the effort during the last quarter was facused on Components I and 3 in 

preparation for accomplishing the work identified by Components 2 and 4. 

Component I -- Char Preparation at Hiqh Temperature and Hiqh Pressure 

Utah bituminous coal has been selected as the First coal for study under 

this program because of the availabil i ty e~ this coal at the BYU Combustion 
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Laboratory and i ts inclusion as one of the coals in the Argonne premium coal 

sample bank. Chars of this coal from at least three preparations wil l be 

compared for differences and similarit ies in properties. Differences or 

simi lar i t ies wi l l  be correlated with the kinetics of oxidation of these chars 

to be determined in the high-pressure reactor under construction as indicated 

in Component 3 of this report. The reference char sample to which others wil l  

be compared wi l l  be prepared in the high-pressure reactor, at pressures up to 

20 atmospheres. Meanwhile, preparation of two other char samples is in 

progress: l )  a sample from the BYU high-pressure enCr~ined-flow gasifier 

which can operate at pressures up to 10 atmospheres and 2) samples from a 

simple hot-tube reactor, without optical access, designed to produce char at 

pressures up to 20 atmospheres. 

During this quarter, preparations were continued for a run in the 

gasif ier in which char produced at elevated pressure wil l  be collected. A run 

in the gasif ier has been made, but operation was not satisfactory for 

collecting a char sample. The gasifier run in which asample is collected for 

this task component wil l  be one of the runs in a planned series of preparatory 

runs for Subtask 2.h. 

Char samples have been collected from a simple hot-tube reactor. The 

values for gas flows and temperatures at atmospheric pressure to give 

satisfactory char samples are being determined. Two preliminary runs have 

been made. The schematic of this reactor is sho~,n in.Figure I I .B - I .  A feeder 

and a receiver to operate at pressures above atmospheric are being designed 

which wi l l  be contained in small stainless steel bulbs. 

The purpose of this reactor is to provide the means to prepare small 

samples of chars under a variety of experimental conditions to help determine 

which conditions wi l l  be selected for the high-pressure reactor (with optical 

access) when construction is completed. 

Component 2 -- Kinetics of Char-Oxxgen Reactions at Hiqh pressure 

NO work was planned or conducted for this component. 
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Figure I I . B - 1 .  A simple hot tube reactor for preparation 
of sm@ll samples of char. 
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Component 3 - -  High-Pressure Reactor Desi~In and Fabrication 

F i n a l  Design -- The final detailed design for the reactor was performed 

during the quarter, and fabrication was ini t iated. Figure II.B-2 shows a 

vertical cross-sectional view of the reactor and preheater. Figure II.B-3 

shows the main reactor shell in i ts final design configuration, The number of 

heaters was increased from 7 to 9 in order to increase the available amount of 

heat at the ends of the reactor where the greatest heat loss wil l occur. One 

of the additional heaters wi l l  be placed in the lower section of the reactor 

head to help the secondary gas remain at i ts preheated temperature upon 

entering the reaction tube. 

The preheater was redesigned to increase gas temperature and to minimize 

the heat loss from the gases as they pass from the preheater to the reactor. 

The preheater shell wil l  be constructed from the same size steel tube as the 

main reactor shell and wil l  be welded to the reactor head at a 45 angle (see 

Figure I I .B -2 ) ,  allowing the exit of the preheater to be closer to the 

reaction tube inlet. The preheater wil l  contain two, 20-in. Kanthal Super 33 

elements in a bed of alumina spheres. The alumina spheres increase the heat 

transfer area for the gas flowing through the bed and provide support for the 

heating elements. A ceramic honeycomb section at the preheater exit wil l  

retain the alumina spheres while allowing the secondary gas to flow into the 

reactor. The preheater wi l l  be i:~sulated with the same castable ceramic as 

the reactor. 

The design allows the reaction tube to be removed or exchanged for a 

different size without disassembling any pf the main sections; only the 

injector and collection probe end plates need to be removed to gain access to 

the reaction tube. 

Figure II.B-4 shows two horizontal cross-sectional views of the reactor. 

The lower view shows a plane at the window centerline, and the upper view 

shows a plane a few inches above the windows. The heater access port that 

runs the entire length of the main section can be seen in Figures II.B-3 and 

Ii .B-4. The access port encloses the enCs of the heaters which wil l  protrude 

from the reactor shell. A removable access port cover plate provides 
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Fig',re II.B-2. Vertical cross sectional view of reactor and preheater. 
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Figure II.B-4. Two horizontal cross-sectional 
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structural support to the outer shell when the reactor is pressurized and 

allows access to the heaters and instrumentation for servicing. Two braces 

maintain reactor r igidi ty when the cover is removed. Power leads and 

instrument wires are fed into the port through Conax sealing glands. The 

reactor insulation is cast in place and is nonremovable except for the 

sections that hold the heaters and their respective thermocouple probes. 

These sections are removable, through the heater access port, for servicing or 

installation of new heaters or thermocouple probes (see Figure II.B-4). 

Smaller heater access ports are located at the lower part of the head and the 

top of the preheater for servicing the heating elements at these locations. 

Instrumentation -- A search is in progress for h igh speed data 

acquisition ~oards for micro-computers to interface with the advanced optical 

instrumentation which requires data acquisition at a speed of 2 MHz. Hardware 

components capable of this speed have been identified for the IBM AT, but none 

have yet been found for the Macintosh I f .  

Fabrication -- Materials for the constructicn of the reactor shell and 

preheater have been obtained and fabrication has been started. The outer 

shell tubes have been cut to length and are ready to be machined for the sight 

and heater access ports and then welded to the flanges. The sight window 

flanges wi l l  be the final items to be welded to the main section and they will 

then be machined to ensure that opposite windows are parallel and that 

adjacent windows are perpendicular. /The BYU Research Machine Shop and the 

Mechanical Engineering Shop will be util ized for the reactor construction. 

A custom, circular-heating element was ordered for testing but arrived 

broken. Another element has been ordered to replace i t .  A castable ceramic 

insulation has been obtained in place of the preformed insulation planned for 

previously,, which will significantly decrease the cost and increase the 

f l ex ib i l i t y  of the reactor while maintaining design performance. 

Compqnent 4 - -  Fundamental SulfuK Capture Experiments 

titerature Review -- The literature review of sulfur capture by sorbents 

was continued during the last quarter. Gullett and Bruce (1987) conducted a 
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series of tests at 800°C. They showed that calcined CaCO 3 has a cylindrical 

pore structure, while Ca(OH)2 has a s l i t - l i ke  pore structure, which is 

important when modeling the sulfur capture reaction. Increased conversion of 

Ca(OH)2 from calcium oxide to calcium sulfate, evident only at times longer 

than 40 seconds in their  experiments, is due to greater particle expansion of 

the hydrate. Sintering the sorbent at the test temperature decreases the 

surface area but has l i t t l e  effect on the porosity or the sorbent conversion. 

Simons et al. (!987) used a pore-tree representation to model the sulfur 

capture reaction at various pressures. They showed that the rate constant has 

a f irst-order dependence on SO 2 partial pressure. Their study is only the 

second at elevated total pressure, using 2 and 9.5 atmospheres for the sulfur 

capture experiments. The sorbents used were 42-78 um dolomite particles and 

1-15 um limestone particles. The sulfation reaction rate decays faster with 

calcium ut i l izat ion at low pressure than at high pressure. This suggests that 

greater calcium ut i l izat ion is possible at higher pressures. However, higher 

pressure during calcination yields a lower in i t ia l  surface area, which 

decreases the in i t ia l  rate of reaction. Simons also quoted a study by Beittel 

et al. (1984) that showed that sintering was insignificant when sorbent was 

injected for 1.3 seconds in a temperature f ield that ranged from 1478 K to 

1225 K. 

Other Activit ies -- One of the senior investigators met with Dr. David M. 

Slaughter of General Electric Co., Corporate Research and Development, to 

discuss the interest of GE in the planned studies of sulfur capture with 

sorbents and char oxidation at high pressure. 

Pl a n s  

During the next quarter, chars from Utah bituminous coal will be prepared 

in the BYU.gasifier and the hot-tube reactor, and char properties wil l  be 

measured and compared. Char from the gasifier will be fractionated into 

quantities with average particle diameters of 45 '#m and 70 ~m. These particle 

sizes will enable comparison with char oxidatien measurements at atmospheric 

pressure planned for a .separa:ely-funded study in the BYU Combustion 

Laboratory. 
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The fabrication of the high-pressure reactor will be essentially 

completed during the quarter. Plans for modification of the high-pressure 

reactor for sulfur capture by sorbent will be made, with emphasis on achieving 

rapid mixing of the SO 2 and sorbent in the hot zone. Existing, entrained-flow 

reactors for sulfur capture will be reviewed, and a method for calculating the 

residence time of the sorbent will be developed. Assembly of the optical 

instrumentation for particle temperature, size and velocity will be initiated. 



i I . C .  SUBTA3K 2.c. - SECOND/~RY REACTIOK OF PYROLYSIS PRODUCTS /~ND CIIAR BURNOUT 

SUBMODEL DEVELOPMENT A~ID EVALUATION 

Senior Investigator - Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(203) 528-906 

Obj ecti ve 

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

laboratory experiments, an integrated and compatible submodel to describe the 

seconGary reactions of volati le pyrolysis proOucts and char burnout during coal 

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

reaction,~char burnout, sulfur capture, and ignition wil l  be performed during Phase 

I to allow validation of submodels in Phase I I .  

Acc~p1 i shments 

Studies of ignition and soot formation in flames were continued in the 

transparent wall reactor (TWR). Attention is being focused on what controls 

ignition (heterogeneous or homogeneous oxidation) and soot formation. Seven 

a~ditional samples have been completed in addition to the four reported in the 

Annual Report. Flame properties were compared with characteristics of the samples 

to determine the factors which control frame behavior. A comparison of the 

ignit ion of several samples suggests that the rate of ignit ion correlates with the 

in i t ia l  rate of weight loss in air in a TGA experiment at lower temperatures. 

Ignition of chars is heterogeneous; ignition of high rank coals is homogeneous; but 

low rank coals exhibit both homogeneous and heterogeneous contributions to 

ignit ion. Soot formation in combustion correlates well with tar yield in pyrolysis 

suggesting thaC tar is the chief precursor of soot. 

Coal Fl me Experiments 

F~rin~ntal A~aratus 

The experimental apparatus and FT-IR diagnostics were described in the annual 

report. Figure II.C-1 shows photographs of three flames: a) a l igni te which 

ignites close to the nozzle, b) a low volati le bituminous coal which ignites 
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F i g u r e  II.C-1. Photographs of a) Zap North Dakota Lignite Flame and b) a 
Pocahontas Bituminous Coal Flame. The Scale in the Center is Distance 
Above the Injector Nozzle. c) is a Close up of a Pittsburgh Seam 
Bituminous Coal Flame. 
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(apparent ly homogeneou, y in the gas phase) nigher up, and c) a close up of a high 

vo laz i l e  bituminous coal flame showing v o l a t i l e  flames surrounding the par t i c les  

which are much la rger  tr:an the pa r t i c les  whi:h they surround. 

Samples - The samples used in these experiments were sieved fractions of a 

l ign i te ,  a subbituminous coal, and several bituminous coals. Samples have been 

demineralized by the Bishop and Ward (1958) technique. Chars were prepared from 

some of the coals in nitrogen in the entrained flow reactor. The characteristics 

of the coals have been previnusly published by Serio et al. (!987), Vorres, (1987), 

and Best et a l . ,  (1987). Table I I .C-I summarizes the coals, preparation 

procedures, and references to the previously published data. The samples were also 

characterized in a TGA to determine their weight loss at constant nearing rate in 

nitrogen (to determine the volati le content) and "n air (to provide a relative 

measure of the samples' reactivity and the ash concentratiop). 

Resul ts  for Severn F1 ames 

Results have been obtained for a series of samples including coal, 

demineralized coal and char. FT-IR measurements are made along the cen t - of the 

flame at several positions above the coal injectm,. I t  is recognized that the 

flame is not spat ial ly homogeneous along the line Dr-sight. In this case, 

a~ l ication of the analysis yields the average properties along a l ine-of-sight.  

Work is c~rrently in progress to develop tomographic methods to obtain spatially 

resolved data. Data or the four Rosebud samples were presented in the Annual 

Report. Data for t~e new coals (except the Pocahontas for which insuff icient data 

were obtained due to i ts  unstable ignition very high up in the reactor) are 

presented in Tables II.C-2 to II.C-7 and Figs. II.C-2 to If.C-7. The figures 

present, as a function of Gistance above the nozzle, the particle and CO 2 

temperatures and the black-body mult ip l ier,  M, in the upper pannel and the soot, 

CO 2 and part ¢le copcentrations in the lower pannel. For a completely homogeneous 

sample of grey-body part icles, M would be the part ic le 's emissivit) For the case 

considered here, some particles may be unignited, or ash particles may be present 

at a much lower temperature than the coal particles and have a very low emittance. 

Then I is approximately the fraction of particles ignited times their emissivity. 

A C o r r e l ~ + i o ~ o f  Flame Properties ~th Sample Characteristics - Several flame 

characteristic, wnich varied with sample properties were examined to determine what 

sample properties were the controlling factors and why. A comparison of the C02 

concentration prof i les,  which is a by-product of the ignition behavior, is 
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Table II.C-2. Flame Properties as a Function of Distance Above the 
Injection Nozzel for Zap North Dakota Lignite. 

i f  =~=~w~l~°=I'uon1=l~N1|I~Ht~i~na!|;~1NtiMt*~'=u=o*~=uIoo~HnaBauN~o=~III~nl°N~I~Io~oIu|llO~°~i~==~=='j°=t .I,I=JQ0|,,J0,,=*,0|0101,~0'I010Q0.N'I6m J=Oe0*~QmJ00JQllOlm=~I,0=0=MI0t0gn011U~°II,I=0J=|II~I=II~=II0,t,~0J~I,NI, 

Height Particle CO 2 % of Gray Particle Soot CO 2 H20 
(cm) R ~  (K) Body Conc. Conc. Conc. CSnc. 

•~•~j~-~1-H~o-~i~|~•m•uj~m~•••~u~•~°~-t~K~l~-~ooon~ouHo~o~o~a~*i~j~°a~t~-~i~-~N~u~Ii~•~--~o°~°°~-°~o~ 

1470 1070 7 7 74 0 0.58 C,10 
1 :::' I '700 1880 65 4.84 6.56 26.17 2.24 
15 1730 2065 75.2 4 5 2  5.63 33.23 2 82 
18 1765 2064 58.1 3.9.5 3.42 36.14 3.00 
23 1790 1951 43.5 2,94 1.51 36.04 2.89 
33 1810 1627 32_2 1.39 0.15 32.73 2.52 
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Table II.C-3. Flame Properties as a Function of Distance Above the 
Injection l'ffozzel for Zap North Dakota Lignite 900°C Char. 

~x~mf~N~uUa11~I1~lwlm~wml~ju"lt~It~nImi~tl~I~1~lI~lIIt~I(~gluI~4~j~HI~fj~sI~Ii~u~tm~wi~qN~u~m~m~n~"m~I~iIIIimuIn~ItI:Iug~j~t1ai~Ign~l~e~im~s~sl~IaiItlIe~j~i~I~t~"I~i~1~ml~t 

Height Particle CO 2 % of Gray Particle Soot CO 2 H20 
(can) R b (K) Body Conc. Conc  Conc. Cdnc. 

5 1100 1335 0 7.88 0 1.04 0.20 
7 1250 1590 0 7.98 0 2.06 G.21 

10 1750 1474 17 6.85 0 17.35 1.23 
11 1980 2195 46 5.15 0 22.60 1.51 
12 2035 2338 48 5.05 0 24.61 1.75 
13 2070 2460 56 4.89 0 27.61 2.08 
16 2030 '2420 49 3.94 0.11 29.63 2.0; 
19 2100 2320 40 "2.92 0.05 34.39 1.97 
24 2130 1980 .20 0.86 0 25.43 1.35 
32 1500 0.51 20.26 1.32 
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Table II.C-4. Flame Properties as a Function of Distance Above the 
Injection Nozzel for Zap North Dakota Lignite 1500~C Char. 

Height ~r~icle CO 2 % of Gray Par~cle Soo~ CO 2 H20 
b Body Conc. Conc. Cone_,. C, dnc. 

(an) - n  ('K3 

S ~10 974 0 9.88 0 0.40 0.06 
9 910 1545 0 8.15 0 0 4 0  0.09 

14 1520 1780 27 6.22 0 3.02 0.47 
I 5  1800 2650 32 7.46 0 5 1 0  0.59 
16 1940 2780 32 7.85 0 8.2! 0.70 
17 2000 2425 33 6.73 0 1 16.58 1.19 
18 2015 2275 42 4.64 0,38 20.37 1.60 
19 2020 2305 52 4.64 0,52 21,52 1.78 
20 2025 2315 62 3.95 0.44 23.47 1.80 
21 2030 2155 28 3.80 0.46 23.92 1.44 
23 2100 2000 12 3.66 0.45 23.53 1.31 
26 2070 1785 11 2.57 0.33 25.$6 1.21 
44 1660 0 0.51 0 10.30 0.56 
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Table II.C-5. Flame Properties as a Function of Distance Above the 
Injection Nozzel for Argonne Zap North Dakota Lignite. 

~J~wx~R~j~=~w=~m~1~=tt~m~II~u~i~=~a~=~o~il~u~m~=mu~=s=oO~Ioi~1~m~e~jo~o~g~Iim~=Q~HI~=l~I~n=~B~aNoo~e~o~u~on~I~=I~J~=~u~u~at~nn~H~n~=~I~=aIu=nn=ot~o~jo~f==I==~o~mu~=~o~=m=~==aow 

Height Particle CO 2 % of Gray Particle Soo~ CO 2 H20 
(cm) Rn b (K) Body Cone. Cone. Con~. Cone. 

~n-~M~-m~IgIj~It=huHHmH~-on~Hi~lI"m~ua~iHamil1qn~umj~I~nauIao~mn~ano~a~ta~umMonnu~an~n~o=~È=~Èu~=~=~om~m="=a-=~n=-o~omn~`~=~H~u~=-~===~u~no=~ma~o~oo~unaa~nH~#~a~u~Hnau~= 

5 650 800 0 5.73 0 0.04 0.54 
9 8"~0 1375 0 4 . !2  0 3.30 0.65 

10 1920 2275 9.5 3.50 0 4.98 0.64 
11 1940 2390 ~ 1 5.56 0.10 4.84 0.72 
12 2040 2490 15 4.28 0 .14 11.1 1.11 
13 20,¢0 2450 32 3.70 0 .45 28.1 2.25 
14 20,:,0 2425 37 3.65 1.15 32.5 2 .59 
15 2000 2420 63 3.46 1.60 36.9 2.81 
16 1970 2415 53 3.43 1.70 42.1 2.85 
17 2040 2410 39 2.49 0.95 34.0 2 .42 
21 1980 2240 35 1.43 0.72 37.8 2 .62 
26 1900 18~ 5 16 0.98 0 .33 38.0 2.33 
;38 1740 0.11 0 6.3 0.45 
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Table II.C-6. Flame Properties as a Function of Distance Above the 
Injection Nozzel for Demineralized Zap North Dakota Lignite. 

~lur~jjIf~1If|~'~l'=~al=I`~'tI'|gI'~H~r=1l'`='.I~*''~``°~'~"'==~NI=tf'~'~I~l~'~I~`I~'~i~'u~noI`~uiI==~=N""=o~i*teI~I~=lI1g~=oI'N`oo`~'`==~'~'~`~ot''=*~I*`~*ot*e~.=~I'~*t°~`~''~=o`°`'=~D=~¢I¢*¢*~p~jI~j`~``'`~`*~*o`'o~`l" 

Height Part icle CO 2 % of Gray Particle Soot CO 2 1~20 
b Body Conc. Conc. Conc. Conc. 

(era) R n ([~ 
• m,,, ,, ,.,,. M, ,1,, ~ .,°° °° ~°° .°~, °Jr,, ,,, °.g, .Je,, =., ,, i ~ ,#, ,, °°, ~, i H..v *,.,N, ..°. "',, °.,,,,, ~°o, ,, o l,-, | a, I,,,., ,,, .°, ° ,,. ° °°, ,. ........ ,....,,..,.,..,,*,,,.°.,,..,,,p,,..,o.i,,.it,=°,,I,,.I J,iH.OH.=.,,,,.~. ,,...,..,,..,,°,.,,,°.,o. ...... 

E~TC 1055 0 5 9 0 0.98 029 
lrJ 1705 2405 88 5.5 8.6 15.16 1.8t 
14 IE55 2075 95 5 8 8.9 27.22 2.8~ 
I7  ';575 1865 80 5.6 7 5 31 2 2  2.99 
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Table II.C-7. Flame Properties as a Function of Distance Above the 
Injection Nozzci  for Argonne Pitssburgh Seam Bituminous Coal. 

i + i i i l I i l  l l l l . l J  I I I l  o '  l l  + I I I .  I I  l l l  I l I l l  f i l l  I IA.  I l I I  I i  i I l l  I I Ol l O l l  I I I In  IO( l I I 1 1 1  I i i  i i i i i  I l l  i i i  I I I I I I I I  I l l  I I I  I I I I  I I I l  I l l  I I I  I I I  I I I l l  I I I  I l l l l  I I I I  I I I  In I I I I  I I I  l I I  I I I l l  I l Ol n I n I I l l l l l  l l n l l l l l l l  O l l  O I l l  I I I  U l l l l l  I l l  I IO O l I I  I I I I  I I I I  I I I I  l l l l  O I O l l l l l l i  l O l l  l O l l l i l l  I 

Height Partide CO2 % of Gray Particle Soot C02 H20 
(cm) R b (K) Body Conc. Cone. Conc Cone. 

mJ..u•IntltiMllilelo|l~+Imiluaa||mll~•~lmRaI•i,*=o,=niHl,lu•IIa, fni•i~iH~•=•~l~ooaoa•~•~l•~•a1o~otW*•~I~pJn~mo~o*g~oct+I~#omuHjsoano1|m~mI¢~|Vjg#|jIi"||i|o~lon|nHipB~ju|jj•##~#nn••~#u•~l+~••~•*++~+##+~n*+~ 

4 665 2160 0 4.0"7 0 0.4 0.05 
5 1565 2274 88.5 12.01 17.40 19.7 1.97 
6 1500 2112 84.0 14.05 20.30 28.4 3.30 
7 1-'00 2078 71.4 11.16 24,49 31,9 3.4,.5 

10 1325 1829 75.4 16.56 24.75 36.7 3.87 
12 1325 1668 106.4 13.36 10.20 33,9 3.35 
15 12,00 153,7 86.7 11.56 11.5:3 31.5 2.97 
20 1160 'J 503 60.0 9.92 10.64 2,~,7 2.29 
30 1040 133,5 57.~ 5.56 4.05 14.0 1.26 
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Figure II.C-2. Flame Properties as a Function of Distance Above 
the Injection Nozzel for Zap North Dakota Lignite. a) Concentrations 
of CO2, Particles and Soot and b) Temperature of Particles and CO2 
and Percent of Particles Ignited Times Emissivity. 

- 5 S  - 



10 { 40 
I = ~ -  a , 
' 

8 ' 
, ,3o ~ - ~  

~ ' c %  - 2 o  ~ 

2 I Particles 

-~ ~ I ~  Soot "~-~ L L . .  A A " 
~ . .  o - . • - ,  - .  , , o 

0 10 20  30 40  
Dis tance  (era) 

3000  , . . . . . . .  2.0 

b ~ ,  

2ooo "~ 

1 5 o o  ~ ~ c %  1.o  ! , 
looo ~ !  

0 0 

0 10 20 30 40  
D i s t a n c e  ( c m )  

F i g u r e  ILC-3. Flame Properties as a Function of Distance Above 
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presented in Fig. l l .C-8a, for the raw and demineralized Rosebud coal, and Rosebud 

chars produced a: 9DO=C and 1500°C. Ignition for the coals is accompanied by a 

more rapid increase in CO 2 than seen for the chars. T.:is is believed to be due to 

the rapid release of energy from the combustion of volati les. The position of the 

ignition also varies for the four samples. 

To determine what cont ro ls  the i g n i t i o n ,  measurements have been made of the 

weight loss of coal in a TGA, both under i ne r t  and oxid iz ing cond i t ions.  The 

object ive is  to co r re la te  what happens in the TGA at temperatures from 450°C to 

600:C to what happens during i gn i t i on  in the TWR at s imi la r  pa r t i c l e  temperatures. 

AS shown in Fig. l l .C -8b ,  the i gn i t i on  distance corre la tes well with the 

temperature fo r  10% weight loss in a i r  measured at a constant heating rate of 

30:C/min in a TGA. The lower the temperature to achieve 10% weight loss in the 

TGA, the shorter the ignit ion distance in the TWR. 

In the case of the previously formed chars, the TGA weight loss is almost 

exc lus ive ly  due to char ox idat ion and hence, the i gn i t i on  in the TWR must be 

heterogeneous ( i . e . ,  w i th in  the porous so l id  mat r i x ) .  For nigh rank coals ,  the 

f i r s t  10% weight loss in the TGA under ox id iz ing  condi t ions is  mostly due to 

py ro l ys i s ,  cons is tent  wi th  homogeneous i g n i t i o n  in the TWR. For low rank coals ,  

however, there is  a s i g n i f i c a n t  ear ly  weight loss in the TGA due to heterogeneous 

ox ida t ion ,  and i t  appears tha t  there is a s i gn i f i can t  heterogeneous con t r ibu t ion  to 

the i gn i t i on  in the TWR. This is cons is tent  wi th the observation that  the 

demineralized Rosebud coal (which is  less react ive to oxidat ion than the raw coal) 

is more d i f f i c u ] t  to i gn i t e  (F ig.  l l .C-8a~.  The resu l ts  are a;so cons is tent  with 

the measurements of M idk i f f  e t a l .  (1986) who conclude that  there is  a s i g n i f i c a n t  

weight loss due to heterogeneous ox idat ion in combustion for  low rank coals.  

A comparison of the soot concentration for 3 samples is shown in Fig. II.C-8c. 

The demineralized Rosebud produces about twice the soot as the raw sample, and the 

char produces almost n()ne. As shown in Fig. II.C-8d, the soot production 

corr~ates well with the yield of tar as determined in pyrolysis experiments. 

Pyroly: was performed in the entrained flow reactor. The higher the tar yield, 

the higr, er the soot yield. The relationship between tar and soot is consistent 

with t~,e results of Wornat e t a l .  (1981) and Nenniger et al. (1983). 

Figure li.C-8e compares M for the raw coa], the demineralized coal and the 

90Z)°C char. M can be less than I.D due to unignited particles and/or a low value 

of emissivity. Prior to ignit ion, al l  three samples have low values of M due to 
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unignited part icles. AZ igni t ion, M for the two coa]s goes up rapidly as the 

particles ignite and soot is formed. Above the ignit ion region, where all the 

particles are expected to be ignited, M drops rapidly for the raw coal but remains 

high for the demineralized coal. The source for this effect appears to be ash 

particles which are on the surface or are shed from the burning char particles. 

The ash particles that are shed wil l  increase I100%-transmittance) without adding 

signi f icant ly to the radiance because of their low temperature and low emissivity. 

TGA analysis of the captured samples of char showed that a significant fraction of 

the minerals (30%) had already been shed. An alternative explanation is that the 

unshed ash particles act as diffuse scatterers which lowers the emissivity. 

However, a direct measurement Gf :he emissivity of captured char particles using 

the E/T technique at a lower temperature (800°C), shows that the emissivity to be 

approxima:ely D.85, suggesting that the reduction of the emissivity due to surface 

ash is not important. 

Figure Ii.C-Sf presents a correlation between M above ignition (where all 

particles should be ignited and the soot has been consumed) with the ash content of 

the coal. The higher the ash content, the lower M, In agreement with either 

hypotheses, 

Cencl usions 

The FT-IR E/T :echnique is a versatile technique for coal combustion 

diagnostics allowing measurements of particle concentrations and temperatures and 

gas compositions, concentrations, and temp,e.ratures. 

A comparison of the ignition of several samples suggests that the rate of 

ignit ion correlates with the in i t ia l  rate of weight loss in ai r  in a TGA experimen: 

at lower temperatures. Ignition of chars is heterogeneous; ignit ion of high rank 

coals is homogeneous; but low rank coals exhibit both homogeneous and heterogeneous 

contributions t o  ignit ion. 

Soot formation in combustion correlates well witr, tar yield in pyrolysis 

suggesting that tar is the chief precursor of soot. 

P1 ans 

Continue the flame experiments for the remaining standard samples. 
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I I . D .  SUBTASK 2.d - ASH PHYSICS AND CHEMISTRY SU&4ODEL 

Senior Investigator - James Markham 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(203) 528-906 

Ob.iecti ve 

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 wiZh assistance for i ts implementation into the BYU 

PCGC-2 comprehensive code. 

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

1) 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 uti l ized for model development in Phase I I .  

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

collection system; 2) developing methods for mineral characterization in ash 

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

coal gasification. 

F 

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 

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

conversion. 

Accompl i skments 

During the f i f t h  quarter, two sample collection probes were constructed that 

can be inserted into the transparent wall reactor (TWR) to allow for the 

collection of char with i ts  transforming mineral matter from the flame at various 
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stages of burnof f ,  and of f l y  ash from above the flame. Both probes resJ l t  in no 

visual d is rup t ion  of the s t a b i l i t y ,  size or i g n i t i o n  delay time of the flames. 

I n i t i a l  sample co l l ec t i ons  were performed. 

Ash Col lectJon 

The f ly ash collectDr (in stack) consists of an inlet nozzle, large part icle 

preseparator, cascade impactor and adjustable air pump. The char col lector (in 

flame) consists of a water cooled nozzle that adds cold helium gas to the removed 

hot particle stream. After quenching, the part icle stream oasses through a large 

particle cyclone separator, and then through [he preseparator and cascade 

impactor. 

The char collector nozzle inlet temperature was maintained below 300°C by the 

He addition. The f ly ash collector nozzle was placed in the flame exhaust stack 

having a typical radial temperature profile as presented in Fig. I I .D- I .  

Table II .D-I and Fig. II.D-2 show collection and separation data for a 

Rosebud subbituminous coal and a Zap l ignite under similar collection conditions. 

TGA weight loss measurements on the in flame collected samples indicate that both 

cyclone fractions have a large amount of burnable material remaining (~ 50%). SEM 

photomicrographs (Figs. Ii.D-3 and If.D-4) show both materials to contain etched 

particles of the same size range of the starting materials, with some particles 

having discrete globules .~f ash stuck to t~e part icle surface and others with a 

more uniform coating (possibly smaller globules) of ash as indicated by the bright 

(charging) areas. The Zap cyclone fraction appears to contain more particles with 

ash globules on part icle surfaces and more ash that has apparently released from 

the char. This is also indicated in the size separation data presented in 

Fig. If.D-2. For the Zap sample there is more material collected downstream of the 

large particle separators than for the Rosebud. Figure II.D-5 compares two stages 

of in stack collection for the Zap, and c]early shows the individual spheres. 

These photomicrographs also indicate the particle sizing abi l i ty  of the cascade 

impactor. 

To verify a difference in the abi l i ty  of the starting material to "shed" ash, 

samples of Zap and Rosebud, pyrolysis chars were quantitatively combusted in the 

entrained flow reactor to various levels of burnoff. The part ia l ly combusted 

material was collected in a cyclone separator that would clean the char of the 
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Figure ILD-3. SEM Microphotograph of Cyclone Fraction of 
L~ Flame Collection for Rosebud Coal. Magnification: X400. 



Fi~a-e ILD-4. SEM Microphotograph of Cyclone Fraction of 
In Flame Collection for Zap Li~aite. Magnification: X400. 



a 

b 

Figure  II.IN5. SEM Photomicrographs of Fly Ash Collected Above a Zap 
Lignite Flame. al ,ge #2 and b) Stage #4 of Cascade Impactor. 
Magnification: xg:~ ~. 
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smaller released ash and any fragmented particles. TGA weight loss analysis was 

then performed on the combustion char to indicate the" fraction of ash present in 

the particles, and from this, the percent ash retained from the starting material 

can be calculated by 

% ash retained = % combustion sample x % ash in combustion sample 

% ash in starting material 

Table II.D-2 presents the percent ash retained values for several levels of 

combustion. The data appears to indicate two points: I) the samples shed to a 

relatively constant ash level early in the combustion process, and 2) the Zap 

i n i t i a l l y  sheds more of i ts ash than the Rosebud. Further tests wil l  be done to 

see i f  a gradual release of ash occurs earlier in the combustion process; and to 

see i f  the extent of pre-charring effects this process. 

To study the mineral matter to f l y  ash transformation, a comparison was made 

by SEM/dispersive x-ray analysis of the so l id i f ied ash spheres on the Zap char's 

surface with part icles collected in the preseparator above the flame. The ash 

spheres on the chars surface are rich in Ca, moderately rich in A1 and Si and have 

varying amounts of Fe, K and Mg. Representative qual i ta t ive analyses for these 

part icles are presented in Table I I .D-3.  I t  appears that the coal's organically 

bound calcium accumulates in the form of molten l iqu ids ,  along with the fine clay 

and pyr i te part ic les.  

Figure ll.d-6a shows a photomicrograph;of particles collected above the 

flame. Some of these particles have melted to form spheres and some have not. 

Qualitative analyses of the numbered particles are presented in Table II.D-4. In 

the figure, samples 1 and 2, which appear to have melted and crystallized, are 

almost pure iron oxide. Figure Ii.d-6b shows a close-up of the highly 

crystallized surface structure for these kinds of particles. Sample 3, which has 

not melted is almost pure calcite. Sample 4 shows a region which has not melted 

which is almost pure quartz, l ike sample 5, and a part which has melted which is a 

mixture of elements. Parzicles 1-5 appear to have been derived from individual 

extraneous mineral grains (pyrite, calcite, and quartz) without significant 

contamination by other mineral components. Small spheres {6 and 7, and those 

captured on the stages of the cascade impactor) as well as larger spheres (8 and 

9) are mixtures of Si, AI, Ca, Fe, K and Mg, like the particles attached to the 

chars surface captured in the flame. Qualitative analysis of other particles 

similar in appearance to particles 1-9 are presented in Table II.D-5. 



Table  ILIN2. Percent  Ash Retained in Par t ia l ly  Combusted Samples. 

m~a-~°~ml~tmq'lmNal1i~'j~mIl~ji~i~.~O~*~°~I~'.~Dm'~'~'N~°oo~t~'~I~'oe~oo*oagu~iiatIai~i~°~°~°~a~*~°N~'o~.~u~°~.~o°°~w~°~.~'~i'I~Io~oNI'H~n6uIiio*I'I'Iia~°Io 

Sample  % Sample  Recove red  a f te r  % Ash R e t a i n e d  
Par t i a l  Combus t ion  

Zap* 39 0 44.7 

27.0 37.2 

16.5 40.0 

7.6 35.0 

Rosebud  *~ 66.7 66.1 

28.0 71.0 

22.3 75.4 

.1 67.1 
iIa.-~-~'a'~m~'ijmmaln'j~a~I~|a~L~*''j~'ooom'Io'~-i~t°~u~`~Iq~'°~'Hi~i~M~''jg'~N°'I~.iuIa~'~I'''I'°~u'I~'~u'~m~q~.n~I~'toooI*o6igoJnI~i'~''Jo~'~°~°~jo°~o°~.IB~N~N°~j'~I.I~'.~'u.''~. 

* 900°C Zap Char 

** 1500°C Rosebud Char 



TABLE II.D-3 

REPRESENTATIVE QUALITATIVE* X-RAY ANALYSIS FOR ASH SPHERES ON CHAR 
PARTICLE SURFACES AS SHOWN IN FIG. II.D-4 

Values are in ~ i g h t  percent 

Mineral 5c 6c 7c 8c 9c 
Compone.,t 

Al 4.89 0.93 0.69 1.21 1.37 

Si 6. I0 O. 85 5.05 O. 56 1.78 

Fe 0.65 3.47 0.73 0 0 

Mg 2.70 I .  45 I .  21 1.53 1.53 

Ca 5°86 11.71 3.31 2.22 2,66 

Ti 0.52 0.08 0.04 O. 04 0 

Na - 0 0 0 0.65 

K 0 0 O. 04 O. 04 O. 04 

Sul fur 0.16 0.12 1.05 0.08 0.56 
(o) 

Sul fur 0 0 0 2,.14 1.53 
(M) 

x in FeS x 0 0 0 2 2 

Total Ash 35.86 25.73 19.06 11.87 16.44 

12c 

1.86 

1.49 

1.21 

3.31 

6.62 

0.20 

0 

0 

0.48 

0 

0 

22.45 

* Not matrix-corrected for coefficient of x-ray absorption for each component. 



a 

b 

F i g u r e  ILD-6. SEM ~-YIicrophotograph of FIy AsL Collected Above 
a Zar~ Lignite Flame, Preseparator Fraction. a) X 400 and b) Close-up 
of Saraple 1, X 2 , 6 7 0 .  
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TABLE II.D-4 

QUALITATIVE* X-RAY AHALYSIS OF ASII PARTICLES PI~ESFNTED IN FiG, lI.D-6 

Values are l{a welght percent 

i 

-...j 
clrt 

I 

Mineral l 2 3 
Component 

A! 0.23 O. lg 0.36 

Si 1,21 o.7g (I.66 

Fe 06,05 90.16 0.30 

M9 0.56 0.47 1.08 

Ca 2.75 0.3? 70,54 

Ti 0 0 0.18 

0 tla 0 0 , 

K 0 0.09 0 

Sulfur (0) 0 0 0 

Sulfur (H) 0 0 0.60 

x in FeS x 0 0 2 

Total Ash 129.69 131.41 113,46 

4 4 (not 5 6 
(melted) , melted) 

12.18 2.52 2.20 9.7H 

38.28 33.96 65.44 2g.02 

1.38 0.54 O. 15 0.84 

! .80 1,14 O. 78 1,06 

0,66 - O. iO 1.08 

O. 18 0.06 0 0.06 

2.04 0 0 4.14 

7.14 0.90 0 0.84 

0.06 0 0.05 0.06 

0 0 0 0 

0 0 0 0 

125.22 /9.98 !q5,4~ lO l . lO 

7 

0.84 

1.50 

0.72 

2.1 

3.66 

0.06 

0 

0 

0 

0 

0 

12.36 

8 

9.13 

29.81 

0.41 

1.02 

0.38 

0.19 

1.18 

6.81 

0 

0 

0 

95.55 

9 

9,55 

32.0? 

0.30 

0.80 

0.41 

0.03 

2.70 

5.15 

0 

0 

0 

102.60 

* tier maLrix-corrected for  caef f tc lenL of x- ray absorpt ion for  each componenL, 
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Also of interest is that many of the pure mineral particles are of the same 

size (some larger) than the starting coal particles. Differences in color, 

magnetic attraction, and density (ho3low vs. solid) have also been observed. 

P1 ans 

Continue collection and characterization of ash particles produced in the 

TWR. Size distribution analysis will be performed once flow c~nditions are 

arrived at that will minimize reentrainment (high air flow) and inetTicient 

separation (low air flow) of particles in the cascade impactor. A device for 

measuring the ash sticking behavior will be designed and implemented in the TWR 

reactor for monitoring the fouling and slagging behavior of ashes of different 

ranks of coal. 

7 8  - 
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l l . E .  SUBTASK 2 . e .  - LARGE PARTICLE SUBMODELS 

Senior In/estigator - Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street 

East Hartford, CT 06108 

(203) 528-9806 

Ob.iective 

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 

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

fixed-bed (or moving-bed) gasif ier code to be developed by BYU in Subtask 3.b. 

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

Accompl i slment  s 

The l i terature review of heat and mess transport effects in coal pyrolysis 

was completed. A cr i t i ca l  evaluation was made of two models from the litera~.ure 

that have been used to describe coupled reaction and transport in large part icles. 

A major effort was made on design of the fixed-bed reactor. This reactor wil l  

have on-line analysis of evolved vo=,atil~ products and on-line measurement of 

weight loss, functional group composition and part icle temperature. 

Evaluation of Pjfro1~esis Heat/Mass Transport ~ e l s  

During the past quarter, a more detailed examination was made of the models of 

Devanathan and Sax~na (1985,1987) and B1iek et al .  (1985) in order to choose a 

starting point for a mo~el of large particle pyrolysis. 

The original model of Devanathan and Saxena (1985) was developed for the 

devolati l ization of large non-plastic coal part icles. Their objective was to 

develop a comprehensive pyrolysis model considering heat and mass transport 

resistances. Since the primary focus of the i r  work was the e f fec ts  of the 

t ransport  parameters, the in i t ia l  (Devanathan and Saxena, 1985) paper used a 

simple single-reaction model with a global activation energy for primary pyrolysis. 

- 7q - 
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They also ignored the temperature variat ion of the physical properties (heat 

capacity, thermal conduct iv i ty) .  The la t ter  s impl i f icat ion is a major weakness of 

the i r  approach, but can be easi ly remedied. In addit ion, they assumed pyrolysis i=. 

thermally neutral, which is probably not a bad assumption, as discussed in the 

Second Quarterly Report. 

This model was developed to describe non-plastic coals which largely retain 

their pore structure during pyrolysis. The volati le species were lumped into a 

single component. An effective diffusion coefficient was assumed to account for 

volati le transport by diffusion and convective flow under small pressure gradients. 

The pyrolysis reaction in this model is represented by: 

C ( Coal ) A(Volatiles) + S(Char) 

The nonlinear partial differential equations obtained for the material and 

energy balances were solved using the DPDES routine of IMSL. This routine uses the 

method of lines which reduces the system of partial differential equations into a 

system of ordinary differen~:~_i equations, which are subsequently solved with a 

Gear Integration method. The equations were solved for various values of the 

Thiele modulus, corresponding to high, medium and low reaction rates. 

Using an assumed set of kinetics, thermal properties and d i f fus ion 

coefficients, they identified regimes of chemical reaction control (at low reaction 

rates), and heat and mass transfer cont¢ol (at high reaction rates). By deing 

parametric studies they ident i f ied  the Thiele modulus (chemical reaction 

rate/diffusion rate), the Lewis number (thermal diffusivity/mass di f fusiv i ty)  and 

the heat transfer Biot number (ratio of external to internal heat transfer rate) as 

important dimensionless groups. The analogous mass transfer Blot number was found 

to be unimportant since the external film resistance was assumed to be negligible. 

A second paper (Devanathan and Saxena, 1987) extended the model to include 

secondary reactions. The description of the volatiles was also extended to three 

components ( ta r ,  gas, hydrogen). The global primary and secondary pyrolysis 

reactions were: 

Coal ~Tar---------D-Gas + Hydrogen + Char 

Gas + Hydrogen + Char 

- 8 0 -  
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In t h i s  paper ,  Devanathan and Saxena used the primary pyro lys is  k inet ic  

parameters of Suuberg et e l .  (i978) instead of the parameters of Kobayashi et al .  

(1977) used in the previous paper. This change was presumably to accommodate a 

multicomponent py ro l ys i s  model. However, i t  is surpr is ing that  the authors do not 

cogent on the s i g n i f i c a n t l y  higher K ine t ic  rates implied by the former set of 

parameters. Again, the physical propert ies were assumed to be constant,  the heat 

of reaction assumed to be zero, and the mass t ransfer  model u t i l i z e d  an ef fect ive 

d i f fus ion  c o e f f i c i e n t  to account for v o l a t i l e  transport both by molecular d i f fus ion 

and convective f low under a small pressure gradient.  I t  was also assumed that tar 

~-~as only present in the vapor phase. The k inet ics for the t a r  decomposition 

reaction were based on the values assumed by Suuberg et a l .  (1979). The numerical 

scheme used to solve t.~e set of 7 p a r t i a l  d i f f e r e n t i a l  equa'. ions for a 3- 

component system was a s imi lar  technique as discussed above. 

The authors used the expanded model to examine the ef fects of bulk 

temperature, pressure, and particle size on the extent of secondary reactions and 

volati le yie]as. Quali:ative comparisons were made to the data of Suuberg et el. 

(1978) for Montana Lignite for the effect of pressure, temperature and particle 

size. Comparisons were made Go the data of Stubington and Sumaryono (1984) for 

product evolution profi les from large part icles. The simulations indicated two 

peaks in the H 2 evolution curve in agreement wi:h Stubington and Sumaryono (1984). 

The f i r s t  peak in the model was due to primary pyro" sis reactions while the second 

was due to tar decomposition. 

qJ 

One weakness of t h e i r  approach is  that  the secondary react ions of tar  outsiee 

the par t ic le  are ignored SO that the pred ic t ions  which show ta r  y i e l d  level ing o f f  

at r e l a t i v e l y  high temperatures do not make sense. They also pred ic t  a temperature 

of 750:C f o r  the maximum t a r  y i e l d ,  which is 150-200°C h ighe r  than most 

experimental  obse rva t i ons ,  By assuming an inverse re la t ion  o f the d i f fus ion 

coef f i c ien t  with. p~essure, they can p red i c t  the type of p ressure  dependence 

indicated by the Jata of Suuberg et a l .  (1978). One i n t e res t i ng  predict ion of 

t he i r  model is  the fact  that  the pressure dependence is more prominent in the la ter  

stag-~s of devolat i l iza~. ion since the v o l a t i l e s  :. to travel a fu r the r  distance to 

get to the surface. 

The total volat i le  yield was found to depend weakly on part ic le size while the 

total devolatilizatiom time was found to depend strongly on part ic le size. These 

particle size trends, as well as the trends with pressure and temperature discussed 

above are in quali tat ive agreement ~,ith l i t e ra tu re  resu l t s .  However, when 
j i  
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quantitative comparisons are made, such as the temperature for maximum tar yield, 

the predictions are often far off, as noted above. This is a result of the fact 

that the physical and chemical parameters which go into the model were selected 

somewhat arbitrarily. The authors did note that some of these parameters could not 

be estimated accurately and did a sensitivity analysis on the external heat 

zrar, sfer coefficient, thermal diffusivity, external mass-transfer coeff ic ient ,  

effective diffusion coefficient and porosity. Of this set, the choice of the 

effective internal diffusion coefficient was found to be crucial. This parameter 

is also one the most d i f f i cu l t  to specify. Unfortunately, the authors did not 

examine the sensitivity to the kinetic parameters. 

A comprehensive model for large particle pyrolysis was also developed by Bliek 

e~ al. (!985). They used essentially the same global pyrolysis scheme (inc!uding 

tar secondary reactions) as Devanathan and Saxena (1987). One difference in the 

kinetic models was to assume that each of the three volatile components evolves by 

a reactien :hich is second-order in the amount of volatiles yet to be released. 

This is a simpler alternative to the distributed activation energies model to 

describe the "tail ing" of volatile evolution curves at higher temperatures. This 

model also treats coals which essentially retain their pore structure. 

One of the major differences oF this model when compared to that of Devanathan 

and Saxena (1987} is in the treatment of internal mass transfer. Bliek et aI. 

chose to use the continuum limit of the Dusty Gas model (Mason et al . ,  1967; Mason 

and MaIinauskas, 1983). Thi, model can ,~ccount for the combined transport of 

volatiles by viscous flow and diffusion. Viscous flow becomes more important as 

the particle size increases, so this approach should be applicable over a ~vider 

range of particle sizes. The model requires an estimate of the viscous 

permeabi!~y, the effective Knudsen diffusivity, and the effect binary di f fusivi ty 

The la t te r  quantity also appeared in the diffusive mass transport model of 

Devanethan and S~xena (1987). Bliek et al. (1985) used l i terature values of 

permeability parameters obtained from stationary mass flux experiments. 

The transport of volatiles from the particle outer boundary to the ambient gas 

was ass'Jmed to be in f in i te ly  fast. This assumption is probably alright for light 

gases but not For heavy tars. The heat of devolatilization was assumed to be zero 

as did the Devanathan and Saxena (D-S) model. Unlike the D-S model, Bliek et al. 

did not concern themselves with the details of external heat transfer and specified 

the particle surface temperature. However, they did account for the temperature 
variation of the particle thermal conductivity and heat capaclty, which the D-S 
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model does not include. Bliek et al.  also did pyrolysis experiments in a TGA with 

particles 50-1000 microns in size in order to extract primary pyrolysis kinetic 

informaZior, and generate data for model validation. The equations were solved 

numerically using an implicit backward descretization scheme. This transformed the 

par t ia l  d i f f e r e n t i a l  equations to non-linear algebraic equations, which were 

subsequently ]inearized. A combination of iteration and the algebra of diagonal 

matrices was used to produce the numerical results. 

The qualitative results of the simulations largely agree with those of the D-S 

model since both were developed to agre~ with the experimental observations of 

Suuberg eZ a]. (i~78), a,nong others. The more detailed descr ipt ion of mass 

transfer allowed Bliek et al .  to establish regimes of part ic le size and nearing 

rate where mass transfer was controlled by either diffusion or viscous flow. The 

most interesting prediction was that the tar yield went through a maximum with 

heating raze. Th is  was explained by the fact that at high heating rates, the 

volati ies would have to diffuse through a hot outer layer of char. However, this 

trend has not been observed experimentally. The model also did not agree well with 

zhe effects Gf ambient pressure cbserved for bituminous coal by Anthony anG Howard 

(1976). However, this could be due to the fact that i t  was developed for a hen- 

plastic coal. 

While both the Bliek model and the D-S model are important con:ributions to 

understanding large particle pyrolysis, the published versions are lacking in 

several respects. The major problem is the relative lack of care which .has gone 
i 

into the choice of the physical and kinetic parameters. A corresponding defect is 

the lack of a complete sensit iv i ty analysis. I f  we compare the choices of physical 

and chemical parameters made for the two models, which are shown in Tables Ii.E-1 

and II .E-2, respectively, the magnitude of the problem is apparent. For example, 

there are several orders of magnitude variation in the species d i f fus iv i t ies.  As 

discussed above, this was i den t i f i ed  as a crucial parameter in the partial 

sensit iv i ty analysis done by Devanathan and Saxeqa (1987). 

t d d i t i o n a l  problems with these two models include an oversimpli f ied 

description of tar secondary reactions, and the inab i l i t y  to describe p las t i c  

coals. We plan to address these and other deficiencies in our large particle model 

development. 

- 8 3  



Table  II,E-1, Comparison of P~vsical Parameters for Two Pyrolysis 
Reaction / Transpoi't Models. " 

! 

CO 

I 

I I x ! [ [ I i I ~ i l  I I H i i l l  i I I 11 I~ 1 ~ i l ~ I x  I t x! L I~ t l l  ~ ~ I I  i s i I l l  I I t I I  I~ t ! l 1 | l  t I ~ i I I I  I I I  l I1111 [ ~ I I 1  X l l lHx  i x [  I l l ~ l l  I ~ I I I  l ~111 ! i l l  I l i l ~  ~ ~ X l 1 IX I~1 I~111 ~ I IK~ l i 11 i ~ l  I i ~ i l l  I ~ [ ~ ~ ~ l t l  I l i l l  I I I11 iX I I I  I I l l  t i I I ~ 1111 X! I U I I r  I I i I I !  I I a I I l  I !  I I !  T I I I l I I l l  I I I  I I I I I  I ~, i !  i I I I  I I n ~ I xx i x i u i i ! i i i i i i  u u i I i i x  i i I I  t un  i i i x  i I i  ! i I !  i i n i i l i  x i !  l i i l l  ! [ !  s i x  

Proper ty  UJfits Devana than  and Saxena (1987) Bliek et  al. (1985) 
25°C 500°C 25oc 500oc 

I I [ I] [ I I~ I I lll Ill II I Ill Z I| I I If I I I I I U I Ill III ] III I If I i I ! I Ill I I|l I ~ | l I] l [ } I J || ] I If i i |fill i if I [ ii I ||i~l | ] ]Ii [ | i i I[i ~ l || I || i i i i i l i i l i i I |i I t if i if i iii i i i] ]ii i iil i ] i i~ |i l i| i I || if i i t i I Ill I I I Ill ~I i ~I I~I I ~ I I I I g l I t If I III i I I I I I I I I I g I l I I I I I I I l I I l lI III I l |I I I I l I II I I If l II I l If i If I i! I I I |I I[I I ] l I I [ |I ~ I [ I I }I ill If If | i [i I ill l if i i l [ i i I 

Thermal Conductivi ty cal/(cm s K) 5.497 x J d 4 4.45 x 10- 4 

Heat Capacity cal/(g K) 0.916 0.27 0.51 

Density g/cm 3 1.5 0.9 

Thermal Diffusivity cm 2/s 4 x 10 -4 1.8 x 10 -3 9.7 x 10 -3 

Gas Molecular Weight g/g-mol 30 20 

'Par Molecular Weight 

H 2 Diffusivity 

Gas Diffusivity 

Tar Diffusivity 

g/g-mot, 216 

cm 2/s 4 x 103  

cm 2/s 4 x 10 -4 

cm 2/s 4 x 10 -5 

325 

4.2 x 10 -1 

4.2 x 10 -I 

3.2 x 10 "1 

3.2 x 10 "1 

Co.al Porosity 0.4 0.10 

Char Porosity --- 0.25 



Table ILE-2. Comparison of Kinetic Parameters for Two Pyrolysis 
Reaction / Transport Models. 

,,.°m,.,~,,,.,,,,,.U,..,,,Na.ll,,m0~.,N J|m,,M,.,.,,,,~.,.,°,,,N..,m,°,,,..., ~i~m~`"°~t~-~°~.~u.~°u~m~"og~N~`o~P~o~M~u~"~"~°~N~H~ 

Dev~-~*h~n Bliek et  a i  
and  ( 1 9 8 5 )  

Saxena (1987) 
. , , . o o  ~"~"~l"~"n"`~`|"~`a~"~|~"~"n~N~"~uoMnR~"aH~"~m~"iH"~l"~*"~"°~"~"~"~*~"~I~"~o~"""~"~"~°~°~""a~n~n"~iaN~in"~ol`N"~i~I"n 

V 1 (ultimate yield ofH 2 ) g/g 0.005 0.000 

(ultimate yield of gas) g/g 0.381 0.358 

v 3 (ultimate yield of tar) g/g 0.054 0.160 

f4 fraction of tar which can react 1.0 1.0 

kol preexponential s -I 1018 --- 

k02 preexponential s-I 1012 8.0 x 104 

ii 
k03 preexponential s-1 1017 7.6 x 10 

4 
k04 preexponentiai s ' l  1013 2.7 x 10 

E 1 kcal/mole 80 --- 

E 2 kcaYmole 50 22 

E 3 kcal/mole 75 37 

E 4 kcaYmole 65 14 
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Design of FixL:<I-B~ Reactor 

Several dif ferent design configurations were considered for the fixed-bed 

reactor (FBR). These were narrowed down until a single design approach was agreed 

upon and then a more detailed design was developed. A schematic of the proposed 

FBR is shown in Fig. I I .E- I .  The integration of the reactor with a PC is shown in 

Fig. If.E-2. Notes for both figures are given in Table If.E-3. 

In this system, 0.2 - log of coal (0.5 - 3mm particle size) wi l l  be placed on 

the sample holder (14). The sample holder can be accessed by removing the window 

(4) and taking out the upper part of the jo in t  (13). The sample holder is a 31 mm 

I.D., 25 mm long quartz tube. I t  is heated by a hot stream of gas produced in an 

electric preheater (16) which can also produce steam by the introduction of water. 

The preheated gas is forced to pass through the sample by making the path through 

the sample the only way for gas to exit the reactor. To allow for continuous 

monitoring of the sample, the sample holder is attached to the reactor enclosure 

using a bellows (12). 

The entire sample compartment/bellows system is suspended from a balance to 

measure the weight loss of the sample. To avoid a change of the weight due to a 

temperature change of the bellows, i t  is protected by a water cooled plate. There 

is also a pressure difference between the two sides of the bellows which might 

change during the experiment, causing a change in the load on the balance. This is 

compensated for by a differential pressure transducer {18) ,  which measures the 

actual pressure difference and sends i t  to,,the computer. The computer can deduct 

this load change from the output value of the balance using previously obtained 

calibration curves. The reactor head is made of fused quartz to withstand the 

high heat load. 

The composition of the product gases and tar are measured in the cell (6) 

us:.,u FT-IR transmission. The temperature of the coal surface is measured by an 

emission FT-IR method through a window (4) using ei ther a separate FT-IR 

spectrometer or the same one used for the transmission measurements. To be able to 

measure surface reactions of the coal particles, an additional IR source (17) is 

required. By switching on the IR source (17) (opening a shutter), the emission 

spectrum wi] l  contain the diffuse reflectance spectrum together with the emissivity 

spectrum of the same particle or particles. By closing the shutter we measure 

emissivity only. The diffuse reflectance spectrum wil l  be the difference of the 

two  spectra. 
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T a b l e  I I ~ - 3 .  N o t e s  for Fi==ures II.E-1 a~. d II .E-2.  

1-5 tfBr Windows 

6 Tube for FT-1-R Transmittance Measurements of Product Gases and Tars 

7-9 Concave Reflection Mirrors 

i0 Fla t  .Mirror 

11 Electrobalance for Weight Loss Measurements 

12 Double Bellows 

13 Quartz Taper Joints 

14 Coal Sample Holder (quartz wool cloth on metal screen) 

15 Quartz Reactor Head 

16 Gas Heater 

17 I1% Source with Shutter  ar.d Beam Condensor 

18 Differential Pressure Transducers and Solenoid Valves 

18 Mass Flow Controller 

2(} Reg-_~]ated Power Supply 

21 Flow Meter 

22 Water Deionizer 

23 Filter " 

24 Thermometer  
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~ t n  L / u a r ~ e r l y  1/88 W P # / I  

Plans 

Develop a de ta i led  design for the f ixed-bed reac tor ,  inc luding part 

specif ications. Begin ordering parts. Begin model development for large part icle 

submodel, ConsiCer interface of this model with the BYU fixed-bed model. 
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I I .F .  SUBTASK 2. r .  - LARGE CHAR PARTICLE OXIDATION AT HIGH PRESSURES 

Senior Invuszi]azor - Angus U. B]acknam 

C ombuszion Laboratory 

Brigham Young University 

Provo, Utah 84602 

(~01) 378-2355 

Objective 

Provioe Gata for tne reactlon razes of large char parzicles of interest zo 

fixed-bed coal gasi f icat ion systems operazing az pressure. 

Accompl i sbme .nts 

No work planned. 

Plans 

No work planned. 
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Ii.G. SUBTASK 2.G. -- SOx/NO X SUBMODEL DEVELOPMENT 

Senior Investigators: L. Douglas Smoot and B. Scott Brewster 

Brigham Young University 
Frovo, Utah 84602 

(801) 378-4326 and (801) 378-6240 

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 nonequilibrium in the gas phase wil l be considered), 

and 3) to consider the effects of fuel-rich conditions and high-pressure on 

sulfur and nitrogen chemistry in pulverized-fuel systems. 

The principal task for the past quarter was to include the capability of 

predicting thermal NO in the NO X submodel. Complete restructuring of the 

existing NO X submodel was an auxiliary task of this effort. A literature 

search of SO x reactions in combusting flows was also scheduled to begin. 

Agcomp!ishments 

The components of this subtask ar~ 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 $0 x formation. A revised NO X 

submodel has been completed. Revisions to the previous model include 

simplification of the overall flow of subroutine calls and calculation 

procedures. Non-standard Fortran statements and awkward logical gating were 

replaced in order to faci l i tate transfer o' the code to Unix operating 

systems. In addition, a generalized subroutine for convolving species and 

rate equations over the joint  probability of the progress variables was 

developed to provide a means for implementing alternative rate expressions and 

kinetic models. With thermal NO formation turned off, prediction of fuel NO 
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by the revised model matche~ that of the former code fo ~ a s ~ i r l i n g - f l o w ,  coal 

combustion case. A l i t e r a t u r e  survey of SO X chemistry was imi t ia ted to 

i d e n t i f y  Zhe important aspects of pred ic t ing SO x behavior. This e f f o r t  w i l l  

receive increased emphasis in the upcomimg cuar te r  Work re la t ing  to the 

secon~ component is ongoing at the Un ivers i ty  of Utah and w i l l  be used as a 

basis for  Component 2 of th is  subtask. Last-quarter progress is  described 

below for  each subtask component. 

Component I -- NOx..at Hiqh-Pr~ssure/Fuel-Rich.Conditions 

The goal of this subtask is to exten~ the current pollutant submodel in 

the comprehensive code to be appJicabTe to high-pressure, fuel-r ich conditions 

such as are co~mon in gasification processes. An important part of this 

extension is the inclusion of theF~al NO formation which may be significant at 

the higher temperatures typical of gasification in oxygen. 

The o v e r a l l  approach of the NO x submode] is the predict inn of NO 

formation wi th  a global, 3- react ion,  fuel-N0 mechanism and a single reaction 

expression derived from thm Zeldovich mechanism. The fuel-NO mechanism was 

developed for reacting coal flows where the cont r ibut ion of thermal NO Is 

r e l a t i v e l y  low. The se: of react ion equations is l i s ted  here: 

fuel-N - - -  HCN (I I .G-I)  

HCN + 02 - - -  NO + ...: (II.G-2) 

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

NO + (M)char ---- N 2 + . . .  (II.G-4) 

N 2 + 02 - - -  2NO (II.G-5) 

Equation I I .G-I represents fast conversion of fuel-N to gaseous HCN 

during devolat i l izat ion and char oxidation. Equations II.G-2 and 3 are the 

conversion of HCN to NO and N 2 respectively. Equation II.G-4 accounts for the 

decay of NO by heterogeneous reaction with char. Equation iI.G-5 is the 

overall stoichiometric reaction of nitrogen and oxygen due to thermal 

f ixation. Kinetic rate expressions for Equation II.G-5 were given in the 

f i r s t  annual report. 
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The overall rate of NO formation is calculated by summing the time-mean 

rates of formation/depletion by the reactions in Equations II.G-2 through 5. 

I t  is, however, the calculation of mean reaction rates that introduces 

complexity to the theory. The calculation can be accomplished by integrating 

the individual instantaneous reaction rates over the joint  probability of f 

( inlet gas mixture fraction) and n (coal gas mixture fraction} as described by 

Smoot and Smith (1985). Local ,  instantaneous species mass fr~ctions are 

calculated by scaling their ,fully-converted values with a l inear factor as 

follows: 

Yi= ~YC (II.G-6) 

The linear factor ~ is taken to be independent of the turbulent fluctuations 

and thus may be calculated by the ratio of Favre-mean mass fractions, 

K = ~/Yi f (II.G-7) 

In the case where only fuel-NO is considered, the fully-reacted values are 

constant since the total amount of HCN is fixed. This quantity also 

represents the maximum amount of NO possible in this case: 

WHCN = ( I  I .G-B} 

For oxygen, the fully-reacted value~is taken as the equilibrium value at 

steady state for the reacting system. 

With the inclusion of the thermal NO rate expression, the definit ion of 

fu l ly  reacted NO is no longer valid, since NO is the combination of both fuel 

and thermal contributions. The fu l l y  reacted value has i n i t i a l l y  been 

estimated by: 

YfNO = YfHCN + {2Yeq, o2 or yeqN2}lirni,~ng (II.G-g) 

The limiting reactant (YN2 or Y02) wi l l  vary from extremes such as coal 

gasification in oxygen-enriched reactors to combustion in air. 
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Similarly, YN2 is defined as 

YN2 = yeqN2 + 0"5(Y'fHCN ) (I!.G-IO) 

With the exception of these definitions, the calcuTation of the reaction rates 

in the revised model follows the same technique as the previous model. 

In addition to the redefinition of fully-reacted species values, 

revisions were made to the code for conformation to standard Fortran and to 

render the code adaptable to alternative rate equations. The revised 

subroutines wil l  fac i l i ta te the development of new kinetics-limited submodels, 

such as SO x. 

Integration of the revised NO x submodel into PCGC-2 and debugging program 

errors have been completed. Predictions have been mad~ to evaluate the new 

submodel. In i t ia l l y ,  the thermal NO rate equations Yere set to zero to 

compare the results of the revised code for predicting fuel NO with the old 

version. The definition of the fully-reacted species values were also defined 

on a similar basis. The case predicted was for a swirling-flow, coal-fired 

reactor. The predictions for both NO x submodels were identical, thus 

verifying the new method and modification of subroutines. A separate 

comparison was made by redefining the fully-reacted species as described 

above. In general, the new model predicted NO concentrations approximately 9% 

Iowe~ than the former method. An effluent value of 251 ppm was formerly 

predicted compared to 228 ppm predicted by the redefined ful ly reacted species 

values. 

The next level of model validation is to activate the thermal NO rate 

expression and determine the predicted contribution of thermal effects to the 

formation of. NO. A more rigorous investigation of the model wi l l  be made by 

attempting to predict thermal NO formation in well-characterized, 

laboratory-scale gas combustors. For this purpose, a l i terature survey was 

conducted to establish a data base of experimental measurements. Table I I .G-I 

l i s t s  the candidate systems and describes the details and limitations of the 

data. I t  is f i r s t  necessary to choose a system that can be simulated using 

PCGC-2 in order to predict the correct flame structure. Second, profile data 
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of NO concentrat ions as well as major species and temperature are desired. 

The la rges t  concern wi th the major i ty of the experimental data avai lable is 

separat ing the con t r i bu t i cn  of prompt NO from ther~r, al NO for  hydrocarbon 

flames. E f fo r ts  are also being made to procure data from Karlsruhe Univers i ty  

in West Germany which consis ts  of NO p ro f i l e s  fo r  both thermal NO and fuel NO 

from NH3-seeded flames of methane and a i r .  

Two issues are necessary to validate the thermal NO rate predictions. 

The f i r s t  is to determine which form of the rate equations presented in the 

annual report is preferred. Recent work has been accomplished by Drake et 

e l . ,  (1987) who investigated the effects of super-equilibrium radical species 

concentrat ions.  In summary, they concluded ~hat super-equi l ibr ium increases 

average OH concentrat ions by a factor  of a-6 and increases thermal NO x by 

fac tors  of 2.5 at I atm and ! .4 at 10 arm. Comparison of theore t ica l  

ca lcu la t ions  with t h e i r  experimental data were made in ar r iv ing at t h i s  

conclusion. They predicted thermal NO using rate equations ident ica l  in form 

to those developed on th i s  pro ject  and a two-scalar  pdf model s imi la r  to the 

approach of the NO x submodel. A separate inves t iga t ion  w i l l  be made in t h i s  

study to ve r i f y  t h e i r  resu l t s  and estab l ish  recommended rate expressions for  

d i f f e r e n t  react ing environments and condi t ions.  

The second issue is to verify the combined fuel NO and thermal NO 

submodel for systems where both are significant. The experimental data for 

this case wil l  be the investigation ~ade by Pershing and Wendt (1977), who 

separated the reiative contributions of each mechanism in a coal-fired 

laboratory reactor with air- and Nz-substituted oxidizing mixtures. 

Component 2 -- Sorbent Particle Chemistry 

This ~btask component is aimed at modifying the comprehensive code to 

include downstream injection of sorbent particles and their subsequent 

reactions with the gas phase. The work wil l  be based on current work at the 

University of Utah, where a sorbent cF~mistry submodel is being developed for 

fuel-lean conditions. This subtask component has not yet been initiated. 
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Component 3 -- SOx. Formation 

This subtask component will 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 literature search of work related to 

measurement and prediction of SO x chemistry in combustion flames has been 

in i t iated. 

P1 ans 

Validat.ion of the revised submodel will be continued by predicting 

gaseous combustion systems. The abi l i ty to predict the correct magnitude of 

combined fuel and thermal NO will also be investigated. Concurrent with the 

model validation effort, an exhaustive literature survey on SO x chemistry will 

be made to begin formulation of the key reaction mechanisms. 
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I I  .H. SUBTASK 2.H. -- SOx/NO x SUBMODEL EVALUATION 

Senior InvesZigator -- Paul 0. Hedman 

Brigham Young University 
Provo, UT 84602 

(801) 378-5238 

Objectives 

The objectives of this subtask are I) to obtain detailed mixing and 

turbulence measurements for radial crossjet injection of sorbent particles in 

a cold-flow fac i l i t y  designed to replicate the geometry of a 2-dimensional, 

axisymmetric entrained-flow coal gasifier, 2) to obtain concentration profi le 

datz for sulfur and nitrogen pollutant species from laboratory-scale, coal 

reaction tests 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: 1) A 

cold-flow investigation of sorbent mixing fluid mechanics, 2) modifications of 

the laboratory-scale reactor to accommodate sorbent particle injection, and 3) 
r 

space-resolved sul fur and nitrogen pollutant measurements in the 

laboratory-scale reactor. 

Cpmponent 1 -- Sorbent Mixinq Fluid Mechani¢~ 

The BYU cold-flow fac i l i t y  is being used to simulate the flows that exist 

in the entrained-flow gasifier when sorbent is injected in a 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 f ac i l i t y  to simulate the flows that exist i~ one of the BYU coal 

combustors and the BYU entrained-flow gasifier. The existing cold-flow 

fac i l i t y  is being modified to include crossflow jets for sorbent injection. 
Also, the flow chamber design is being changed from previous studies. The new 



flow chamber is being made of transparent plastic to simplify LDA measurements 

and to enable qualitative flow visualization with smoke. Smoke visualization 

wil l  provide a qualitative means of examining the rate of mixing of the 

crossflow injection of the sorbent jets. 

The modifications to the cold-flow faci l i ty to be used in this study were 

designed and fabrication was compleCed during the period. The design 

simulates the geometry of an entrained-flow coal gasifier/combustor; i t  

incorporates an inlet block and flow chamber with the same dimensions as the 

BYU gasifier. The flow chamber is made out of clear plastic pipe, with 

flanges in the pipe at regular intervals to allow for sorbent injection and 

tracer gas extractions. The design also allows fer laser-doppler anemometer 

(LDA) readings to be taken ~ver the entire cross section of the flow, at 

regular downstream intervals. A schematic drawing of the flow chamber showing 

the location of the gas sampling points was included in the f i rs t  annual 

report. 

A commercial, smoke-generating liquid, sprayed onto a heated plate, has 

been found to generate adequate amounts of tracer smoke at a fair ly steady 

rate. A smoke generator based on injection of this fluid onto a heated plate 

has been designed and is being fabricated. The smoke from this apparatus will 

be entrained into a flow of gas that will be directed through the cross-flow 

jets into the flow chamber. The smoke particles may also be adequate seed for 

the LDA velocity measurements. I l l  the smoke proves to be inadequate, 

additional I-2 micron seed particles (sorbent) wil l also be injected into, the 

mixing chamber through the cross-flow jets. 

T o  obtain quantitative mixing rate measurements of the sorbent injection 

streams, a tracer gas (CO2) will be intFcduced through the cross-flow jets, 

and the local concentration wil l  be determined by extracting gas samples from 

the mixing duct with sample probes, and analyzing the samples for the local 

concentration of C02 in an on-line CO 2 analyzer. The concentration of CO 2 is 

directly related to gas mixture fraction, which is a direct indication of the 

extent of mixing between the two gas streams. 
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A method of extracting tracer gas samples from the flow was also designed 

.and fabricated during the period. The design allows for extractions to be 

made along with the LDA measurements, over the entire flow cross section, at 

regular downstream intervals. The position of the probes will be fixed 

mechanically, to allow for replication of the experiments and to insure 

precise positioning at the desired extraction point. The system uses seven 

separate probes that can be selectively inserted into the duct to collect gas 

samples from a rectangular grid. A schematic drawing of this sampling system 

is shown in Figure I I .H-I .  Only one probe is to be inserted into the flow at 

a time. Unused probes wil l  be recessed into the flow chamber wall to keep 

flow disturbances to a minimum. The probe wil l  be attached to the on-line gas 

analyzer by a flexible plastic tube that can switched from probe to probe 

during the course of the experiment. The gas samples will be analyzed on-line 

with an infra-red CO 2 detector. Thus, all the data needed at one axial 

location can be obtained from a single flow test, without having to shut down 

the test fac i l i t y .  The gas sampling system has been designed, and fabrication 

has been nearly completed. 

Previous research has shown (se~ Categen, 1987; and Kamotani, 1974) that 

the two most important cr i ter ia in the mixing of subsonic, crossbow jets are 

the jet-to-main-flow-diameter ratio, and the jet-to-main-flow-momentum-flux 

ratio. Both of these effects will be investigated in this part of the study. 

The lower sorbent injection l imit is established by the minimum amount of 

sorbent which can be entrained in a giyen amount of gas, and the upper sorbent 

injection l imit  is established by the amount of gas and sorbent flow which 

would adversely effect the stoichiometry of the gasifier. Researchers have 

varied the sorbent-to-sulfur ratio between one and four (Lindgren and 

Pershing, 1987). The upper l imit will model the worst case condition of a 

high sulfur coal, with a high sorbent-to-sulfur ratio. 

A l i terature review in the areas of cold flow modeling and sorbent 

injection continued during the period. Cetegen et. al . ,  (Ig~7) have conducted 

similar cold-flow testing for sorbent mixing in a simulated, wall-f ired, coal- 

burning u t i l i t y  boiler. They found empirical jet  relationships to provide 

preliminary estimates of sorbent injection parameters, and developed a method 

of coupling this jet  mixing data with sorbent sulfation data to predict the 
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impact of sorbent injection on SO 2 capture. Kamotani and Gerber (1974), and 

Keffer and Baines (1963) have developed similar empirical relationships for 

jets injected into a cross flow. These relationships are being considered for 

use i n  t h i s  Study to a s s i s t  in p r e d i c t i n g  the behavior  o f  the sorbent  je ts~  

C~mpanent 2 - -  Laboratory-Scale Reactor Mm~ifications 

This subtask component is aimed at modifying the laboratory-scale reactor 

te accommodate sorbent par t i c le  in jec t ion .  The lower l im i t  of the 

sorbent/sulfur ratio will be determined by the amount of so,bent which can be 

ent ra ined in a given amount of gas while maintaining an adequate 

sorbent/sulfur rat io, and the upper l imi t  wil l  be determined by the amount of 

gas and sorbent flow which would overly dilute the gasif ier effluent. One of 

the modular reactor sectiens wil l  be modified to allow the sorbent to be 

injected perpendicularly into the main gasifier flow through either three or 

four injection ports uniformly positioned around the circumference of the 

reactor section. In addition, i t  wil l  De necessary to design and construct a 

new pressurized feeder for sorbent injection, and connect the feed to an inert 

gas flow system that will be used to transport the sorbent to the crossflow 

i nj ectors. 

During the reporting period, a new research team (one M.S. candidate, and 

two undergraduate research assistants)  was assembled, and t ra in ing in 

operation of the reactor was begun. The gas;fier research team carefully 

inspected the reactor and the gas i f ica t ion f a c i l i t y ,  and attempted two 

experimental tes:s using natural gas and air.  The purpose of these tests was 

to gain fami l iar i ty with the equipment, and to determine i f  any repairs or 
f 

improvements were necessary. The inspection and tests were very informative, 

and defective parts and equipment problems were identif ied. As experience is 

gained, operatio.n with coal wil l  be undertaken. 

I t  was anticipated that there would be some problems with the fac i l i t y ,  

and that some maintenance would be needed even before modifications for 

sorbent testing could begin, since no maintenance had been done on the 

fac i l i t y  since the conclusion of the last gasification test program several 

months ago. Several problems with the fac i l i t y  were found; however, none of 

the problems was serious. Overhauling and maintenance for the entrained-flow 
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gasIT1er was atso In1~la~ed. Valves, T1zzlngs, aria plplng were cleaned or 

replaced along with the installation of new gaskets and O-rings. The primary 

feed tube was replaced. The exhaust gas flare was repaired. The exhaust 

sys:em was disassembled and cleaned. Several thermocouples were replaced. 

Calibration of the instrumentation was also initiated during this quarter. 

Repairs are continuing to correct all of tF.ese problems. 

Modifications to the fac i l i t y  are also proceeding. A rotary plate 

sorbent feeder that wi l l  be enclosed inside a pressure vessel was designed and 

is under construction. Figure II.H-2 presents a schematic drawing1 of the 

feeder. This feeder wi l l  permit the pulverized sorbent to be injected into 

the gasifier in an even and steady flow for a zero-to-twenty-atmosphere range 

of operating pressures. An eight-inch-inner-diameter, schedule-80 pipe wil l 

serve as the hopper and pressure vessel for the sorbent feeder. The feed rate 

will be varied by changing the rpm and/or the volume (depth and/or width) of 

the groove machined into the rotary plate. 

Design work is proceeding on a flash tank for the gasifier exhaust system 

to allow noxious exhaust gases that are dissolved in the exhaust gas quench 

water at elevated pressure to be separated from the quench water. The gases 

wil l be discharged to the exhaust gas flare that is mounted on the roof of the 

laboratory building. This system wil l  prevent the gases from entering the 

sewer system of the laboratory building where they could be vented into 

occupied work areas. Also, the current sampling system is being modified to 

eliminate the problem with the gas species dissolving in the quench water. 

This should also improve the accuracy of the test results for the gas species. 

Design of the modified reactor section that wil l  incorporate the cross-flow 
/ 

sorbent injection jets was also ini t iated. 

Component 3 - -  Space-Resol,ved ,.S.ulfur and Nitroge n Pol lutant 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 subtask wi l l  follow the completion of Component 2. 
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Figure I[.H-2. Pressurized rotary plate sorbent feeder and hopper. 
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PIans. 

Component l -- Sorbent Mixinq Fluid Mechanics 

During the next quarterly reporting perind, the fac i l i ty  modifications 

wil l  be completed, and testing will be initiated. Checkout testing wil l be 

init iated to gain famil iarity with the system, and to expose any potential 

problems which need correction. The measurement devices used to quantify the 

mixing rate of the sorbent and gasification flows wil l  be calibrated, along 

with the IR analyzer to insure accurate measurements. Testing with smoke 

injection wil l then be init iated. The smoke injection studies will provide 

information on jet momentum, size and location which result in good mixing of 

the cross-flow jets and the main flow. Jet flow rates will simulate calcium- 

to-sulfur ratios ranging from one to four. Next, tracer gas measurements wil l  

be made to quantify the information obtained in the smoke tests and to provide 

more precise information on the level on mixing. Finally, LDA measurements 

wil l  be made. The LDA will allow for direct measurement of the local mean and 

rms velocity of the gas streams in the cross-flow jets. 

Component 2 -- Laboratory-Scale Reactor Modifications 

Plans for this subtask component include: I) additional experiments at 

elevated pressures with natural gas and air, and with coal and oxygen, to 

continue to develop famil iari ty and u.nderstanding of the gasifier operation, 

and to identify potential problems, 2) continued repairs to the fac i l i ty  to 

bring the gasifier into working condition, 3) installation of a sorbent 

feeder system, and 4) further checkout and training tests to develop the 

necessary familiarity with the fac i l i ty ,  and to insure that all repairs and 

modifications have been properly accomplished. The installation of the 

fac i l i t y  modifications wil l be an ongoing act ivi ty as will the repair and 

inspection of the fac i l i t y  in preparation for the beginning of actual 

experimentation with sorbent injection. 
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Component .3 -- Space-Resolved Sulfur and Nitroqen Pollutant Measurements 

The next quarterly reporting period will be spent in making repairs, 

performing maintenance on the fac i l i ty ,  and in incorporating modifications to 

the fac i l i t y  to allow sorbent injection. Space-resolved sulfur and nitrogen 

pollutant measurements with or without sorbent injection are planned for a 

subsequent quarter. 
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