
SECTION I.  !NTRgDUCTION 

I.A. PROGRAM BACKGROUND AND DESCRIPTION 

During the past 5 years, s ign i f i can t  advances have been made az Brigham You,~g 
Universi ty (BYU) in comprenensive two-dimensional computer codes for  mechanistic 
modeling of entrained-bed gas i f i ca t ion  and pulverizem coal combustion. During the 
same time period: s i gn i f i can t  advances have been made at Advanced Fuel Research, 
Inc. (AFR] in the mechanisms and k inet ics of coal pyro lys is  and secondary reactions 
of pyrolysis products. The proposed program presents a unique opportuni ty  to T;:erge 
the technology developed oy earn organizat ion to orovide d e t a i l e r  p red iLz ive  
c : p a b i l i t y  for advanced coal conversion procezses. This predic t ive capab i l i t y  wi l l  
i nco rpo ra te  advanced coal c h a r a c t e r i z a t i o n  tecnniques in con junc t i on  wi th 
comprehensive computer models to provide accurate process s imulat ions.  

The program w i l l  streamline submodels ex is t ing or under development for coal 
pyro lys is  c~emiszry, v o l a t i l e  secondary react ions,  zer formation, soot formation, 
char reac t i v i t y ,  and SOx-NO x pol lu tant  formation. S~amodels for  coal v iscos i ty ,  
agglomeration, ta r /char  secondary react ions,  su l fu r  capture, and ash physics and 
chemistry would be developed or adapted. The suPmodels would f i r s t  be incorporated 
into the BYU entrained-bed gas i f i ca t ion  code and subsequently, in to a fixed-bed 
~as i f ica t ion code ( to be seleczeo and adapted). These codes would be val idated by 
comparison wizn small scale laboratory and PDU-szale experiments. The val idated 
code could tnen be employed to simulate and to develop advanced coal conversion 
reactors of interest to METC. 

I .B. OBJECTIVES 

The objectivas of this propcsed study are to establis~ the mechanisms and 
rates of basic steps in coal conversion processes, to i~teg-ate and incorporate 
this information into comprehensive computer models for coal conversion processes, 
Lu =v=;uate these models and to apply them to gasification, mild gas<fication and 
combustion in heat engines. 

r ..~,. APPROACH 

This program wil l  be a closely integrated, cooperative effort between AFR and 
BYU. The program wil l  consist of four tasks: I) Preparation of Research Plans, 2) 
SuDmodel Development and Evaluation, 3) Comprehensive Model Development and 
Evaluation, and 4) Applications and Implementation. 

I .D. CRITICAL TECHNICAL ISSUES 

Tu achieve the goals of the program, the computer models must provide accurate 
ard reliable descriptions of coal Conversion processes. Th is  wil l  require the 
reduction of very complicated and interrelated physical and chemical phenomena to 
mathemBtical descriptions and subsequently to operational computer codes. To 
accomplish this objective a number of technical issues must be addressed as noted 
below. The status of each of these tasks is also indicated. 

A 
A 

,,I. 

t 
I 

Separat ion of  Rates fo r  Chemical Reaction, Heat Transfer ,  and Mass 
Transfer 
Par t ic le  Temperature Measurements Using FT-IR E/T Spectroscopy 
Functional Group Descript ion of Coal, Char, and Tar 
Tar Formation Mechanisms 
Char Formation Mechanisms 
Viscos i ty /Swel l ing 
In t rapa r t i c l e  Transport 
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Pyrolysis of Volatiles and Soot Formation 
Secondary Reaction of Tar 
Particle Ignition 
Char Reactivity 
Ash Chemistry and Physics 
Particle Optical Properties 
Code Efficiency and Compatibility for Submodels 
Coupling of Submodels with Comprehensive Codes 
Comprehensive Code Efficiency 
Turbulence 
SO x and NO x 
Generalized Fuels Model 
Fixed-Bed Model 

(o) to be addressed; (I) init iated; (A) almost completed. 

These technical issues are addressed in the three Tasks as described in 
Section II-IV. 
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I . E .  SECOND YE/kR PROGRESS 

Subtask 2.a.,,,, Coa~ to Char Chmis t r~  Submodel Develo.~.-~ent ,.and Evaluation 

Addi t iona l  cnaracter izaL ion of the coal samples for  t h i s  program was perfo.-med 
by p y r o l y s i s  experiments in a TG-FTIR and in Field Ion iza t ion  Mass Spectrometry 
(FIMS) apparatus. The FG-OVC model was used to ~redic t  basel ine py ro l ys i s  data 
for  the e ight  Argonne coals from ti~ese two reactors as ~el l  as from an Entrained 
Flow Reactor (EFR). In general ,  the model ~i~ a jood job in p red ic t ing  the data 
for  gas= ta r  ano char y i e lds  and ~or t#:: ~ r  ~olecular weight d i s t r i b u t i o n s .  
Addi t ional  improvements were ma~e i~ ~he FG-]:,:. ~.ccel. in add i t i on ,  work was done 
on comparing the FG-OVC model tm the s t a t i s t i c a l  model of Pugmire and Grant at the 
Un ive rs i t y  of Uzam wn~cm is  baseo on perco la t ion theory.  

A review of in terna l  pore t r a n s p o r t  models was prepared by Professo, Eric 
Suuberg of Brown Un i ve -s i t y .  I t  was determined that  Oif ferences in the pressure 
drops calculated by the Simons and Gavalas approacnes to in ternal  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 ~ne py ro l ys i s  raze. The geometry 
of the Simons approach ,,~aKes i t  the easiest  model to use in p red ic t ing  swel l ing 
based on knowleCge of the pressure ins ide pores and so i t  w i l l  be used in tne 
fu ture  swel l ing model. In order to re f ine  the comoine~ kinet ic/mass t ranspor t  
submodel used in the FS-DVC model, a search was made of l i t e r a t u r e  py ro l ys i s  data 
fo r  the P i t t sbu rbh  Seam coal,  s t a r t i n g  with neared gr id experiments. When a 
comparison was maoe of mata produced by nearing at i000 K/s to v a r i o u s  pe~K 
temperatures, i t  was founG ~nat the resu l ts  of d i f f e r e n t  i nves t i ga to rs  did not 
agree, even when obtalned from the same labora tory .  We begin an experimental and 
theore t i ca l  study in to  possible reasons for  these v a r i a t i o n s ,  which we are doin~ in 
conjunct ion wi th Professor Er ic Suuberg of Brown Un i ve rs i t y .  

To examine the e f fec t  of product evo lu t i on ,  char v i s c o s i t y ,  and t ranspor t  on 
the swel l ing of char,  drop tube experiments have been done wizn a P i t tsourgn coal 
at temperatures vary ing from 475-600=C in 25°C i n t e r v a l s .  Tne chars co l lec ted frem 
these experiments have been character ized for  v o l a t i l e  content and r e a c t i v i t y  in a 
TGA. Selected chars were pottec and polisheG for analys is  of t h e i r  morphology by 
SEM. 

Pre l iminary  measurements were made of the spectral em iss i v i t y  fo r  coals of 
vary ing p a r t i c l e  size and rank. The average emittance increased wi th increasing 
rank and p a r t i c l e  s ize.  The to ta l  e x t i n c t i o n  e f f i c i e n c y  for  sca t te r ing  out of the 
aperture of  our instrument needs to be measured before more accurate values of the 
spectral  e m i s s i v i t y  can be determined. 

Subtask 2.b. Fundamental High-Pressure Reaction Rate Data 

The design of the h igh -p ressu re ,  c o n t r o l l e d - p r o f i l e  (HPCP) r e a c t o r  was 
completed, and f a b r i c a t i o n  of major reactor components was also f i n i s h e d .  The 
reactor  tes~ bay was modif ied for  high pressure app l i ca t ion  and for  use of the 
laser-based ins t rumenta t ion .  The reactor  support and opt ica l  table have been 
fabr ica ted p r i o r  to i n s t a l l i n g  the p a r t i c l e  s iz ing  and temperature ins t rumenta t ion .  
Assembly of the reactor f a c i l i t y  i s  in progress, wi th  i n i t i a l  char tes ts  planned 
for  next January. 

Char p r e p a r a t i o n  was con t inued  wi th the ob jec t ives  of understanding the 
experimental d e t a i l s  associated wi th  char preparat ion at elevated pressures as well 
as at atmosbheric pressure and comparing the physical proper t ies of chars prepared 
wi th d i f f e r e n t  reactors in a n t i c i p a t i o n  of the a v a i l a o i l i t y  of tme HPCP reactor .  
The ra t i ona le  for  the time anm e f f o r t  used for  char preparat ion wi th a simple, hot- 
tube reactor  has been ou t l i ned .  Char samples prepared from a Utah bituminous coal 
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at various residence times, temperatures, and pressures are compared by C and H 
analyses, SEM micrographs, and surface area measurements. One observation of a 
structural feature in this comparison is that the influence of pressure is to 
diminish the porosity of the char for a particular coal. 

Five coals were selected for detailed char oxidation measurements in the HPCP 
reactor: 1) Utah bituminous, 2) North Dakota l igni te,  3) Wyoming subbituminous, 4) 
i l l ino is  #6 bituminous, and 5) Pittsburgh #8 bituminous. These coals were c}:osen 
because of their variation in properties, widespread use in research, and extensive 
commercial applications. All of the coals are included in the Argonne premium coal 
bank. 

Subtask 2.c. Secondary Reaction of Pyrolysis Products and Char Burnout 

Studies of ignition and soot formation in flames were continued in the 
transparent wall reactor (TWR) in experiments which include in-si tu FT-IR 
diagnostics. Attention is being focused on what controls ignition (heterogeneous 
or homogeneous oxidation) and soot fo~ation. Seven additional samples were 
completed in addition to the four reported in the First Annual Report. Flame 
properzies were compared with characteristics of the samples to determine the 
factors which ccntrol flame behavior. A comparison of the ignition of several 
samples suggests that the rate of ignition 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 hign rank coals is homogeneous; but low rank coals 
exhibit bo~h homogeneous and heterogeneous contr3butions to ign i t ion.  Soot 
formation in combustion correlates well with tar yield in pyrolysis suggesting that 
tar is the chief precursor of soot. 

In order to obtain in-situ data from an actual gasifier, an FT-IR spectrometer 
was temporarily installed at BYU on their high pressure gasifier. 

Subtask 2.d. Ash Physics and Chemistry Submod~l 

During the second year, 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 ly  ash from above the flame. Both probes result in no visual 
disrupzion of the stabi l i ty ,  size or ignition delay time of the flames. Sample 
collections were performed using these probes from Zap l ignite and Montana Rosebud 
coal flame experiments. SEM/dispersive x-ray analysis was performed on individual 
ash spheres that were recovered from the preseparator and the eight stages of the 
cascade impactor for an "in stack" ash collection from 200 x 325 mesh Zap l igni te.  

In order to further understand the role played by ion-exchanged cations on 
char reactivity, samples of demir,a~clized Zap coal were subjected to ion-exchange 
experiments with Ca, Na, Mg, and K. The reactivity of the resultant chars was 
measured in air and COp. 

Subtask 2.e. Large Particle Submodels 

A literature review of models which account for heat and mass transport 
effects in coal pyrolysis was completes. A cr i t ical evaluation was made of two 
models Trom the literature that have been used to describe coupled reaction and 
transport in large particles. The formulation of our own single particle model was 
begun. Discussions were also held with BYU on the interface between the single 
particle model and the advanced fixed bed reactor model. 
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The design and construction of a small scale fixed-bed reactor was completed. 
T~is reactor w i l l  have on- l ine analysis of evolved vo la t i l e  products and on-l ine 
measurement of char functional group composition and marticle temperature. 

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

Incorporation of the Zeldovich tnerma} NO x mechanism into the ex is t ing NO x 
submodel has been completed. The revised NO x submodel can now predict the j o i n t  
contr ibut ion of fuel and thermal NO. Evaluazion of th is  submodel is in progress. 
One case for coal gas i f i ca t ion  has b~en completed. The cont r ibut ion of thermal NO 
improves the predicted fo,~maZion of tota l  NO. A gas-phase laboratory reactor was 
also simulated and thermal NO was shown to correct ly  predict the experimental data 
where the predicted temperature p ro f i l e  also ma::ched the experimental data. The 
importance of including the reverse reaction rates of the Zeldovich mechanism was 
also determined from th i s  case. Preliminary plans were made to measure addit ional 
data in a BYU-ACERC reactor to provide cases for a complete model evaluation. 

A sorbent-par t ic le  reaction model is current ly  bein~ incorporated i~ PCGC-2, 
under independent funding. Predict ion of the gaseous sul fur  species has also been 
studied and a reaction mechanism has been i den t i f i ed .  To begin, predict ions using 
an equi l ibr ium approach wi l l  be evaluated. The data col lected under subtasK 2.h 
w i l l  be used in t h i s  e f f o r t .  

Subtask 2.h. NOx~Ox Submo~el Evaluation 

Modif icat ions were completed on zne colo-f low f a c i l i t y  designed to repl icate 
the geometry of the entrained-f low g a s i f i e r ,  and mixing data were obtained for the 
crossflow in jec t i on  of sorbent. Three tesCing techniques were used: I) Smoke 
i n j e c t i o n  f o r  f low v i s u a l i z a t i o n  to obta in  q u a l i t a t i v e  information of the 
t ra jec to ry  and mixing patterns of the crossflow in jec to rs ,  2) trace gas in jec t ion 
and gas ext ract ion at d i f fe ren t  locat ions in the flow chamber (analysis of the gas 
samples provided quant i ta t ive  data on the mixing of the two streams), and 3) laser- 
Doppler anemometer (LDA) measuremerts to determine representat ive ve loc i ty  and 
turbulence charac te r i s t i cs  of the f lows. 

The cold-f low test ing has been completed, and analysis of the data is nearly 
complete. Photographs of injected smoke i l l u s t r a t e  the def lect ion of the je t  plume 
as iz was entrained in the free scream. The je ts  can be made to penetrate to any 
desired distance by adjusting the diameter of the je t  and the momentum f lux ra t i o .  
Contour maps of normalized t racer gas concentration were obtained to quanti fy the 
mixing patterns of the c ross f low j e t s .  The t race r  gas t e s t s  conducted at 
r e l a t i v e l y  low je t - to - f ree-s t ream momentum rat ios confirm the observation from the 
flow v~sual izat ion studies that such flows are slower to mix with the free stream 
than flows wi th su f f i c i en t  energy to impinge on an opposing j e t  or the opposite 
wal l .  In cases employing low momentum ra t ios ,  increasing the number of crossflow 
in jec tors  was found to improve the mixing of the je t  f l u id  with the free stream. 
Veloc i ty  p ro f i l es  obtained with LDA along a horizontal plane at the main duct 
center l ine and aC the free stream in l e t  are typical  of ful ly-developed flow. 

BaseC on the results obtained in the told-flow sLudy, modifications to allow 
sorbent injection in the entrained-flow gasifier were completed, ant testing was 
in i t iated.  A new reactor section was constructed with three sorbent injection 
ports. Another reactor section was f i t ted with sight windows to permit optical 
access with FTIR. A pressurized, rotary-plate feeder was desig'ned and built for 
the sorbent. A flash drum was also designed, built and integrated into the 
scrubber system to prevent gases entrained in the quench water from being carried 
mown the sewer. 
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Tests were conducted with four coals of varying sulfur content: Utah 
bituminous (0.45% S), I l l inois No. 6 bituminous (3.6% S), Pocahontas No. 3 
bituminous (0.64% S), and Alberta subbituminous (0.07% S). Pulverized limestone (6 
microns mass mean diameter) containing 93.3% calcium carbonate (CaC03) was used for 
the sorbent. FTIR data were obtained for the Utah and Alberta coals with the 
assistance of Robert Carangelo from AFR. The data are currently being analyzed. 

Subtask 3.a. Integration of Advanced Submodels into Entrained-Flow Code, 
~rith Evaluation and Documentation 

Work continued on incorporating the FG-DVC devolatilization submodel being 
developed under Subtask 2.a and the SOx-NO x submodel being developed under Subtask 
2.g into PCGC-2, implementing the advanced code on computers, and evaluating the 
comprehensive code. Modifications were made in PCGC-2 to ~est the Multiple Solids 
Progress Variables (MSPV) method with two solids progress variables independently 
tracklng coal offgas, and converged solutions were obtained for a swirling 
combustion case and a non-swirling gasification case. The results clearly show 
the importance of accounting for variabi l i ty in coal offgas composition, enthalpy, 
or both. The FG-DVC submodel was integrated into PCGC-2 assuming constant coal 
offgas composition and enthalpy, and work is continuing to investigate the effects 
of var iabi l i ty in the offgas. A laminar option in the code is being developed for 
submodel validation in the comprehensive code in the absence of turbulence effects. 
A method for evaluating the comprehensive code has been outlined. 

Sugtask 3.b. Comprehensive Fixed-Bed Medeling Review, Development, 
Evaluation, and Implementation 

A detailed review of existing fixed-bed coal gasi f icat ion codes was 
accomplished previously and described in the First Annual Report. The proposed 
features of the advanced model were reviewed by external consultants and, based on 
their written comments, an extensive plan for developing the model was formulated. 
Evaluation of existing models continued during the second year. Predictions were 
compared with experimental values and a sensitivity analysis was performed. 
Preliminary reviews of flow, mass, and heat transfer processes in fixed beds as 
well as fixed-bed technology were completed. A comprehensive review of fixed-bed 
combustion and gasification was init iated. A simplified version of the advanced 
model, incorporating separate gas and solids temperatures but not the advanced coal 
chemistry apd bed hydrodynamics submodels planned for the advanced model, was 
formulated and coded. This improved model is similar to the existing two- 
dimensional fixed-bed codes but extended to include separate gas and solid 
temperatures, accumulation of energy and mass in the gas phase, radial dispersion 
of mass in the gas phase, and motion of the solid phase. Based on this experience, 
development of the advanced fixed-bed model was also init iated. The key model 
assumptions were determined. The governing equations and the boundary conditions 
are being derived. The flow of solids, as a particularly cr i t ical  issue in fixed- 
bed modeling, is being considered. 

Subtask 4.a. Application of Generalized Pulverized Coal Comprehensive Code 

The FG-DVC model was successfully integrated with PCGC-2. This was described 
in the Fifth Quarterly Report under Subtask 4.a. and is summarized under Subtask 
3.a. of this report: 

Subtask 4.b. Application of Fixed-Bed Cede 

No work w~s scheduled. 
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