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SECTIOR I_I. TASK 2. SUBMQDEL D~ELOPHENT AND EVALUATION 

Objecti yes 

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

chemistry submodels for the reactions of coal in an entrained-bed and a fixed-b~d 

reactor and to validate the submodels by comparison with laboratory scale 

experiments. 

Task Outl ine 

The development of advanced submodels for the entrained-bed and fixed-bed 
reactor models wi l l  be organized into the following categories: a) Caal 
Chemistry (including coal pyrolysis chemistK#, char formation, particle mas~ 
transfer, particle thermal properties, and particle physical behavior); b) Char 

Reaction Chemist~, at high pressure; c) Secondary Reactions of Pyrolysis Products 

(including gas-phase cracking, soot formation, ignition, char burnout, sulfur 
capture, and tar/gas reactions); d) Ash Physics and Chemistry(including mineral 
characterization, evolution of volatile, molten and dry particle components~ and 

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

composition, and pressure gradients and secondary reactions within the part~cle~ 

and the physical effects of melting, agglomeration, bubble formation a~d bubble 
transport; f} Large Char Particle Effects (including oxidation); g) SO~-r~O~ 

Submodel Development (including the evolution and oxidation of sulfur and 

nitrogen species); and h) SO. and NO. Model Evaluation. 
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I I . A .  SUBTASK 2 ,a .  - COAL TO CHAR CHEMISTRY SIIBMODEL DEVELOPMENT AND EVALUATION 

Senior Investigators - David G. Hamblen and Michael A. Serio 

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. 

Accomplishments 

Work continued on the coal viscosity ( f lu idi ty)  model. During the past 

quarter, the effects of different maceral groups on viscosity were addressed. 

The sensitivity of the model to the activation energy for the temperature 

dependence of the viscosity was also investigated. A value of about 80 kcal/mole 

was being used. However, we recently became aware of data from the literature 

on pitch carbonization where a value of 50 kcal/mole was used. We have also 

obtained additional f lu id i ty  data on coals in the Exxon sample bank which will 

be used to test the model. 

In view of the importance of macromolecular network models to the accurate 

predictions of coal processing behavior, we have assessed the assumptions and 

limitations of the proposed models. A comparison was made of the FG-DVC model 

and two other network decomposition models, namely the DISARAY model of Niksa 

and Kerstein and the CPD model of Grant and coworkers, both of which employ 

percolation theory. We are considering using percolation theory instead of Monte 

Carlo methods as the basis of our network decomposition model in order to reduce 

the computation time for running the FG-DVC model. 

An independent investigation was made of the rank dependence of the 

pyrolysis kinetics by doing experiments in a TG-FTIR reactor over a series of 

heating rates (3, 30, 50, 100"C/min) with three coals (Pocahontas, Pittsburgh, 
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No. 8, and Zap l ign i te )  from the Argonne set. A comparison was done of the rank 

dependence of the rate constants for bridge breaking, tar  evolution and CFI~ 

evolution at 450°C, determined from analyzing the TG-FTIR data at s~veral heating 

rates and from f i t t i n g  the FG-DVC model to f l u i d i t y ,  weight loss and methanm 

evolution data at a single heating rate (3°C/mln). The results indicated that  

the rates for tar evolution or bridge breaking vary by about a factor of 10 i f  

the Pocahontas coal is excluded, which is consistent with previous results for  

coals from the same range of ranks. This corresponds to a difference in T~,~ for  

tar  evolution of - 40°C at a heating rate of 30°C/min. I f  the Pocahontas coal 

is included, the rank variat ion for the tar evolution/bridge breaking rate is 

about a factor of 50. This corresponds to a difference in Tm~for tar evolution 

of - 65°C at a heating rate of 30"C/min. The rates for tar  evolution are 

consistent with those obtained by Burnham and co~orkers at LLNL. 

Work also began on adding the polymethylene species to the FG-DVC model. 

These are long chain a! iphat ic species which are important components of the tar  

in low rank coals. These wi l l  decompose by a free radical chain reaction rather 

that the depolymerization/crosslinking reactions which are character ist ic of the 

primary coal network. 

Vj_scosi ty Model 

The previous modeling had been done by assuming that the coal was pure 

v i t r in i te .  However, the data reported by van Krevelen indicated a significantly 

higher f lu id i ty  (lower viscosity) for exinite. The model was able to predict 

the higher f luidi ty for exinite and its variation ~ith rank by making two changes 

in the coal composition f i l e  and one change in the model. The f i rs t  change in 

the coal composition f i les was to reduce the average monomer molecule weight in 

the case of exinite. The second was to increase the hydrogen content from about 

5.5% in the case of v i t r i n i t e t o  about 7%in the case ofexinite. These change~ 

made the average molecular weight in the liquid phase smaller. A change i~ 

model parameter was necessary in order to make i t  more sensitive to molecular 

weight in order to match the available f l u i d i t y  data. 

We have also investigated the sensitivity of the model to the activation 

energy for the temperature dependence of the viscosity. A value of about ~0 

kcal/mole was being used. However, we recently became aware of data from th~ 
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literature on pitch carbonization where a value of 50 kcal/mole was used. We 

have also obtained additional f lu id i ty data on coals in the Exxon sample bank 

which will be used to test the model. 

PercGl ati on Theory 

In view of the importance of macromolecular network models to the accurate 

predictions of coal processing behavior, we have assessed the assumptions and 

limitations of the proposed models (Solomon e ta l . ,  1989a}. A comparison was 

made of the FG-DVC model and two other network decomposition models, namely the 

DISARM model of Niksa and Kerstein (1987) and the CPD model of Grant and 

coworkers (1989), both of which employ percolation theory. I t  appears that the 

way one performs the statistics (Monte Carlo, percolation theory, or other 

statistical methods) makes l i t t l e  difference. For example, we have substituted 

percolation zheorymethods for Monte Carlo calculations in the FG-DVC model and 

obtained comparable predictions for appropriately restricted cases. The 

important differences among models are in the assumptions for: I) the network 

geometry; 2) the chemistry of bond breaking; 3) the chemistry of crosslink 

formation; 4) hydrogen util ization; and 5) mass transport. A paper was written 

which compares the models and considers how the assumed network properties relate 

to behavior observed for coal (Solomon et al., 198ga). Th is  paper t i t led 

"Network Models of Coal Thermal Decomposition" is included as Appendix A. 

Our current interest is in using percolation theory instead of Monte Carlo 

methods as the basis of our network decomposition model in order to reduce the 

computation time for running the FG-DVC model. [his aspect of the work is 

described below. 

General Properties of Networks - Figures II.A-! and II.A-2 present the 

networks employed in the FG-DVC Monte Carlo calculations and percolation theory, 

respectively. For the FG-DVC Monte Carlo calculation, oligomers of ~ clusters 

of a molecular weight distribution defined by M~ and deviation (shown as the 

horizontal chains of clusters) are linked by mocrosslinks per monomer (shown as 

the vertical double lines) (Solomon et al., 1987,1988). The crosslinks are the 

branch points in the network where more than two bridges connect a cluster. 

During thermal decomposition, bridges break, crosslinks are added and the 

molecular weight of the oligomers is calculated by randomly distributing these 

changes. 



---~7-k/'-"~"> Unbreakable Bridge 

Chain of ~Monomers  

Fly-are ILA.-1. Macremolecular Network Used in Monte 
Carlo Simulation. 
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a 
~ + 1 = 2 . 2  

b c + 1 = 4  

Figure II.A-2. Bethe Lattice for a) Coordination Number 2.2 
and b) Coordination Number 4. 

- 14- 



S/#24B 11th Quarterly 7/89 

For the percolation theory, a Bethe la t t i ce  is employed (~iksa and 

Kerstein, 1987; Grant et a l . ,  1989; Fisher and assam, 1961). Lattices ~re 

characterized by the coordination number (a + i ) ,  which is the number of possible 

bridges per cluster. Figure 2 shows lat t ices for ~ + 1 = 2.2 and ~ + I ~ 4. 

The Bethe l a t t i c e  has no loops: but i t  has been demonstrated that this la t t i ce  

is a good approximation to a l a t t i c e  of equivalent coordination number contBining 

loops (Fisher and Essam, 1961). 

The loop free geometry of the Bathe la t t ice allows for  the number of free 

oligomers to be analyt ical ly expressed as a function of ~ and the probabi l i ty 

p of bonds being unbroken. This is the feature which makes the percolation 

theory so at t ract ive from the standpoint of computer ef f ic iency and for 

understanding the behavior of networks under conditions of va~¢ing bridg~ 

populations. In Fig. I I .A-3, we present calculations using percolation theory 

for three values of a + I for the monomer, the sum of oligomers up to 3, up to 

I0, and the sum of all free oligomers as a function of the number of unbroken 

bonds per ring cluster ~, where e : I /2 p (a + 1). I f  ~ remains constant during 

pyrolysis, the ~olecular weight d is t r ibut ion is a single valued function of ~. 

For ring clusters of molecular weight 300 amu, the sum of I to 3 oligo~ers 

corresponds roughly to the potential tar  fraction (up to 900 amu), the sum of 

1-10 corresponds to the extractable fraction (up to 3000 amu), and the sum of 

al l  oligomers corresponds to the l iquids fraction (al l  free oligomers). I t  c~n 

be seen that with increasing a, more broken bonds are required to achieve 

equivalent fractions of free oligomers. Also the re la t ive amounts of tar~ 

extracts, and l iquids vary with a. 

Comoari son of Monte Carl oCal cul ation with Petrol ation Theory - To further 

i l l u s t r a t e  some of the differences between the FG-DVC Monte Carlo mod~_l and 

percolation theory calcul&tions, the extract y ield calculated for a case with 

tar evolution not permitted is plotted in Fig. If.A-4 along with theprediction~ 

of percolation theory for several values of e. The FG-DVC Monte Carl,:, 

predictions are not a single valued function of e. As pyrolysis proceeds) the_ 

increase in extract yield follows ~ + I = 2.2 while the decrease in extract yie'i,9 

follows a + I = 4. 

I t  is important to know whether th is result is an a r t i f ac t  of the ~oniiE 

Carlo calculat ion or a real feature of pyrolysis. Based on what is happening 
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in pyrolysis, the result does make sense. For a bituminous coal, the in i t ia l  

process occurring in pyrolysis is bond breaking. This occurs bybreaking bridges 

in the network described by c + I between 2.1 and 2.5. No crosslinking is 

occurring i n i t i a l l y  as the solvent swelling ratio is observed to increase during 

this period (Deshpande et al., 1988). Eventually crosslinks start forming, 

resulting in an increase in the coordination number and in e. The network thus 

cannot adequately be described by a single coordination number. There is a 

coordination number for labile bridges and a separate coordination for 

crosslinks. This observation motivated the development of a more general 

percolation network with two coordination numbers discussed below. 

Two ~ Percolation Theory Method - In order to deal with a structure with 

a time dependent coordination number, we consider a Bethe lat t ice with two types 

of bonds, with coordination numbers and probabilities of occupation given by~  

+ I, p and c2 + I ,  q for the two types, respectively. Such a lat t ice for ~ = 

~2 = I is i l lustrated in Fig. II.A-5. The analysis can be carried through using 

the same procedures as Fisher and Essam (1961) or Grant e t a l .  (1989), but with 

extensions to deal with the extra variables as discussed in Solomon et al. 

(1989a). 

Figure II.A-6 presents a comparison of the prediction for pyrolysis 

assuming the FG-DVC chemistry using: a) the Monte Carlo calculation, b) the two- 

a percolation calculations (~ = 1, ~2 = 1) and c and d) two cases of the one-c 

percolation calculation (a = 2.2 and ~ = 3.2). The calculations are made under 

the assumption that no tar is evo'Ived. The tar values in Fig. II.A-6 are the 

sum of 1-3 n-mers remaining in the char. The Monte Carlo calculation in Fig. 

Ii.A-6a is matched best by the two-a model i f  liquids are assumed to be the sum 

of the f i r s t  100 n-mers ( i .e . ,  up to 300,000 amu). The two-a model has a 

reasonable value for the in i t ia l  extract yield but predicts s l ight ly more in i t ia l  

tar. Neither of the one-u cases is a good match. Use of ~= 2.2 is good at low 

temperature but overpredicts the maximum values of extracts and liquids. Use 

of c = 3.2 does a much better job on predicting the maximum values but the 

in i t ia l  ratio of tar to extract is not consistent with what is observed for coal 

and the rate of increase of n-mers is too slow. I t  thus appears that the two- 

a model can be used instead of the Monte Carlo calculations when no tar is 

evolved, while one-~ calculations are less accurate. 
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F i ~ r e  ILA.-5. Bethe Lattice for Two-ah,Iodel ~x4th ¢;1 = 1 (shown 
as single bonds) and 6o = 1 (shown as double bonds). 'a) Fully 
LLnked Case (p= q = 1)'is Like One-a ~Iodel v i t h  ~ = 3. b) With 
Most Double Bands Representing the Crosslint:s Not Yet Formed 
to Represent  the Start ing Coal. The Lattice is Like a One-~ Model 
v.-ith ¢; = 1, Linear Chains. 
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The real test,  however, is how well the models f i t  the data for coal. A 

comparison of tar  y ie ld is not a suf f ic ient  test since ~ and ~ can always be 

selected in conjunction with the network geometry to f i t  the data. A c r i t i ca l  

test  requires a careful comparison of how eoand ~(t)  match with measurement of 

functional group changes in the char (e.g., the transformation of hydrogen 

functional groups end bridges), solvent swelling behavior ( i . e . ,  crosslink 

density), and the complete molecular weight d is t r ibut ion as reflected in the 

amounts of tar, extracts, and f l u i d i t y .  This work remains to be done. 

RBnk Dependent Kinetic Rates 

A recent paper reported the development of a network model for coal 

f l u id i t y  based on the FG-DVC model and i ts application to predict f lu id i t y  dat~ 

for a wide range of Coals (Solomon, et al., 1989b). In order to f i t  both the 

f lu id i t y  data and species evolution data, the bridge breaking and methane kinetic 

rates were adjusted from those used in the original model which were ran~: 

independent (Serio et al. ,  1987,1988; Solomon et al . ,  i988). An independent 

investigation was made of the rank dependence of the pyrolysis kinetics by doing 

experiments in a TG-FTIR reactor over a series of heating rates (3, 30, 50~ 

100°C/min) with three coals (Pocahontas, Pittsburgh, No. 8, and Zap l ignite) 

which are at the extremes and midpoint of the rank range for the Argonne set. 

A comparison of the rank dependence of the rate constants for bridge bre~king~ 

tar evolution and CH~ evolution at 450"C determined from analyzing the TG-FTIR 

data at several heating rates and from f i t t ing the FG-DVC model to f lu id i ty ,  

weight loss and methane evolution data at a single heating rate (3°C/min) is 

shown in Fig. If.A-7. 

The rates for tar  evolution are lower than those used in the FG-DVC model 

for  bridge breaking. This makes sense since the la t te r  does not include 

transport. The rates for tar evolution or bridge brea,~ing vary by about a factar 

of 10 i f  the Pocahontas coal is excluded, which is consistent with previous 

results for coals from the same range of ranks (Solomon and Hamblen: 1985). I f  

the Pocahontas is included, the rank variation for "the tar  evolution or bridge 

breaking rates is about a factor of 50. The rates for tar  evolution aFe 

consistent with those obtained by Burnham et al. (1989) for total  hydrocarbon 

evolution from Rock Eval analysis of the same co~Is. This data is Blso sh~n 

in Fig. I I .A-7. 
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The k inet ic  parameters determined by either m~thod for  methane (loose) 

evolution are s imi lar  and show a much lower rank dependence. F ina l ly ,  th~ ran~: 

independent parameters used in the or ig inal  FG model are shown as horizontal 

dashed l ines.  These are in better agreement with results from the lower r~n~: 

coals, which was expected since the set of coals used to obtain those parameter~ 

did not include the higher rank coals (Serio et a l . ,  1987). 

Pol .ymet hyl ene~ 

There is present in coals varyin9 amounts (typical ly 0-9~, but in some 

cases as high as 18%) of long-chain aliphatics (polymethylenes). These have 

recently been reported in pyrolysis products by Nelson (1987} and ~vCalkins and 

coworkers (1984a,b,c,1985) and references quoted therein. The chains appear 

alone and attached to aromatic nuclei. During devolati l ization, the smaller 

molecules may be released without bond breaking and the heavier molecules with 

bond breaking to contribute to the tar. The presence of these polymeth~lene~ 

makes the tar more aliphatic than the parent coal. Further cracking of thi~ 

material under more severe devolatil ization conditions produces ethylene, 

propylene, and butadiene from which the concentration of polymethylenes ~ay be 

determined (Calkins, 1985). Presently, the poly~thylenes are included in the 

FG model as part of the aliphatic functional group pool, which is assumed to 

decompose to produce gas products, not tar. Th is  leads to an error in 

determining the H/C ratio in the tar which can be importanL for low rank cozls 

(Freihaut et a l . ,  1988). I f  the amount of heavy polymethylenes is determin~d~ 

these can be computed as a separate functional group pool with an appropriate 

release rate and added to the tar .  Hosever, s t r i c t l y  speaking~ the 

polymethylenes should also be included as a type of oligomer so that the smaller 

species can vaporize d i rec t ly ,  without bondbreaking. This would also allow the 

polymethylenes to be included in the extractable species. 

The problem of vaporizing the small poly~ethylenes and including them iF 

the extract y ie ld  are related. For most coals, there is a low temperature tac 

peak which is polymethylene-rich but also includes aromatic tars.  Currently~ 

the FG-DVC model uses an interact ive procedure ~t the beginning of e simulation 

which adjusts the oligomer length to match the experimental pyridine extract 

y ie ld  with the molecular configuration in the computer. The model considers 

extract to be those molecules which are less than 3000 in molecular weight. 
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However, this does not produce tar molecules which are l ight enough to vaporize 

at low temperatures. A possible route to achieving the desired bimodal tar 

molecular weight distribution is to start out with a large oligomer length and 

allow the coal to undergo pre-pyrolysis using geological time-temperature 

profile. A second possibil i ty is to use a distribution of oligomer sizes. 

A literature review was done on the occurrence of polymethylenes in coals 

in order to help formulate a strategy to address the problem. This is included 

in Appendix B. This information can be summarized as follows: 

i. Polymethylenes, (CH2) ., are present in coals at a level of 0 - 18 

wt.% depending on rank. 

. Very high rank coals (anthracites) contain very l i t t l e  (CH2) . while 

low rank coals (lignites) generally contain at least 10 wt.%. The 

amounts for coals of intermediate rank are highly variable and depend 

on geochemical factors. 

. Exinite macerals are high in polymethylenes, followed by vintr ini te 

and then inert inite. 

. A significant fraction of the (CH2) . are attached to aromatic 

structures in the coal and are not readily extractable. 

. The (CHs) n are the precursors for the ethylene, propylene, and 

butadiene produced from high temperature pyrolysis of coal. They 

are not precursors for methane, benzene or other l ight  aromatic 

compounds. 

. The (CH2) n appear to play an important role in donating hydrogen to 

stabilize the reactive aromatic fragments. 

. The (CH2) n appear to decompose bya free radical chain reaction which 

is different than that observeG for pure (CH2) n in the gas phase. 

They also decompose differently than the main coal structure. 
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. Some of the (CH2) n are l ight  enough to vaporize d i rect ly  without bond 

breaking. The low temperature tars which evolve prior to the m~in 

decomposition peak and the low temperature extracts from coal are 

enriched in (CH2) n, 

. The vaporization laws which apply to (CHa)~ wi l l  be di f ferent  than 

those which apply to the aromatic tars.  For a given molecu1&r 

weight, a l iphat ic compounds are ~ore vo la t i le  than aromatic 

compounds. 

10. The (CH2) ~ wi l l  not participate in crosslinking reactions in the same 

way as the rest of the (aromatic) tar  molecules. 

Al l  of these factors must be addresse~ to correct ly deal with the 

occurrence of polymethylenes. However, some can be neglected in the f i r s t  

generation model. 

Plans 

Complete work on viscosi ty model. Continue work on refinement of ran~: 

dependent k inet ic parameters. Continue investigation of the use Gf percolation 

theory to increase the FG-DVC code eff iciency. Complete work on addition of 

polymethylenes to FG-DVC model. Complete work on pore transport model. ~egin 

work on swelling model and on refinement of tar mass transport model. 
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l l . B .  SUBTASK 2.B. - FUNDAMENTAL HIGH-PRESSURE REACTION 

RATE DATA 

Senior I nves t i ga to rs  - Geoffrey J. Germane and Angus U. Blackham 

Brigham Young Un ive rs i t y  

Provo. Utah 84602 

(80 i )  378-2355 and 6536 

Szude~t Research Assiszants Chuck Monson, Russell Daines, 

and Gary Pehrson 

Ob_i~ect i~es 

The ove ra l l  ob jec t ives  of  t h i s  subtask are !)  to measure and cor re la te  

reaczion raze c o e f f i c i e n t s  fo r  pu lver ized-coa l  char p a r t i c l e s  as a funct ion of  

char b~rnouZ in oxygen at high temperature and pressure and 2) to prov ide 

k i n e z i c  ra te  measurements Of s u l f u r  species w i th  sorbents  f o r  a range of  

szc ich iomezr ies  under laminar, h igh-pressure cond i t i ons .  

Accomolishments 

Work cont inued durimg the l a s t  quar ter  on the t e s t i n g  of  the h igh-  

p r e s s u r e ,  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 ,  the  p r e p a r a t i o n  and 

cna rac :e r i za t i on  of char. and the k i n e t i c s  of char o x i d a t i o n  at high pressure. 

Hi~h-Pres~ure Reactor De$i-;n and Fabricai~ion 

During the repor t ing  per iod ,  mod i f i ca t ions  were performed on the feeder 

ano the p rehea te r .  Plugg~ng of  the smal l ,  s t a i n l e s s - s t e e l  feed tubes w i th  

p a r t i c l e s  from s t i c k y  coal occurred dur ing i n i t i a l  feeder t e s t s .  The tubes 

were replaced w i th  tubes of a l a rge r  inner diameter to e l i m i n a t e  the plugging. 

The feed raze was also reouced w i th  a 20:1 gear reducer, a l l ow ing  slower feed 
rates wi thou~ p lugging.  

i m i t i a l  t e s t i n g  also. led to changes in the preheater  design.  I t  was 

found tha t  the cast  alumi',a tube t ha t  surrounds the heat ing  element was not 

large enough zo al low s u f f ; c i e n t  heater  movement. Because of  thermal stresses 

dur ing hea t ing ,  zhe lower por t ion  of the element spread and bent to one side 

as operazing temperatures were reached. During t e s t i n g ,  the heat ing element 

came in to  conz~ct w i th  the surrounding tube, r esu l t i ng  in breakage of both the 
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element ant the tube. The preheater is current3y configurad without 1~e 

surrounding tube f r  the packed bed ano provides suff ic ient heat to the 

secondary flow at low pressure. The packed ~ed and a larger tube ~ i l l  ~e 

added, i f  needed, for high-pressure, high-flo~ operatiom. 

I n i t i a l  t e s t i n g  showed unacceptably high temDeratures in the heater 

access por t  of  the reac to r .  This temperature must remain belo~ 30~ d~grees 

Centigrade zo p revent  overheat ing of the heater ends. A r a d i a t i o n  s~ ie ld  

cons is t ing  of a ceramic blanket was added ~hieh s u b s t a n t i a l l y  reduced the ~orz 

zemoerazure. Durimg subsequent t es t s  the temperature has not exceeGed !50 

megrees. 

The gas f l o~  system zhaz w i l l  cont ro l  and measure the f lows en te r ing  and 

e x i t i n g  the reactor  is  being assembled. Completion of %his system ~ i l i  a l lo~ 

zne reactor  to be operated at f u l l  design pressure.  Delays in d e l i v e r y  of 

needec components have prevented  comp le t i on  of  the r e a c t o r  f l o u  

instrumenzaZion. 

~nsSrumente~ion/0~sics A microcomputer was obtained fo r  use wiZh zhe 

imstrumentat ion system. An e ight -channel ,  12 -b i t  ~ n a l o g - t o - d i g i t a l  conver ter  

tA,'D), boar~, a m u l ~ i p l e x e r ,  and a si~,, channel , 12-b ~,~ d i~ iza l - to -~n~ l~o~  . 

conve r te r  (D/A) board have been ordered f o r  the microcomputer .  The 
m u l t i p l e x e r  has s i x t e e n  channels w i t h  c o l d - j u n c t i o n  compensat ion fo r  

~hermocoumle temperature measurements. A l l  thermocouples w i l l  be connected 

tnrough the mu l t i p l exe r  to one channel of  the A/D board. The remaining input 

channels w i l l  be used to record gas f lows and pressure. Four channels of  the 

D/A board w i l l  p rov ide  cont ro l  s igna ls  %o the heater c o n t r o l l e r s .  The o t i ~ r  

Output channels ~ i i l  be used in the fu tu re  i f  the f low meters are converted to 
f low con t ro l l e r s .  

The p o s s i b i l i t y  o f  using a v ideo microscope system to ob ta i n  i m - : i z u  
~ a r z i c l e  s ize  i n f o r m a t i o n  is  being examined. Such ~ys~ems hav~ b~en 

success fu l l y  used in  combustion studies (Glass and Zygourakis, !988; ~4cCollor 

ez a l . ,  1987). The p~rz ic le - imag ing  system being assambled fo r  t h i s  p ro jec t  

w i l l  provide p a r t i c l e  temperature and v e l o c i t y  w i th  reasonzble accuracy.  ~, 

measurement of the ~ a r t i c l e  height as i t  f a l l s  through the optica~ volume c~m 

~Iso be obtai~ec, ~uz mo in=ormation on the aspect ratio of ihe particle c~r 

~e ext rac ted.  ~ v ideo sys;em which views the p a r t i c l e  stream o r thogona l l y  cO 

the imaging system's view ~oulc provide the he ight  and widz~ of th~ parL ic l~  

as well as in fo rmat ion  on p a r t i c l e  spacing. 
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£har/T@r SeParation The cyclone separator was modified this ~uarter 

under separate funding to more readily allow the removal of collected 

Darzicles when the reactor was operating at pressures above atmospheric. The 

collection area is connected zo a porous metal f i l t e r  through an in- l ine 

va!ve. A valve was also instal ied to release the f i l t e r  pressure after the 

in- l ine valve was closed. This system allows a stream of gas to scavenge the 

walls o÷ the cyclone just before the sample is collected to ensure that all 

z~e p a r t i c l e s  move to zhe co l lec~ ion  area. 

T~e cyclone and impactor were tested th is  quar te r  w i th  L0-pm-mass-mean- 

Ciameze ~, powdered l imestone.  Using the resu l t s  from the cyclone t es t s  in 

con junc t ion  wi th a c o r r e l a t i o n  suggested by Parker, e~ a l .  (1981) fo r  cyclones 

ope ra t i ng  at high temperatures and/or pressures, i t  was found t h a t  the 90- 

mercen t -zu t  diameter ( the  p a r t i c l e  diameter at  which 90 percent  Of the 

p a r t i c l e s  tha t  s ize  w i l l  be co l lec ted)  w i l l  be below !5 Izm fo r  a l l  runs.  
i c d i c a t i c g  znaz most of  the char p a r t i c l e  mass w i l l  be co l l ec ted  in the 

czc3one. The tar  co l l ec ted  in i n i t i a l  coal d e v o l a t i l i z a t i o n  zests supports 

t h i s  oaservat ion.  Using the SEM, only very f ine  char p a r t i c l e s  were found in 

the mar. A;SO. there w~s v i r t u a l l y  no recove rab le  t a r  on the cyc lone 

sur faces ,  so i~ is l i k e l y  :hat  there is almost no t a r  condensing on the char.  

The t e s t s  on the impactor i n d i c a t e  that  the observed 50-percent -cu t  diameter 
is  approximately the ta rge t  design point  of 5 pm: almost a l l  p a r t i c l e s  l a rge r  

than !C ~m ~o in to  the impaczor 's  char c o l l e c t i o n  probe. Overall  e f f i c i e n c y  

of  the c o l l e c t i o n  system, con f igured  fo r  e i t h e r  char o x i d a t i o n  or coal 

d e v o ] a z i i i z a t i o n ,  should be h igh .  

Char Premaration at Himh Temoerature and Pre$@ure 

Plan The main objective of the char preparation aspect of this study 

is to ~re~are char by three different methods: I) a simple, hot-tube reactor 

az azmDsQherlc and elevated pressure. 2) the BYU high-pressure, entrained-flow 

gasi f ier,  anc 3) the high-pressure, controlled-profile (HPCP) reactor that has 

~eeK f~bricated for this SuDZaSk. Some char samples have been prepared in the 

HPCP zo serve as reference chars zc which other char samples from the simple 

ho~ -~=  reactor and the gasi f ier  can be compared The purpose of this 

comparison wi l l  be zo determine how closely the properties of the chars 

prepare~ with the simple reactor and the gasifier compare to the properties of 

~-~,= Chars prepared by the HPCP reactor. I f  the properties are suf f ic ient ly  

close for  s im i la r  ~ - ~ : ~ ' -  , , ~.:,,~.,~,,~res pressures, heatinc rates and residence times. 
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then con f idence  w i l l  be e s t a b l i s h e d  in  the measured va lues  o f  the ox ld~c io~ 

k i n e t i c s  of  the chars prepared w i t h  :~e simple hot - tube r e a c t o r .  

i~ i s  planned tha t  chars w i l l  ~e bre.r, areci from f i v e  d i f f e r e n t ,  co~ls:  l )  

U~ah b i t u m i n o u s .  2) North Dakota l i g n i t e .  3) Nyoming subb i tumi r ,  ou~. 4) 

i l l i n o i s  NO. 6 b i tuminous ,  and 5) P i :Zsourgh ~0. 8 b i t um inous .  A few ~:ir, e=ic 

runs w i l i  be made wizn Dremium samples from ~he Argonne coa~ b~n!:. ~c~i~.;r,n~i 

runs w i l l  be made wi,'.h b u l k  samples a v a i l a b l e  az the  BYU Ccmb~sZic, n 

L~borazory.  

L i t e r B t u ~ e  S~rve~ A recenz paDer by Oh. Peters  and Ho~are ( i91!~ 

d e s c r i b e s  zne f o r m a t i o n  o~ bubb les  ~ d  t h e i r  t r a n s p o r ~  ~ i ~ h i n  ~me cm~ 

p a r t i c l e  d~ r i ng  p y r o l y s i s .  I z  was foun~ Znat ~s the coal reaches ~ CriZiC~; 

temperature (zne so f ten ing  Doing) ,  the bitumens melt  and the coal becomes more 

p l a s t i c .  As the coal becomes f l u i d ,  v iscous f low of  m a t e r i a l  bloc::s por~s. 

reducin~ the omen pore s t r u c t u r e  Of the coal .  V o l a t i l e s  d i f f u s e  e i t h e r  to, th~ 

p a r = i c i e  s u r f a c e  or ~o the bubble~ disperseQ th roughou t  the  molzem coc i .  

EviGence of  such bubble fo rmat ion  in  P i t t sburgh  No. 8 coai has been fou~d ~;~h 

SEH mi=rcgraDh~ taken of z~e chars produced in ~his l a b o r a t o r y .  

Char Prooerties f~r Kinetic., Tests Over the COurSe Of %his SZuOy, 

number of samples of small quant i t ies of char have been prepared in the 

simple, hot-tube reactor at various temperatures, pressure~, residence ~im~s 

anC heating razes from Utah bituminous coal ~nd PitZsburg~ NO. 8 biz~minQ.~s 

coa l .  Data f o r  some of these chars were given in ~he LO ~h Qua r te r l y  ~ p o F :  

(Solomon e~ a l . ,  198g). E~ght chars were produced from Pittsburgh I~o. ~ ce.~l 

a:  up zo 1530 K and near l y  iO arm in  the HPCP and h o t - t u b e  (HT) -~-~ 

du r ing  the  r e p o r z i n g  pe r i od .  The p r e p a r a t i o n  t empe ra tu res ,  pressures ~,~d 

res idence ~mes f o r  these chars are summarized in  Table I I . B - I .  

A l a r g e  auan~i~y of sample P8-15 ~as prepared from s i z e - f r a c ~ . i o ~ . : ; c  

(6-~-75 mic rons)  P i t~sburgr  NO. 8 coal in  the simple ho t - t ube  reac to r  fr, r ch l r  

o x i d a t i o n  k i n e t i c  ~es%s in  the HPCP reac to r .  Because o f  ~.~e swe l l i r~ ;  ~ t , J re  

of t h i s  CO~_7. the requ i red l a rge  ~uan~ i t i~~  of Ch.~r f o r  the o×ida'. ior,  t.~,~s 

v, ere prepared by a two-pass procedure to avoid pluggir,  g o f  the reac t i on  tub~. 

The f i r s t  pas~ was ~hrough a l a r g e - d i a m e t e r ,  ceramic tube (22 mm !r,~ide 

Ciameze~) at ~. sho r t  residence t ime &c separate some of the t a r  from ti~:e Oh.=., ". 

Tree i r z e r m e d i ~ t e  char ,,.;as then pas~ed zhr0ugh a sma l l e r  ceramic tube (2, ,T,,T, 

i ns iee  c iamezer)  a;  !530 K. i a~m. 
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Char samples P8-!6 ant P8-17 were preparec in  the HPCP re~czor .  Runs 

were mode wizh Pi~tsburgn '~o. 8 coal at 1380 ~C and a= i and 3 arm. The waz~r- 

cooled i n j e c t i o n  probe was used zo inZroeuce the coal inzo the reacz ion =ube. 

The preheazed secondary f l ow  o f  n iz rogen and Zhe hot  r e a c t i o n  Zu~e ~,~77s 

brough= zhe sample up to :emoerazure .  A co ld  n i = r o g e n  Quench in Zhe 

c 0 i l e c z ! o n  probe ~revenzed f u r t h e r  d e v o i a : i l i z a t i o n .  The cyc lone was u~ed Zo 

co! loom the char .  S l i g h t  o l ugg ing  occurred at  the t i p  of  the  water-roe, leO 

i n j e c z i o n  probe ~fzer  abouz 6 grams of c~al were fe~,  buZ mo o~her ~robl~ms 

were encounzered. 

Table ! i . B - i  a lso l i s Z s  TGA c r i z i c a l  temperatures  f o r  severa l  of =h~ 

chars ~ro~uced. The c r i t i c a l  ~emperatures f o r  chars p repared in  ~he =~,:o 

r e a c t o r s  under s i m i l a r  ~empera%ures an~ pressures agree very w e l l ,  Zhough ~he 

res idence  zime in ~he hoz-~ube reaczor was ~bout one -~h i rd  of  ~ha~ in %he ~PCF 

reaczo r .  The de=ermina~ion of  o the r  p roper t i es  fo r  c h a r a c t e r i z i n g  thes~ c ~ r s  

is in progress ~u: has no~ yet Deem completed due zo problems ~:iZh t~e C~ 

analyzer. 

SEM micrographs have been ~aken of  the char s~mples, inc lud in ,~  th~ 

o x i o i z e c  char samples ob=ained from the HPCP r e a c t o r .  The d e , a i l e d  ana l ys i s  

o f  %he micrographs is  a lso  in  p rogress :  hog, ever.  p r e l i m i n a r y  observaz ions ~:re 

g iven below. 

I n i t i a l  s tud ies  of  %he SEM's of  the P i t t sbu rgh  NO. 8 char samples P~-!2 

~hrough P8-17 show an ef feo~ of  res idence mime on p o r o s i t y .  As the res idence 

zime inc reases  from 17 %o 80 ms. the p o r o s i t y  of  zhe p a r t f c l e s  appLrenZly 

i n c r e a s e s ,  znough less  ~nan f o r  the U~ah b i t u m i n o u s  c o a l .  The ~orous 

p a r t i c l e s  in  ~he P i tzsburgn NO. 8 char could be due to the f a c t  tha t  v o l ~ [ i l e  

e v o l u t i o n  comes about by huDDles. These bubbles seem to e x i t  through 'cha 

Dar%ic ie  wal l  and leave a l a rge  c i r c u l a r  hole and some small c i r c u l a r  ho les .  

Tme p o r o s i t y  f oun t  in  ~n~ Utah b i tuminous  char d id  not  show many c i r c u l & r  

ho les  bu t  r a t h e r  a honeycomb-shaped pore s t r u c t u r e  on the sur face  of  z i~  

p a r z i c l e s .  

A l s o .  chars fo r  which C, H and N analyses ar~ a v a i l a b l e  show a ~ e n c  o= 

~ec reas i n~  hyCrogen con ten t  in  the char wizn i n c r e a s i n g  res idenc~  t:m~ 

(Solomon e= e l . ,  !9~9).  For chars prepared at !3~0 K and ! arm.,  the mLss of 

mydrogen in  the PiZtsburgh NO. 8 char decreased from 2.4 ~o 1.3 percent ~s [he 
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res idence t ime increased from 31 to 92 ms. This p r e v i o u s l y  repor ted  t rend was 

also shown f o r  the Utah char.  

Kinetics of Char-OxYqen Reactions at Hiah Pressure 

Ox ida t i on  zests of the P i t t s b u r g h  No. 8 b i tuminous coal char sample P8- 

15 were conducted in  a i r  az atmospher ic  pressure in  the HPCP r e a c t o r .  The 

cooled i n j e c t i o n  probe was p o s i t i o n e d  to ob ta in  p a r t i c l e  res idence  t imes of 

a~ouz 50 and I00 ms. Reactor wa l l  temperature was va r ied  from ! !73 to !~61K .  

T~e zest  c o ~ i ~ i o n s  are shown in  Table 11.B-2. 

Gas t empe ra tu res  were measured "be fo re  each t esz  w i t h  a Type-S 

thermocoup~e zraz was i nse r t ed  through the i n j e c t i o n  probe and moved along zne 

ax is  of  zne r e a c t i o n  tube.  The l -mm-diameter  thermocouple bead was nested 

aca ins t  a 3-mm ceramic tube zhat sheathed the thermocouple leads.  Temperature 

measurement e r r o r s  due zo r a d i a t i o n  from the reac t i on  tube wa l l  were negieczed 

bezause o f  the s~a l i  s ize and low em iss i v i z y  (<0.1)  o f  the thermocouple beac 

P a r t i c l e  tempera tu re  was c a l c u l a t e d  us ing an energy balance t h a t  has been 

shown to g i ve  r e s u l t s  cm~sisten~ w i t h  pyrometry  measurements ( A y l i n g  and 

Smith. 197~i. 

The breakdown of  the  CHN a n a l y z e r  has t e m p o r a r i l y  de layed the 

dezerminat iom of r e a c t i v i z ! e s  or k i n e t i c  parameters fo r  samples c o l l e c t e d  from 

the o x i d a t i o n  t e s t s .  The analyses of  unox id ized  char t i t a n i u m  content  w i l l  

a lso be completed f o r  independent de :e rm ina t ion  of  char burnout .  

O~her Ac-ti viti es 

Cont inued d iscuss ions  on char and ta r  p repara t i on  and a n a l y s i s  were held 

w i th  o ther  researchers  in the Advanced Combustion Engineer ing.  Research Center.  

Meetings were helC to review the s ta tus  of  a n a l y t i c a l  and t e s t  equipment and 

to d i scuss  s Q e c i f i c  arrangements f o r  sha r i ng  a n a l y t i c a l  c a p a b i l i t i e s .  A 

member of  the research team at tended zhe ACERC F i r s t  Symposium on Advances in 

Cca~ SQeczroscopy a: Sa l :  Lake C i t y .  Utah in June, 1989. 

AGdi ; iona]  k i n e t i c  t - s i s  w i th  P i t t sbu rgh  No. 8 b i tuminous coal char,  and 

d e t a i l e d  CHIJ, TGA and SZM Jnalyses w i l l  be completed dur ing  the next  qua r te r .  

Tests w~;n o the r  coa ls  w i l l  be i n i t i a t e d .  The HPCP reac to r  i n s t r u m e n t a t i o n  
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and control sys;em w i l l  be completed, and assembly of the opt ica l  system wi l l  

com:in~e. Signal condi t ion ing and input /output  boards w i l l  be i ns ta l l ed  in 

the micrc~om~u;er, and the development of control aigori%hms for  nearer and 

f~ow co~zrol w i l l  con t inue .  The i n s t a l l a t i o n  of a l l  necessary 

inszrumemzazion, such as flowmeters, pressure gauges, and thermocouples, w i l l  

~e compie~ec. 
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I I .C .  SUBTASK 2.c. - SECONDARY REACTION OF PYROLYSIS PRODUCTS AND CHAR BURNOUT, 

SUBMODEL DEVELOPMENT AND ZVALUATION 

Senior Investigator - Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(203) 528-906 

Objecti ve 

The objective of th is subtask is to develop ~nd evaluate bycomparison with 

laboratory experiments, an integrated and compatible submodel to describe the 

secondary reactions of vo la t i l e  pyrolysis products and char burnout during coal 

conversion processes. Experiments on tar  cracking, soot formation, t~r/ga~ 
reaction, char burnout, and ign i t ion w i l l  continue during Phase I I  to allo~ 

val idat ion of submodels in Phase I I .  

Aq,comPlishments, 

Discussions continued with BYU on the modeling of the Transparent W~II 

Reactor (TWR) experiments with the Montana Rosebud Coal. This work is being 

reported under subtask 3.a. 

W o r k  was also done to modify the TWR experiment to do pyrolysis and 

combustion experiments with FT-IR measurements of par t i c le  temperatures. During 

the past quarter, a series of pyrolysis experiments was done ~ith Zap l i gn i te  

and Pittsburgh seam bituminous coal. These experiments included FT-IR gas and 

par t ic le  temperature measurements, thermocouple measurements of the ga~ 

temperature and col lect ion of char samples with a probe at six d~Tf_rent heights. 

The par t ic le  temperature measurements were used to reconstruct the pBrticl:~ 

temperature-time history. The pyrolysis yields were then simulated with th~ FG- 

DVC model and the results were consistent with the k inet ic  rates me~ur~,~ 

previously at high heating rates at AFR and S~ndia for experiments where part ic l~ 

temperature measurements were made. 
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In-Situ FT-IR Diaqnostics in TWR 

Introduction - In the l i terature, there are orders of magnitude 

discrepancies in the reported rates for coal pyrolysis weight loss or tar loss. 

The confl ict in values and the reasons for the confl ict have been discussed 

previously (Solomon and Hamblen, 1985; Solomon and Serio, 1986). These studies 

concluded that inaccurate knowledge of coal particle temperatures was the chief 

cause of the variations. 

To improve the knowledge of particle temperatures, a new method was 

developed which employs a Fourier Transform Infrared (FT-IR) spectrometer to 

measure the emission and transmission (E/T) in a reacting particle stream 

(Solomon and Hamblen, 1985; Serio et al., 1987). This technique has been applied 

to measure the temperature of ceal particles in an entrained flow reactor (EFR) 

(Best et al . ,  1986; Solomon et al., 1987) and a heated tube reactor (HTR) 

(Solomon et al., 1986a). The kinetic rates, determined from these experiments 

for a number of coals and lignites (8.6 x I0 ~4 exp(-228,500/RT)sec "~ for tar loss 

or approximately half this value for weight loss) was the highest ever reported 

at temperatures above 600°C. There were, however, some limitations to these 

experiments. The EFR experiments only allowed optical access for temperature 

measurement at one position and the HTR was limited to non-swelling coal's. 

Recent experiments by Fletcher (1989) in an apparatus which does not have these 

limitations and which employs temperature measurements by2-color pyrometry have 

confirmed these high rates within a factor of 2 for both low and high rank coals. 

During the eleventh quarter, kinetic rate measurements were made on a Zap 

North Dakota l ignite and a Pittsburgh Seam bituminous coal in a transparent wall 

reactor (TWO) which does not have the limitations of the HTR or EFR. The 

temperature ~asurements were made with the FT-IR E/T technique. This reactor, 

with the i r  ~itu FT-IR diagnostics, wil l  be used under this subtask to make 

spazially F~Jolved measurements on coal flames using a tomographic technique. 

These measurements wil l  provide fundamental dat~ on the processes of ignition, 

soot formati~, and char burnout. The pyrolysis experiments allowa test of the 

experimental and optical systems for a simpler set of conditions. 

ExReri~ental - The measurement of part icle temperatures from the par t ic le 's  

emitted radiazion is d i f f i c u l t  i f  the pyrolysis reactor has hot walls. In this 
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case, wall radiat ion scattered by the particles interferes with the emitted 

radiat ion. To overcome this problem, the pyrolysis experiments in th is  study were 

performed in a reactor with re la t ive ly  cold ~calls. The apparatus is a 

transparent wall reactor (TWR) which has been previously described (Solomon et 

e l . ,  1989). Nitrogen is passed through a heat exchanger and enters a reaction 

section at approximately 850°C. Coal entrained in cold nitrogen carr ier  gas is 

injected through a co-axial 7 mm diameter tube into the preheated stream. An 

octagonal glass enclosure shields the pyrolyzing stream from room ai r  current~. 

The glass enclosure has movable KBr windows to allow access to the flame for 

radiation measurements. Part icle veloci t ies were measured using a video camera 

under s l igh t l y  oxidizing conditions which allo~ced a small percentage of the 

part ic le to igni te.  

To measure temperatures of pyrolyzing coal part ic les,  several other 

problems had to be overcome. Because pyrolysis in this reactor occurs at 

re la t ive ly  low temperatures (600-800°C), the measurements are made in the mid- 

infrared where suf f ic ient  energy is emitted. In addition, coal is not a gray- 

body and i ts  emissivity changes during pyrolysis. To overcome this problem, the 

temperature has been measured using the amplitude of the radiated energy in 

frequency range where the emissivity is close to one and independent of the 

extent of pyrolysis. The transmission is used to determine the emitting surface 

area of the part ic les.  Final ly, soot radiation c~nmake the par t ic le  temperature 

appear much higher than i t  real ly  is. Neasurements have been made with a gas 

temperature of 850°C so soot formation did not occur. 

The coals studied in this work were a dried Zap North Dakota l ign i te  and 

aPittsburgh Seam bituminous coal. The ultimate analyses are approximately those 

reported in Serio et el.  (1987). Both samples were sized to 200 x 325 mesh. 

Weight loss was determined from captured char part icles, by ash tracer analysis~ 

using a Perkin Elmer TGA. 

Results and Discussion - The emission spectra for the pyrolyzing particle~ 

at 15 cm above the in jector are presented in Fig. 1i.C-1. The spectra are 

normalized by the emitting surface area using the measured attenuation at 3~00 

37-  
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c~ ~ assuming a total extinction efficiency of I.Z. The spectra are not gray- 

body. They reveal the infrared absorption bands in the char. Notice the higher 

hydroxyl and carbonyl bands in the l igni te and th~ higher aliphatic and aromatic 

C-H bands in the bituminous coal. Bands for pyrolysis water, CO 2, and CO are 

also apparent. A l so  shown are theoretical black-body curves. Particle 

temperatures were determined by matching the theDretical curves to the radiance 

at 1600 cm ~, where the emissivity is approximately 1.0 (Best et al. ,  1986). 

Spectra such as these were obtained for both coals at positions between 

5 and 40 cm. In addition, char samples were captured at a number of locations. 

The results for the Zap l i gn i te  are summarized in Fig. I I .C-2. Figure II.C-2a 

shows the temperature measurement in the reactor made using a thermocouple and 

the FT-IR E/T technique to determine both part icle and CO 2 temperatures (Solomon 

et a l . ,  1987,1989). The CO 2 and part ic le temperatures agree to within I00~C. 

The thermocouple temperature measurements averaged across the estimated width 

of the part ic le stream are also in reasonable agreement except early in the 

reaction when the part ic le are heating and late when the gas is cooling. The 

par t i c le ' s  heating rate is about 5000°C/sec. 

Figure ll.C-2b shows the weight loss determined by ash tracer analysis. 

These are compared to predictions of the FG-DVC model (Solomon et al.~ 1983). 

The k inet ic  rates for bond breaking used in the FG-DVC model is 

k B = 8.6 x 10 I: exp(-228,500/RT) sec -~. The predictions using 10 and 0.! times 

this rate are also shown. The agreement is best :~ith the highest of the three 

rates. 

The results for the Pittsburgh Seam coal are presented in Fig. I I .C-3.  

These results also agree best for k~x]O. Consequently~ the high heating rate 

daza do not show much of a rank variat ion. However, these measurements are no% 

as sensit ive to factors of 10 difference in rate. 

Conclusions - The high kinet ics rates for tar evolution or weight lo~s 

recently reported by Solomon et al. (1985,198~a), Serio et al. (1987) and 

Fletcher (1989) have been confirmed. At high heating rates, s ign i f icant  
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pyrolysis occurs within 100 ms at temperatures between 700 and 1000 K for both 

a l igni te and a bituminous coal. 

Plans 

Modify TWR apparatus to make the flame more stable. Continue work with 

BYU on simulation of the TWR data. 
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l l . B .  SUBTASK 2.d - ASH PHYSICS AND CHEMISTRY SUBMDDEL 

Senior Invest igator - James Markham 

Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 

(203) 528-90~ 

Objective 

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

laboratory experiments, an integrated and compatible submodel to describ~ the 

ash physics and chemistry during coal conversion processes. AFR wi l l  pFovide 

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

PCGC-2 comprehensive code. 

To accomplish the overall object ive, the following speci f ic  objectives ~re: 

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

ashing and slagging in coal conversion; 2) To investigate the cata ly t ic  effect 

of mineral matter on coal conversion processes. Data acqu i s i t i onw i l l  be focused 

on: I) design and implemenzation of an ash sample co l lect ion system; 2) 

developing methods for mineral characterization in ash par t ic les ;  3) developing 

methods for  studying the cata ly t ic  e f fect  of minerals on coal gasi f icat ion. 

Accomplishments 

Work continued on imprcving the col lect ion of ash from the entrained flow 

reactor experiments with the eight Argonne coals. I t  appears that most of the 

problem for  the Upper Freeport coal, where low collections were obtained, was 

due to par t ic les  and ash st icking in the collection probe. This appears to b~ 

solved by r insing the probe with acetone. 

SEM/X-ray analysis was done on the extracted material and compared to that 

collected in the cyclone. Is was found that there was some d i f fe rent ia t ion .  

The former material was higher in iron and sulfur, lower in aluminum and si l icon 

and about the same in alkal i  content. 

- 4 3  - 
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Work on the effects of minerals on char reactivity continued. As discussed 

in the previous quarterly, a particular area of interest is the investigation 

of the effects of Na on the reactivity of demineralized Zap coal. I t  was 

observed that a loading of 0.5 wt.% Na significantly increased the reactivity 

of a char produced at 900°C in a TGA but that a loading of 2.0 wt.% Na 

significantly reduced the reactivity of a char produced under the same 

conditions. In both cases, a comparison is being made to char produced from the 

demineralized Zap coal. Surface area analyses were done of the chars during the 

past quarter. I t  appears that a significant reduction in the CO 2 surface area 

can explain the low reactivity of the 2.0 wt.% Na char. The reason for this has 

not yet been determined. SEM photographs do not reveal anything unusual about 

%he char morphology. 

Ash Collection 

The material balance problem in the entrained flow reactor appears to have 

been solved. Material adhering to the interior of the extractor was not being 

removed physically, but has been removed by additionally employing an acetone 

rinse step. X-ray analysis of the extractor material has shown i t  to be enriched 

in iron and sulfur and depleted in aluminum and silicon as compared to the 

material deposited in the cyclone. The alkali contents of the material are 

virtually identical. The SEM photomicrographs (Figures II.D-1 thru II.D-5) of 

the materials show the extractor material to have a fused surface with adhering 

particles, while the cyclone collected particles tend to be more individual. 

The particles which appear to be adhering to the extractor material do not show 

the wide range of morphologies of the cyclone collected particles. 

Experiments have shown that the helium quenching tends to increase the 

fouling of the extractor, as shown in Table I I .D-I .  I t  is unclear whether this 

is due to forcing material against the cold extractor walls or some other effect. 

X-ray analyses of extractor and cyclone collections with and without helium 

quenching have shown no appreciable differences between the extractor collections 

or between the cyclone collections, as shown in Table II.D-2. However, the 

extractor collection made with the helium quench off is higher in sulfur than 

that made with the helium on. The SEM photomicrographs appear to show a greater 

number of particles adhering to the fused framework with the helium quench off. 

- 4~  - 
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T~LE I I .D - I  ISIt OlSIRi;UIIOtt FOIl U~FI~R FEEEI'~T EHI~ IED FLI;~,I REACTOR RU~ 

g i t h  lie Wltho~lt lie 1 ~l/s Without lie 
(Lou 6as Ve loc i t y )  ( tou Gos Ve loc i t y )  ( l l igh Gn~ Ve loc i t y )  

Cyclone 39.8% 78.4% 76.5% 

C~.  1~ .  3.7~ 2.6~ 2.2~ 

Extractor 2.2% 0.0% 0.1% 

~xt. ~a~h 50, lZ 9.8% 12.9% 

C, l .  ~ h  0.4% 0.3~ 1.4Z 
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lOOXBurn-Out 
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Nn 0.58 

Xg 0.34 

At 16.11 

51 21.23 

K 1.76 

Ca 3.0fl 

ri 0.71 

s(o) 9.05 

S(m) 4,64 

Fo ~.79 

0.00 0.14 0.00 0.00 0.00 0.00 

0.00 0.27 0.00 0.00 0.00 0.00 

12.83 12.63 16.60 10.38 12.97 5.96 

18.33 20.49 24.50 17.01 27.99 10.56 

2.16 1.63 2.16 1.80 2.54 1.22 

2.03 6.62 3.08 3.03 3.16 4,38 

1.64 0.74 1.30 1.29 1.62 0.95 

0.26 0.33 0,62 0.67 0.29 2.69 

0.58 0.94 1.07 1.42 0.31 7.35 

18.72 10.38 4.94 22.31 8.92 28.42 

At[ values are weight ~ ~ith ash normalized to 100~. 
Fo values are weight X Fe in oxide form only, 

No eKtrnct ~nsh or mechanicat c[eoning of extractor.  



Figure II.D-1. 
He-Qu_nch On. 

Cyclone Collection. If:pper Freeport 100% P~urn-ou~ ~,.J~h 



--~I M--lo~ 

F i g u r e  II .D-2.  Extractor Wash ings ,  Upper  Freeport 100% Burn-out ,  He-Quench  
On. 
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Fi~'t~re ILD-3. Cyclone ColIcc~io~, Uppe~" l,h.ccpo~'t 100% Bus'n-out, He-Quench OIY. 



Figure II.D-4. Extractor Washings, Upper Freeport 100% Burn-out, He-Quench 
Off. 



Figure rLD-5. Cyclone Collection, Upper Freeport 100% Burn-out, He-Quench OIC. 
No Extractor Clearing. 
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Char Reactivity 

Work on the effects of minerals on char reactivity continued. As discussed 

in the previous quarterly, a particular area of interest is the investigation 

of the effects of Na on the reactivity of demineralized Zap coal. I t  was 

observed that a loading of 0.5 wt.% Na significantly increased the reactivity 

of a char produced at 900°C in a TGA but that a loading of 2.0 wt.% Na 

significantly reduced the reactivity of a char produced under the same 

conditions. In both cases, a comparison is being made to char produced from the 

demineralized Zap coal. 

When surface area measurements were made on these chars, the results were 

rather surprising. The CO s BET surface areas for the chars from demineralized 

Zap, 0.5 wt.% Na and 2.0 wt.% Na chars were 274, 259, and O.Sm2/g, respectively. 

The N 2 BET surfaces areas for the same set of chars were 287, 19.5, and O.gm2/g, 

respectively. The results would suggest that, at high loadings, a complex is 

formed which drastically reduces the surface area during pyrolysis of the loaded 

coal. I t  appears that the significant reduction in the CO 2 surface area can 

explain the low reactivity of the 2.0 wt.% Na char. The reason for this has not 

yet been determined. SEM photographs do not reveal anything unusual about the 

char morphology. 

Plans 

Continue study of mineral effects on the reactivity of low and high rank 

coals. Continue work on x-ray and SEM analyses of the separate ash collections, 

continue ash collections in the entrained flow reactor and study the 

possibilit ies of using the entrained flow reactor's extractor to measure fouling 

properties of coals. 

v ~  
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I I . E .  SUBTASK 2 . e .  - LARGE PARTICLE SUBMDDELS 

Senior Investigator - Michael A. Serio 

Advanced Fuel Research, Inc. 

87 Church Street 

East Hartford, CT 06108 

(203) 528-9806 

Objective 

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

chemistry submodels for the reactions of "large ~ coal particles ( i .e. ,  particles 

with significant heat and/or mass transport l imitations) and to validate the 

submodels by comparison with laboratory scale experiments. The result wil l  be 

coal chemistry and physics submodels which can be integrated into the fixEd-bed 

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

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

A..ccomp] i shm~.nt-q 

The main modeling act iv i ty during the past quarter was to develop a revised 

version of the FG-DVC model which does not have a lo t  of extraneous variables 

which have accumulated over many years of development. This new version wil l  

be used by BYU in the Fixed-Bed Reactor Model and wi l l  eventually replace the 

version which is now in the Entrained Bed Model (PCGC-2). During the pa~t 

quarter, discussions were held with BYU to reach an agreement on the features 

of the new version of the model, These discussions were completed and work on 

the new versien began late in the quarter, 

Work continued on test ing the AFR fixed-bed reactor system. Some 

preliminary coal pyrolysis experiments were done with Zap l ign i te  coal, The 

system appears to function properly except for an a i r  leak that needs to be 

f ixed. 

- q~_  
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Single Particle Model 

The main modeling activity during the past quarter was to develop a revised 

version of the FG-DVC model which does not have a lot of extraneous variables 

which have accumulated over many years of development. This code will also be 

better documented and will be better organized in terms of the input and output. 

This new version wil l  be used by BYU in the Fixed-Bed Reactor Model and will 

eventually replace the version which is now in the Entrained Bed Model (PCGC- 

2). Our goal is to have one version of the code which wil l  be used in both 

reactor models and is functional either as an integrated or standalone version. 

This strategy wil l  simplify the incorporation of additional improvements and 

submodels. 

During the past quarter, discussions were held with BYU to reach an 

agreement on the features of the new version of the model. These discussions 

were completed and work on the new version began late in the quarter, and i t  was 

completed early in the twelfth quarter. This wil; be described in the Third 

Annual Report. 

AFR Fixed-Bed Reactor 

Work continued on testing the AFR fixed-bed reactor system. Some 

preliminary coal pyrolysis experiments were done with Zap l ign i te  coal. The 

system appears to function properly except for an air leak that needs to be 

fixed. 

Comparisons have been made between experiments with a single lump of Zap 

coal (10x10x4 mm) and the same amount of coal divided into 20 pieces of 

approximately 5.0 mm in diameter. Some significant differences were observed 

in the evolution profiles of the oxygenated species CO 2 and SO 2, although this 

was probably related to the different sensitivity of the samples to the air leak 

in the system. For the hydrocarbon species, the evolution profiles were similar, 

although the peaks were delayed to higher temperatures in the case of the large 

lump, as expected. 

A comparison of the evolution prof i les for the two par t ic le  sizes of Zap 

l ign i te  for CH~ and Tar Plus A!iphatics is shown in Figure I I . E - I .  I t  appears 

- 5 4 -  
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that the reactor system wil l  allow the evaluation of particle size effects on 
pyrolysis rates, as planned. 

P1 ans 

Continue development of single particle model. Complete testing of 

experimental apparatus and begin experiments. Begin work on tar repolymerization 

model. 



i~ .F.  SUBTASK 2.F. LARGE CHAR PARTICLE 0>:IDATION AT HIGH PRESSURES 

Senior Znv~szig~%or - Acgu~ U. ~]ac~:ham 

~rignam Young Univers lzy 

~rOvO. Utah o-602 

c80 ~) 378-235~ 

Provide data fo r  the react ion rates of lar,~e char p a r z i c l e s  of i ~ - ' ~ - ' t  

zo f ixec-be~ co~i gas i f i caz ion  ~yszems operat ing ~z pressure. 

AccomDlishmen~!~ 

Wcr~ has no: Beer in,ziat~( on znis subzas~:. 

P_!L~ n_~ 

Consicer~%ion wil l  be given Zo inizi~zing this subzaS~: during th:~ n~.:~ 

q~arter. 
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I i . G .  SUBTASK 2.G. - SOx/NOx SUBMODEL DEVELOPMENT 

Senior inves~igator - L. Douglas Smoot 

Brigham Young Un ivers i t y  

Provo. Utah 84602 

(80!) 378-4326 

Graduaze Research Assistant Richard D. Boardman 

Obiecti yes 

The objectives of this subzask are I)  to extend an existing pollutan~ 

suDmocei in PCGC-2 for prediczing NQx formation and destruczion to include 

Zhermal NO. 2) to exzend the submodel to include SOx reactions and SOx-sorbent 

reactions (ef=ects of SO3 non-equilibrium in the gas phase w i l l  be 

consiGe~ed), and 3) to consider the effects of fuel-rich conditions and high- 

pressure on sulfur and nizrogen chemistryin pulverized-fuel systems. 

Accomolishments 

NO z Submodel Development 

The key focus of work during the past quarter  has been the acqu is i t i on  

of thermal NO data to be used in evaluat ing the submodel. An experimental 

zest program is being condt:czed at BYU with independent funding to obtain well- 

characterized data in a laboratory-scale reactor .  A laboratory represenzative 

was also sent (under independent funding) to v i s i t  f a c i l i t i e s  in Karlsruhe and 

Heidelberg, Wesz Germany. and to i d e n t i f y  and compile thermal NOx data. One 

sez of thermal NOx has been obtained from West Germany. 

Deta i ls  of the experimental work being conducted at BYU under 

i~ependenz furd ing were discusse~ prev ious ly  in the 9 th Quarter ly  Report 

(Soiomo~ e~ a l . .  1988). Exiz concentrat ions and temperature are being 

measured for nazural gas zests with va r ia t i on  in swir l  number, s to ich iomet r ic  

r a t i o ,  and wali temperazure. Stoichiometr ic r a t i o  is being varied from 1.0 to 

i . ! 5 .  Over t h i s  range, prompt NO formation is minimal due to fue l - lean  

~peraz~o~. an~ N20 formation is neg l i g i b l e .  A f u l l  reactor map w i l l  be 

m:asu,.~ az a spec i f ied  ,zoichiometr ic r a t i o  and swir l  number to provide 

sQa,,;al resoluzion of thermal NOx. 
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The daze which were ob ta ined  az Kar lsruhe Umivers izy  (Ko le .  1989] ~!~[ 

~ook p romis in~  f o r  eva iuaz in~  ~he z~ermal NO mechanism. They are. ~ O ~ e r .  

l i m i z e c  zo e f f l u e n t  NO~ c o n c e n t r a t i o n  ane tempera tu re .  None of zme major 

species were reporZec amd because the natura l  gas compos i t ion  var ie~ d i v e r s e l y  

Cur ing  zme exser imenza] ~rogram, the composi t ion of  the feeJ i s  not ex~cz:y 

known, in  t h i s  Study. =uel meet ing ra te .  s z o i c h i o m e t r i c  r a t i o  amc s x i r i  

n~mber were Da ramez r i ca l : y  v a r i e d .  These daze w i l l  p rov ide  a q ~ a l i t ~ z l v e  

re fe rence  fo r  model e v a l u a t i o n  and wi~ l  complement the  comparisons Zma< ,,,;i~] 

be mace w i th  the data co i iec tem in the BYU reac to r .  

A fT rsz  model p red i cz i on  was made using the j o i n t  thermal and fue l  ~0 

mechanism of  M i t c h e l l  and T a r b e l l  ( !982)  as ~ iscussed in  zhe 9: n Quirzer~:. , 

Repor t .  F igures I ! . G - l a  and Lb compare NO anQ HCN c o n c e n t r a t i o n s  fo r  zr, i~ 

a ! z e r n a z i v e  mechanism wi~h p rev ious  p r e d i c t i o n s  made us ing  the  rev i sed  ~C:~ 

submocei end a l s o  exper imenta l  ca ta .  For t h i s  f i r s t  case. the mechanism o~ 

Mizzhel~ and T a r b e l l  ( !982)  p r e d i c t s  NOx c o n c e n t r a t i o n s  we l l  above bozm ~he 

measured values and the p r o f i l e  p red ic ted  by the fue l  NO mechanism of Smith eL 

e l .  (Z982) .  HCN comcemzrations are c l o s e l y  p r e d i c t e d  by both mech~nisms. 

Znzerpre~azion of tmese predictions wil l  be made. ~Iso, acc i t io~l  
~re~ i cz i ons  w i l l  be made fo r  low- rank  coals and g a s i f i c a t i o n  cond i t i ons  v h ~ e  

the NH~ concen t ra t i ons  are s u b s t a n t i a l l y  h igher  and the o r i g i n a l  NO~ model h~s 

not s u c c e s s f u l l y  preCicted NO× concen t ra t i ons .  

~x-Sorbent Re~_ctio.n~ Submodel Develonment 

P!ars to make e Q u i i i a r i u m  SOx p r e d i c t i o n s  have been completed f o r  co~l 

comaus; ion cases and have been regor ted  p r e v i o u s l y  in  the 9 ~  Ou~r~er ly  

Report .  P r e d i c t i o n s  f o r  g a s i f i c a t i o n  cond i t i ons  are awa i t i ng  improvememts in 
~ r m r  . ~ : ~ - 2  zo so lve  the  f u l l  energy equat ion  fo r  f u e l - r i c h  c o n d i t i o n s ,  ar, d to 

p rov ide  f o r  s o l i d - p a r t i c l e  f lows in  a l l  i n l e t  streams. Progress is  beimc m~ee 

uncer SuDtas> 3 a :o improve the  robustness of  the  code f o r  COm,~erm <~'- 

g a s i f i c a t i o n  s imu laz ions .  Once t h i s  is completed, am increased emphas~s ~ i l ]  

be ma~e in complet ing the SOx-sorbent reac t ions  submodel. 

The zest  program fo r  measur ing therma~ NO in  am ACER",,. reac to r  ,,,,<]], :,e 

completed. Ef for , ;s  w i l l  -hen focus or t e s t i n g  and v a l i ~ a ; i n c  the rev lse~ ~i0, 
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•- Measured (A.s,ay, 1982) 
...... Original Moael 

Revised-fuel only 
- -  Revised-fuel and thermal 
- - -  Revised-fuel and thermal 

optional rate expression 
. . . .  Revised. Alternative 

Global mechanism (Mitchell 
and Tarbell, 1982) 

• 5oc, T - -  

Z 503 

oo 3 -~ 08 :2  

Axial Distance 

~.5 

Z 

5.00 
b) 

4 0 0  i 

3031 

~O0 

09 

| ' ' j . . . . .  5 " '  " i 

04 OB ~2 

Axial Distance 

"5 

Fic~ ~ : .  . i I . G  -I_. Comparison of measured an~ p r e d i c t :  ~.~ a) NOx and 
b) HCN concent ra t ion using %he o r i g i n a l  
submtCe~ and the rev ised submodel. 



suDmode~ u~img ~he ~x~=r~men ~7 ~a~a ~ r e c i c s i o s ~  w~77 ~ ,~7S0 S~ ~ "  _ 

:me a~mernam:~e TUe: ,,O mechan ism ~nC COmDarec wT~h %he e x ~ s L i n c  TUe: %C 

mechanism =~r "~w-rank (~!g~!me~ ccaT. 
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i i . H  SUBTASK 2.H - -  SOx/NOx SUBMODEL EVALUATION 

S e ~ i ¢  ~ Z ~ v e ~ t i g a t o r  - Paul  O. Hedman 

~ r !gmam Young U n i v e r s l z y  

~ r c v o .  3zah 8z602  

C8~1) 3 7 8 - 6 2 3 8  

. ~ - ..~=_ ~ Da i d  B r a ~ t n w a i z e ,  Aarom mumer ,  

La~eR e ~ r t s m a n ,  Gregg  S h i p s  

Obiective~ 

o ~ . = ~ -  es C - ~ i s  S u z ' a s k  a r e  ! )  zo  oD..-  d e - a  . . . .  t u r D u z e  ~e 

, - .eas~re, , -enzs - ' o r  r a c ! a : ,  c ~ c s s - ~ e z  i n j e c z i o n  o f  s c r b e n z  o a r : i c i e s  i n  a c o ] d -  

= 'c . . ;  . ~ a c : - : - y  z - s i c n e c  - :  r e ~ Z i c a - e  zhe  g e o m e z r y  o f  a 2-D c o m b u s - o r / g a s i - i e r ,  

_ . ~ ~ ~,, : cLa'a f o r  s u l f u r  and n i z r o c e n  ~^"  9;  c j - ~ . : ~  c c , . : e , , - r . = z i ~  : r C ' < "  , . ~ , i u z a n z  s p e c i e s  

. t o m  ]~ ~ ' : ' ~ " '  " ~ c t e s t s  a -  a % m o s p h e r i c  and  e , =  ~ ' - : ~  . ~  . . . . .  y - s c a  e .  c c a "  . e a  - : o n  . v  . . . .  

~ r e s ~ r e  w . : - ,  a~,d w i - ~ o u t  z~e : r e s e c c e  o f  s o r b e n z s ,  and 3)  t o  i n v e s z i ~ a ~ e  t h e  

e - ' f e - z  --'~, ~ . r e s s ~ r e  on -he. e-:e." , ' -~ness~., . ,  o f  s o r D e q z  , n j - c = ~ o , ~  i,,~ ~-=.otur in~.  

~ .  L ~ Z S .  

~ l i s h m e n t s  

T c : ~  _=~ : :esk  isas t e e n  co.,~:--'eze# and r e p o r t e d  i ~  . . . . . .  p r e v i o u s  Qua ~ ' , ~  anc 

. . , : n , . : ~  c u r i n g  ~ h i s  q u a r t e r .  

Plans 

~,~ - ' J ~ e r  w.~rk ~ D,~ ~, =~ : . • , .  " , r : . .  ,s  - ~ h i s  s u b t a s k .  
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