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ABSTRACT 

A mathematical model has been developed to simulate the Texaco 
Downflow Entrained-Bed Pilot Plant Gasifier using coal liquefaction 
residues and coal-water slurries as feedstocks. The entrained-bed 
gasifier was conceptually divided into three zones: the Pyrolysis 
and Volatile Combustion Zone, the Gasification and Combustion Zone, 
and the Gasification Zone. The gas phase was assumed to be completely 
mixed at the entrance region followed by a region approximating plug 
flow. The solid phase was assumed to be a plug flow throughout the 
reactor. Temperature and concentration profiles along the reactor 
were obtained by solving the material and energy balances and taking 
into consideration the gasification kinetics, the transport rates 
and the hydrodynamics of the gasifier. The results of computation 
from the proposed model were compared with the experimental data. 
Sensitivity of the parameters used in the model was tested and 
optimum operating conditions were searched to provide a better under- 
standing of the performance under various operating conditions 
utilizing the model. 

iv 



., I. Introduction 

Entrained-bed gasifiers are co-current flow reactors in which 
pulverized or atomized hydrocarbons react with oxygen and steam to 
produce gaseous fuels of low to high heating range values. The 
residence time in an entrained bed system is approximately five " 
seconds and is much shorter than in a f!uidized bed or a fixed bed 
system. Toachieve a high conversion rate the reactor must either 
have a recycling of unreacted hydrocarbons or  a more Substantial 
amount of feed oxygen to react w~th parts o f  the feed hydrocarbons 
in order to provide a high temperature environment for promoting 
gasification rates. Furthermore, most gasification reactions in the 
reactor are endothermic and require a large amount of heat which must 
be provided either from combustion reactions or from outside heat 
sources. 

T h e  Texaco Syathesis  Gas Generat ion Process [1 ]  con ta ins  a d o , f l o w  
entrained-bed gasifier which was first designed to convert natural gas 
to s>~thesis gas (CO+H2). Further developments enable theuse of light 
oils, asphalts mud coal-water slurries as feedstocks. Recent!y Texaco 
demonstrated that it is possible tO gasify molten coaliiquefaction 
residues in:o synthesis gas (CO-H2) by an entrained bed gasifier. Host 
of the liquefaction processes currently being developed require hydrogen 
or synthesis gas (a mixture o f  hydrogen and carbon monoxide) to solubilize 
the coal. This entrained bed system is able to produce the needed 
hydrogen or synthesis gas for liquefaction processes primarily from the 
non-liquefied fraction of the coal with very high carbon conversions 
(S1-99%). 

The entrained-bed gasifiers currently being developed have several 
advantages over other proposed and existing gasification processes: 

1. ability to utilize any type o~ coal or coal residues 
irrespective of swelling and caking including fines; 

2. high coal throughput capacity particularly at high pressure; 

3. product gas free o f  t a r s  and phenols; 

4o high carbon utilization ~ due to high reaction rates. 

However the required high temperature operating condition also means 
disadvantages such as: 

I. difficulty in the selection of refractories and construction 
material in the combustion zone; 

. 

. 

problem of sensible heat recovery in order t o  efficiently 
utilize the high temperature outlet gas; 

large amounts of oxygen needed to maintain such a high 
temperature operating condition. 



This  paper  r e p o r t s  on the  development of  a s t eady  s t a t e  model fo r  
the  n o n - r e c y c l i n g  en t r a ined -bed  g a s i f i e r s .  The r e s u l t s  r epo r t ed  here 
w i l l  compare wi th  t he  p i l o t  p l a n t  r e s u l t s  of  the  Texaco Syn thes i s  Gas 
Generator  which use s eve r a l  kinds o f  coal l i q u e f a c t i o n  r e s i d u e s  and 
c o a l - w a t e r  s l u r r i e s  as f eeds tocks .  This  model a l so  a s s e s s e s  t he  
importance o£ each input parameter and provides criteria for scale-up 
purposes .  

1.1 Texaco Entra ined-Bed P i l o t  P l an t  G a s i f i e r  

The Texaco p i l o t  p l a n t  g a s i f i e r  shown s c h e m a t i c a l l y  i n  F igure  I 
i s  de sc r ibed  in  d e t a i l  i n  a r epo r t  by Texaco 's  Montebel lo  Research 
Labora tory  [1] .  The 5 f t .  f i ame te r  by 20 f t .  long s t e e l  v e s s e l  ~s 
dived i n t e r n a l l y  i n t o  two s e c t i o n s .  The top s e c t i o n  i s  l i n e d  wi th  a 
s p e c i a l  refractory material s p e c i f i c a l l y  des igned  to  w i t h s t a n d  the  
severe  o p e r a t i n g  environment expected.  In t h i s  s e c t i o n ,  combustion and 
g a s i f i c a t i o n  r e a c t i o n s  take  p lace .  The lower s e c t i o n  i s  a quench v e s s e l .  
A r e s e r v o i r  of  water  i s  main ta ined  in  the  bottom of  t h i s  v e s s e l  a t  a l l  
t imes by cont inuous  i n j e c t i o n  of  coo l ing  wate r .  SynEas l eav ing  the top 
s e c t i o n  of  the  g a s i f i e r  passes  through a water  cooled dip tube i n to  the  
water  r e s e r v o i r  i n  the  quench v e s s e l .  S lag ,  most o f  the  soo t ,  and 
unreacted hydrocarbon carried with the syngas remain in thewater and 
are ~hen removed. The saturated syngas is removed from the gas space 
above the water. 

The p u l v e r i z e d  c o a l  l i q u e f a c t i o n  r e s idue  i s  made pumpable by mel t ing  
the  r e s i d u e  which i s  kept  a t  400°P-500°F and then  b lended  wi th  2-7% 
aromat ic  s o lven t .  The molten r e s i d u e ,  oxygen and steam are  fed through a 
p r o p r i e t a r y  Texaco Burner i n t o  the  top of  the  p i l o t  p l a n t  g a s i f i e r .  Al l  
o f  the  exper imenta l  runs  wi th  coal  l i q u e f a c t i o n  r e s i d u e s  were conducted a t  
a p r e s s u r e  o£ 24 atmospheres .  

For coa l -wa te r  s l u r r y  runs ,  the  coal  i s  mixed w i t h  water  and preheated  
to  a tempera ture  below s a t u r a t i o n  p o i n t  so t h a t  wa te r  i n  the  s l u r r y  en t e r s  
the  r e a c t o r  as a l i q u i d .  I t  has been r epo r t ed  t h a t  t h e  s l u r r y  can be mixed 
and pumped a t  s o l i d  q o a d i n g  as h igh  as 70%, i . e . ,  a t  a w a t e r / c o a l  r a t i o  of  
0.4 [74].  The o p e r a t i n g  p r e s s u re  f o r  coa l -wa te r  s l u r r y  runs  i s  about 21 arm. 

1.2 Raw Mate r i a l  P r o p e r t i e s  

Table~I  l i s t s  the  u l t i m a t e  a n a l y s i s  and some p h y s i c a l  p r o p e r t i e s  of  
the  two coal  l i q u e f a c t i o n  r e s idues  as r e c e i v e d  a t  t h e  Montebel lo 
Research Labora tory  [1] .  The Wyodak coal  r e s i d u e ,  on t h e  average ,  was 
much more v i scous  than  the  I l l i n o i s  No. 6 coal  r e s i d u e  a t  the  ope ra t ing  
t empera tu res .  I t  i s  t h e r e f o r e  expected t h a t  t he  p a r t i c l e  s i z e  of  Wyodak 
coal  r e s i d u e  a f t e r  be ing  sprayed through the  i n l e t  n o z z l e  i s  l a r g e r  than 
t h a t  of  I l l i n o i s  No. 6 r e s i d u e .  

Appendix 5 and 4 give the ultimate analysis of the input fuel and 
the operating conditions respectively for seven typical runs at Texaco's 
pilot plant testing facility. 
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TABLE I 

Average Analysis of H-Coal Liquefaction Residues as Received [I] 

Ultimate Analysis Illinois No. 6 Wyodak 
Wt. Pct. 

|,m , ,| ,, 

C 69.73 78.06 
H 5.21 5.32 

N 0.81 0.93 

S 1.38 0.05 

Ash 19.96 10.86 

C1 0.21 0.03 

0 (by diff.) 2.70 4.75 

,,Typical ,, Viscosity 

CP @ 177"C (350°F) 

CP @ 204°C (400°F) 

CP @ 232°C (450°F) 

1,700 ..... 

440 5,900 

150 2,000 

.Ssecific Gravity 

@232°C (450°F) I. 18 1.01 

Gross ~eatln~ Value 

Cal/gm 

BTU/Ib 

7,333 
13,200 

7,722 
13,900 



II. Reactions in an Hntrained-Bed Gasifier 

In an entrained-bed gasifier~ oxygen (or air), s.tezm and hydro- 
carbons are introduced simultaneously either from the top or from the 
bottom of the reactor and trave! in the same direction. Hxtreme!y high 
temperature is to be exgected in the gas phase near the fuel due to 
the inlet combination of a high oxygen, concentration and the s~bsequent 
combustion of volati!es produced by rapid pyrolysis which is enhanced 
by such a high tem~oeratu~e environment. This phenomena is ve~ " 
similar to that which occurs near the inlet of a coal combustor or a 
uti!itT boiler. The heat produced by combustion will thereafter support 
the endothermic gasification reactions. 

Fuel traveling along the reactor is successively devol~tiiized, 
burned ~.%d gasified. The gasifiez can be conceptually divided into 
three zones: 

I. Pyrolysis and Volatile Combustion Zone 
2. Combustion and Gasification Zone 
3.  Gasification Zone 

2.1 Pyrolysis and Volatile Combustion Zone 

Both coal and coal liquefaction residues that have been used in 
an entrained bed system are polymeric compounds consisting of C, H, O, 
N, S and ash. The input fuel, when heated to high temperatures, 
decomposes and produces volatiies which consist of a mixture of 
combustible gases~ carbon dioxide~ water vapor and tar. The pyrolysis 
reaction can be represented as follows: 

C H 0 N S A >C HO N SA 
~. 8 7 6 s ~ - O Y ' ~  ~ 

i i i i 
( R a w F u e ! )  (Char) 

+ Vo!atiles (CO + H 2 + C02 

÷ CH 4 + +.Nz ÷ Tar) ( l )  

Since oxygen is rich in the pyrolysis zone, the burning 6f combustible 
vo!ati!es CCO, H 2, CHd~ tar and hydrocarbons etc.) can be assumed 
co~-91ete. A large amount of heat is thus produced in the gas phase 
which heats the solid fuel rapidly to the pyrolysis temperature. 

2.2 Combustion andGasification Zone 

In the Combustion and Gasification Zone~ the devo!atilized char 
reacts with the remaining oxygen to produce C0/C02~ and with ste~ms~ud 
C02 to produce CO and H 2. The combustible gases, CO and H2, in turn 
react in the gas phase with oxygen to produce more heat. The followin~ 
reactions are considered in this second zone. 

( i )  Cha.r-Oxy en Reaction: 

÷ C2) 



(ii) Char-Steam Reaction: 

CaH~OyN~SeA + (a - ~-)/r120 .------> 

co ÷ + < ) . 2 ÷   .2s ÷ * C~) 

(i£~) Char-CO 2 Reaction: 

CaHBOTN~SeA + aCO 2 -----> 

2 c~ C0 +-~H20 ÷ (2B---e-y )H 2 + eH2S + ~ 2  + Ash (4) 

(iv) H2 ÷~2 ÷ H20 (5) 

(v) C02+ 2~2 * CO 2 (6) 

2.3 Gasification Zone 

The combustion gas flows into the Gas i f i ca t ion  Zone where fu r t he r  
heterogeneous reactions occur along ~ith the water-gas-shift reaction. 
Hethane is produced by hydrogasification of char but is r~duced by the 
methane-steam reforming reac t ion .  Therefore,  in the Gas i f i ca t ion  Zone, 
three  more reac t ions  occur in addi t ion  to the char-steam reac t ion  
and char-CO 2 reac t ion  (Eq. 3 and Eq. 4) :  

(vi) Char-H 2 Reaction 

C H 0 N.SeA ÷ (2~ ÷ Y ÷ • - ~)H2---- . . . -~ 
~B 7 o 

CH 4 ÷ 7 H20 ÷ ¢H2S ÷ ~N2 ÷ Ash C7) 

(vii) CO + H20~ C0 ÷ H 2 (8) 

( v i i i )  O{ 4 + H 2 0 ~  CO + 3 H 2 C9) 

The f i n a l  products leaving the g a s i f i e r  are mainly CO, H 2 and 
CO 2. Since v o l a t i l e s  are burned in the  oxygen-rich zones, no t a r  appears 
in - the  product.  H2S and N2, which o r ig ina t e  from the su l fu r  and 
n i t rogen  r e s p e c t i v e l y  in the raw f u e l ,  toge ther  with CH4, c o n s t i t u t e  
the minor species of  the gas product .  
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III. Coal Gasification Reaction Kinetics 

Major solid-gas reactions involved in coal gasification are 
pyrolysis, char-stemmschar-carbon dioxide, chsm-oxygen andchar- 
hydrogen reactions. Pyrolysis reaction which releases the moisture 
~nd volatile matter in the raw fue!~ is usuilly the first to occur 
~nd the fastest among these reaction£. In addition to major Chemical 
changes, there is a substantial change in the physical characteristics 
of the fuelparticle during the rapid stage of pyrolysis. The yields 
of volatiies and their composition depend not only upon the volatile 
matter content o f  the raw fuel but also on the temperatures pressure and 
rate of heating during pyrolysis. For temperatures below IO00°C, char- 
stesm~ char-carbon dioxide and char-hydrogen reactions are usually slow 
and take place according to the volumetric reactions. However, at 
temperatures above 1200©C, the rates of these reactions~ perhaps except 
for that of the char-hydrogen reaction, are controlled by gas film 
diffusion and ish layer diffusion. In an entrained bed reactor, the 
operating temperatures are usually much higher than lO00©C, sad therefore 
diffusion through the gas-film ~nd ash layer is the controlling factor 
in the gasification. Since the particle loading in an entrained bed 
gasifier is sm~ll (less than 1% of reactor vo!ume)~ particle collisions 
are ~nlike!y to be frequent and the ash layer formed can be assumed to 
remain on the fuel particle during the reaction. It is thus reasonable to 
assume that the reaction rates maybe estimated by the Unreacted-Core 
ShrinkingModel [19] for an entrained-bed gasifier. The kinetics of 
each individual reaction are discussed in the following sections. 

3.1 P)TO!zsis 

Coal, when heated to high temperatures, decomposes producing 
volatiles which consist of a mixture of combustible gases, carbon 
dioxide, water vapor and tar. The degree of coal devo!atilization 
depends not on!yon the type of coal, but also on the operating condi m 
tions such as heating rates temperature and pressure. Rates of coal 
pyrolysis in an inert atmosphere have been investigated by many re- 
searchers. Equations of Badzioch and Hawks!ey [H]s Anthony and 
Howard [4] and Wen eta!. [5] arebased essentially on the concept 
that the rate of pyrolysis is proportional to the &momut of volatile 
content remaining in the coal: 

= - V) (lo) 
dt 

where 

k = koex p (-E/RT) 

For Badzioch and Hawksle¥[S] and for I?en et al. [5], the activation 



energy, E, is a constant. Following the idea of Pitt [6], Anthony 
and Ho~mrd [4] introduced Gaussian distribution of activation energy, 
E, with a mean value of E o and a standard deviation of ~. Suuberg 
et al. [9] applied this model to simul~te their experimental results of 
product distribution ~ud kinetics of lignite pyrolysis. Since this 
model required a number of parameters which depend on coal type the model 
is difficult to adapt to modeling of coal gasification reactions. Russel 
et al. [21] recently proposed an elaborate model describing the com- 
bined effect of chemical reaction and mass transfer occurring in a 
single coal particle during hydropyrolysis or pyrolysis. The activation 
energy reported by Badzioch and Hawksley [5] for ten types of coal is 
17.8 Kcal/mole while Anthony and Howard [4] reported a wide range from 
2 to over 50 Kcal/mole which depends on coal type and operating condi- 
tions. Differences in equipment and experimental procedures are also 
reasons for such a discrepancy of the data reported. In this study, 
the activation energy, E, and the pre-exponential factor, ko, are 
selected according to Badzioch and Hawksley [3]. Eq. (i0) is re-written 
as: 

dV [V" ~-= 1.14 x I05 exp (-8900/Ts) • - V} (n) 

Badzioch and Hawksley's equation [Eq. (II}] predicts a higher pyrolysis 
rat~. than no3t o~her vxisting data ~b.ich has been ~ummariz.~d by Anthony 
Howard [4]. However, in an entrained bed gasifier, all the volatiles 
produced in the pyrolysis stage will burn completely in the oxygen-rich 
zone. The accuracy of the pyrolysis rate expression will not have an 
important effect on the model's results. Thus, Hq. (11) is used to 
calculate the rate of pyrolysis in this study. Experimental studies [7] 
show that volatile yields increases significantly with corresponding 
decreases in operating pressure, increases in hydrogen partial pressure, 
and increases in the final temperature of the particle. The volatile 
yield also increases slightly with increasing rate of heating. Anthony 
et al. [4] were able to explain the pressure effect on the volatile 
yield by a mathematical model which considers the competition between dif- 
fusional escape and the secondary reactions o£ reactive volatile species 
during the pyrolysis process. Their expression is shown as follows: 

v- = Vnr* + vr*.l Cl + 0.S6 Pt) (12) 

where Vnr* is the potential ultimate yield of volatiles at very high 
pressure (greater than I00 arm), and Vr** is the portion of volatile 
yield that exceeds V__* at very low pressure (less than 0.001 arm.). 
However, Vnr* and Vr~ are different for different types of coal and 
there is currently insufficient experimental data on these quantities 
available; at this time, most experimental data are available for only 
1 arm. conditions. This expression can not be applied directly in a 
gasification model. In this study, linear interpolation of their data 
is made to account for the pressure effect; 



V* = V* (at 1 arm.) " (I - a in Pt) (iS) 

where a is calculated to be approximately 0.066 for bituminous coals. 
This expression can be used to estimate the total yield of volatilesj 
if the total pressure in the gasifier is between O.1 arm. and 50 arms. 
However, the estimation of volatile product composition is difficult~ 
since it depends more significantly on fuel type, operating conditions 
and solid residence time. Experiments have been d6ne by Loison and 
Chauvin [8] and Suuberg et al. [9] to measure the product composition 
of pyrolysis for several types of coal. Suuberg et al. [9] correlated 
their experimental results by using a model with the distribution of 
activation energies. The data of Loison and Chauvin can be summarized 
and shown graphically in Figure 2. [8]. The yield of hydrogen is 
seen to be independent of coal rank~ whereas those of all other vola- 
tile constituents increase with increasing proximate volatile matter 
contents. Based on information on the amount of hydrogen, the ratio 
of CO/CO 2 and H20/C02 obtained from Fig. 2, together with the material 
balance on elements, C, H, O, N, S, one can roughly estimate %he pro- 
duct distribution for a pyrolysis process. 

3.2 Volatile Combustion 

Vo!atiles produced on pyrolysis burn With oxygen either immediately 
as the volatiies leave the particles or after the volatile jets break 
through a distance from the particle. Two hypotheses for the combus- 
tion during pyrolysis have been proposed regarding whether or not the 
burning occurs in the coal particles. Howard ar.d Essenhigh [22] assumed 
that the burning of vo!atiles occurs both in the interior of the solid 
as well as within the laminar layer of gas surrounding the particles. 
Field et al. [10], on the other hand, assumed that because volatiles 
mix with oxygen at the paPticle surface and the burning rate is 
extremely fast, the overall rate is likely to be controlled by the 
boundary layer diffusion. Dobner et al. [15] argued that combustion 
of volatiles proceeds in the laminar layer outside of the particle and 
that oxygen cannot reach the interior of the particle until the com- 
bustion of volatiles outside of the particle is completed. 

An alternative model is based on a common assumption that vola- 
tiles react rapidly with oxygen to form CO and H20 with the subsequent 
CO oxidation as the rate determining step. According to .Hottel et al. 
[23], the following equation can be used to calculate CO oxidation rate: 

dCco O. 5 O. 5 
- ' - - =  A • • exp(-16,000/RgT) (14 )  d t  " CCO C02 " CH20 " 

3 " 

~'here the concentration terms are ex~re_sed in g mole/cm and the value 
of A ranges from 3 x i0 I0 to 18 x I0 0 At combustion temperature of 
about 1500°C, CO combustion rate is about 105 times greater than the 
subsequent burning rate of char and oxygen. 
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In an entrained bed gasifier the burning of carbon monoxide can 
be assumed to be almost instantaneous. This is due to the following 
two facts: (I~ the reaction temperature in the combustion zone is 
very high (> 1500°C); (2] both oxygen concentration and steam concen- 
tration are high inthe combustion zone especially when operating at 
high pressures. In the model development, Eq. (5) andEq. (6) are 
thus assumed complete as long as Oxygen exists. Compariso~ has been 
made against the above assumption by UsingHq. (14) to calculate CO 
combustion rate in the model. However, no significant difference in 
results has been found. 

< 

3.3 Char-Gas Reactions 

The char formed as the result of the first stage reaction~ ~amely 
pyrolysis and volatile combustions, is very different from its parent 
coal in size, shape and pore structure. Thechar-gas reactions are 
heterogeneous reactions and can be classified into two distinctmodes 
of reactions, i.e., volumetric reaction and surface reaction. In the 
volumetric reaction, the gas diffuses into the interior of the particles 
and the reaction takes place throughout the interior of the particle. 
The intrinsic reaction rate for volumetric reaction is usually much 
slo~er than the diffusion rate and is usually the rate controlling 
step of the process. In the case of surface reaction, the reacting 
gas does not penetrate into the interior of the solid particles but 
is confined at the surface of the "shrinking core of unreacted solid" 
[II]. Generally, the Surface reaction occurs when the chemical reac- 
tion is veryfast, and diffusion is the rate controlling step. 

In an entrained bed gasifier, most char-gas reactions can be 
considered as the surface reaction because of high operating temperatures 
(above iO00°C). Since the solid loading in an entrained bed gasifier 
is very small, the particle collisions are unlikely to be frequent and 
therefore the ash layer formed can be assumed to remain on the fuel 
particle durin E the reaction. The Unreacted-Core Shrinking Nodel [!i] 
is applied in this study to estimate the heterogeneous solid-gas re- 
action rates. In this model the effect of both ash layer diffusion 
and gas film diffusion is considered in addition to chemical reaction 
effect. The overall rate~ according to this model~ can be expressed as 
follows : 

Rate = 1 • (Pi.- Pi e) (15) 

Kdg Kdash y2 ks 

~vherc 

rC Y~ 
R 
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r c is the radius of the unreacted-core 

R is the radius of the whole particle including the ash layer 

(Pi - Pi*) is the effective partial pressure of the gas taking 
into account the reverse reaction effect 

kdg is the gas film diffusion constant 

k s is the surface reaction constant 

and kdash is the ash diffusion constant. 

The ash diffusion rate constant, kdash, depends both on the gas dif- 
fusity and the voidage of the ash layer. Here, kdash is roughly 
estimated by the following correlation [ii]: 

e 2"5 
kdash- kdg • E {16) 

where E iS t h e  vo idage  o f  t he  ash l a y e r .  

Detailed descriptions of the kinetics for each individual solid- 
gas reaction are given in the following sections. A summary of the 
rate expressions used in the model development is given in Appendix 2. 

3.4 Char-Oxygen Reaction 

The mechanism of char-oxygen reaction is better understood than 
either pyrolysis or volatile combustion. Thring and Essenhigh [24] 
showed that the burning rate of the char-oxygen reaction is zero order 
with respect to oxygen concentration below 1200°K and is first order 
between 1200°K and 2200°K. The rate determining step in the combus- 
tion of char varies depending on the range of temperature, particle size 
and specific surface area of the char. Field [25] reported the burning 
rate of pulverized coal of various sizes and showed that for small 
particles (below 50 microns) the combustion is chemical reaction con- 
trolled while for large particles (above I00 microns) combustion is 
diffusion controlled. Mulcahy and Smith [26] reported that the burning 
rate at temperatures higher than 1200OK and for particles larger than 
i00 microns is determined by diffusion rate of oxygen to the surface. 

Both carbon monoxide and carbon dioxide are formed as primary 
products of the surface reaction as shown in the following equation: 

i 1 2 I )CO 2 (17) c* + T  2 (I co + ( T -  

where C* represents the carbon in the char and ¢ is the mechanism factor 
of the combustion reaction (moles of carbon consumed per mole of oxygen). 
¢ takes a value of 2 when CO is the direct product of char-O 2 reaction 
and a value of I when CO 2 is the direct product. Arthur [27] presented 
an empirical correlation for CO to CO2 ratio as follows: 



1S 

C O  105.4 ..exp C-12400/RT), T in "OK Ci8) 
C02 

It is apparent that CO is the dominant product at high temperature. 

The burnin~ mech~uism o£ char and the product sas concentration 
distributions around the burning char are very complex, and many 
researchers have proposed different models [20]. STnen the combustion 
is controlled by diffusion a!one~ Borghi et al, [28] suggested that 
for large particles it is possible for the rate of the reaction 
2 CO + 02 ÷ 2 CO O to be fast enough to consume all the oxygen before 
it reaches the c~rbon surface. The CO then is supplied by the re- 
action CO 2 + C + 2 CO. If the reaction is kineticaily controlied~ 
the atmosphere surroundin~ the particle will be approximately uniform~ 
and CO 2 and 02 will have equal opportunity to reach the surface. The 
C + CO 2 reaction then is too slow to compete with the oxidation by 02. 

Wicke and Wurzbache [29] measured the concentration profiles of 
CO~ CO 2 and 02 in the thin film surrounding a burning carbon rod and 
found evidence of the existence of a maximum in the concentration of 
CO 2. DeGraaf [S0] and Kish. [Sl] found a temperature maxima of gas 
surroundin~ the particle which is several hundred dezrees above the 
solid surface temperature. 

On the other hand, Avedesiaa and Davidson [32] suggested that 02 
and CO burn rapidly in a very thin reaction zone surroundin~ the 
particle. Carbon monoxide produced at the surface diffuses out toward 
the reaction zone while 02 from the main stream diffuses in and burns 
in a diffusion flame to produce CO 2 as shown in Fig. 5. According to 
their mode!, no CO appears in the main stream when there is an abun- 
dant supply of 0 2 . 

Essenhigh [SS] presented a physical model as shown in Fig. S. 
Gases diffuse through the boundary layer and penetrate into the porous 
solid. C-CO 2 and C-CO 2 reactions occur heterogeneously at all available 
surfaces, exterior and-interior. In his model the CO/CO 2 ratio rises 
with temperature~ and CO becomes the principal product at about 1000°C 
and above (Arthur [27]). The CO also reacts in the gas phase with 
oxygen to produce C02, partly in the particle pores and partly in the 
boundeD" layer of the char. As the oxygen concentration in the main 
stream is enriched, there is more CO burn-up inside the solid. 

Caram and Amundsen [54] suggested that !arEa particles(> 2 ram) 
bu_-n according to the double film theory [55] shown in FiE. 5~ whereas 
small particles (< 100 microns) burn according to the single film 
model. In analyzing the homogeneous combustion of CO and the hetero- 
geneous reaction of carbon wit~ oxygen and with carbon dioxide according . 

tO double film mode!s, they concluded that large particles (5 mm) tend 
to reach an upper steady state in which the particle is surrounded by 
a CO flame. For very small particles (< 50 microns) such a fisme does 
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not develop. Thus, it is evident that the char-oxygen reaction 
occurs in the interior surface of smaller particles at low tempera- 
tures because oxygen does not get consumed near the external surface 
while enough is supplied to the interior by the pore diffusion from 
the bulk phase, 

The mechanism factor, ¢, is thus a function of coal type, particle 
size and temperature. For large particle sizes, ~according to the 
double film model [34], CO 2 might be the only product gas in the 
char-oxygen reaction. Arthur's correlation [27] is applicable only 
for small particle sizes. Wen and Dutta [19] proposed a correlation 
for a rough estimation of the m6chan~sm factor~ #, by a linear inter- 
poration between small particle sizes and large particle sizes. This 
correlation is sho~a below: 

¢ = (2Z + 2)/ (z + 2) for dp <__ 0.00S cm 

= [ (2z  + 2) - z (dp - 0 . 0 0 5 ) / 0 . 0 9 5 ]  / ( z  + 2) f o r  

0.005 cm < ~ <_ 0.i cm 

and  

(19) 

= 1.0 for ~ > 0.I cm 

where z = 2500 exp (-6249/Tm) 

arld T m = (T s + Tg) / 2 in OK 

The above equations become Arthur's correlation, [Hq. (18)], when 
the particle size is smaller than 50 microns. 

The chemical reaction rate constant and the. gas film diffusion 
constant given by Field etal. [10] is shown respectively as follows: 

k s = 8710 exp [-17967/Ts) gm/cm 2 • sec • arm. (209 

0.292 D 
kdg = dp T m (21) 

where D -- diffusivity of oxygen in the gas film 

Tg 1.75 ~el___) = 4.26 ( 1 - ~ )  ( (22) 

In spite of a great number of studies available on coal combus- 
tion rate, the understanding of the phenomenon is far from complete. 
In factj the combustion rate data available up to now are very con- 
fusing even for relatively small particles. As shown in Fig. 4 
[25, 26, 36, 37, 38], the rates of combustion seem to be affected by 
the types of coal but the quantitative effect of the temperature and 
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particle size as well as the rate determining factors are not yet 
clear!yunderstood. This is primarily due to the difficulty in 
experimental evaluation of the particle temperature and the measure~ 
ment of changes in physical properties of coal during the course of  
combustion. 

By applyin~ Eq. (!6) - H4. (19) in the UnreactedzCore Shrinking 
Model~ the rate of char-oxygen reaction isshown graphically for 

= 550 microns and Pt = 24 arms. in Fig. I0 in Appendix 2. 

3.5 Char-Steam Reaction 

Char-steam reaction is one of  the most important reactions in. 
i ndus t r i a l  pract ice fo r  generation of  CO snd H2° Most of  the e a r l i e r  
investigators, [39, 40] used Lan~muir-typeadsorption equations to 
express the rate of this reaction. This reactionis a~psrently 
controlled by chemical reaction between i000°C andl200°C for particles 
smaller th~u SO0 microns and is affected by diffusion through the pore 
in the char above 1200©C [41~ 42~ 45]. 

While most literature treated the carbon-steam reaction as a 
volumetric reaction, Riede and Hauesian [44] found that the graphite- 
ste~ reaction is surface reaction controlling between 500~C and 900~C 
~ud the gas film diffusion becomes ~r.adually important above 700¢C. 
The data obtained by Gray sad Kimber [45] of BCURA represents the only 
set of kinetic measurements ma~e on the gasification of .pulverized 
char aZ flame temperature. They estimated the surface reaction constant 
at 2500©K and 2800©K, from which the activation energy is calculated 
to be 42 Kcal/g mole. Based on the data of Gray and Kimber [45], 
Dobner [IH] proposed a rate expression for both carbon-steam and carbon- 
carbon dioxide reaction in the temperaturo range of an entrained bed 
gasifier as'shown below: 

k s = 247 • exp (-21060/Ts) ~ g/cm 2 • sec • arm. ,,C2S) 

Fig. 11 in Appendix 2 shows the calculated overall rate constants 
based on the above k s and the Unreacted-Core Shrinking Model. 

In the low temperature r&nge~ the apparent activation energy has 
been reported to v a r y  from 35-45 Kcal/mole [16] to 60-80 Kcal/mole 
[42~ 46, 47]. Pig. 5 shows the volumetric reaction constant~ ~ -~v~ for 
various types of coal and char. Depending on the type of coals the 
volumetric reaction rate constant, ~, can vary almost three orders of 
magnitude at temperatures below 1200 C. Since adequate data are not 
available to estimate the reaction rate constants for the char-steam ~ 
reaction and the char-CO~ reaction at temperatures higher th~n 1200°C 
it is difficult to postulate the accuracy any proposed rate expression 
used in modeling an entrained bed gasifier. 
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TABLE II LEGEND TO FIGURE 5 

Line 
w 

i, 2 

3 ,4  

9, !0 

11 

i2 

Investigators (Year) . 

Jolly & P0h! (1953) [63] 

Gadsby et el. (1946) [40] 

Long & Sykes (1948) [64] 

Fe!dkirch~ar & 
Linden (1963) [65] 

Fe!dkirahuer & 
HueBler ~1965) [66] 

Johnstone et el. 
(i952) 

Blac}r~8 & 
McGrory (1958) [68] 

Johnson (!974) [563 

Jens~n (1975) [41] 

Material 

Coke 

Nut char 
coal char 

Coconut shell 
charcoal 

LOW temperature 
bituminous coal 
coal 

Lo~ temperature 
5itumlnous coal 
char 

Cylindrical 
porous graphite 
rod 

Coconut car5 o~ 

Air-pretreated 
~Va5. Pittsburgh 
No, 8 

'Coal minerals 
from Kentu~k7 
No. 9 

Total 
Pressure 

_i.0 

!,0 

0.2 1.0 

104 

70 

!°0 

i° SO. 

!,0 
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~3.6 Char-Carbon Dioxide Reaction 

The rate of char-CO 2 reaction is relatively slow and is com- 
parable with that of char-steam reaction. Dutta et al. [48] 
measured the rate of char-CO 2 reaction and concluded that for par- 
ticles smaller than 300 microns and when the temperature is lower than 
iO00°C, the reaction is controlled by the rate of chemical reaction 
and takes place nearly uniformly throughout the interior of the char 
particle. Yang and Steinberg [49] measured the rates of reaction 
between nuclear graphite and carbon dioxide at temperatures between 
1200°C and 1600°C and concluded that the rates are controlled by both 
surface reaction and diffusion in this temperature range. Gray and 
Kimber [45] estimated the surface reaction rate constant at 2300°K 
and 2800OK for both char-steam and char-carbon dioxide reactions. 
Dobner [15] proposed the same rate expression for both char-steam and 
char-carbon dioxide reactions based on Gray and Kimber's data as shown 
in Eq. 24. 

-- g /cm 2 k s = 247 exp  ( - 2 1 0 6 0 / T s )  , • s e c  • a t m .  (24) 

Based on the Unreacted-Core Shrinking Model, the rate of char-CO2 
reaction is plotted for dp = 350 microns and Pt = 24 arm. as shown in 
Fig. 12 in Appendix 2. In the low temp~ratur~ range the reported 
volumetric reaction rate constant for char-carbon dioxide reaction also 
scatters widely as shown in Fig. 6 [19]. 

3.7 Char-Hydrogen Reaction 

The reaction of char and hydrogen is quite exothermic and produces 
nainly methane. This reaction is very slow when hydrogen partial 
pressure is low and temperature is low. But at high hydrogen partial 
pressure and at temperatures above 700°C, the rate of this reaction becomes 
appreciable. The mechanism of this reaction is rather complicated and 
had been studied by a number of investigators [50, 51, 52, 53]. The 
initial phase of reaction between hydrogen and coal, or hydropyrolysis, 
is very rapid and has been discussed in detail by Russel et al. [21]. 
Depending on the operating condition, it is possible to convert more 
than 40% of coal during the first stage of hydropyrolysis. The 
reaction of hydrogen with the remaining char is much slower and takes 
place mostly on the solid surface. Wen and Huebler [54] proposed the 
following empirical equation for the rate of second stage hydrogasifica- 
tion (char-hydrogen reaction). 

dx 
d t  = k v ( l - x )  (PH2 - / PH2 / Keq ) (25)  

X - f 
where x - 1 - f and is the carbon conversion in the second stage, 

X is the carbon conversion and f is the fraction of carbon that can be 
converted in the first (pyrolysis) stage. 
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TABLE 111 LEGEND TO FIGURE 6 

In__vestigatqrs Yeast 

Yoshlda and K u n t t [ 6 9 ]  ( 1969 )  

Ergun[70] (19.56) 

Type. Slz,e and Sl!ape of Carbon 

Graphite Sphere, 1.5 era. Dla. 

Ceylon Graphlte, -10+200 mesh 

-do- 

-do- 

Turkdogan and 
Vlnters [71] 

-do- 

Austin and Walker. 
[72] 

D u r r a  e t  a l .  [48]  

Fuchs and Yovors~ 
[73] 

(1969) 

(1963) 

(1977) 

(1975) 

Activated Graphlte, -10+200 mesh 

Activated Carbon, -10+200 mesh 

Electrode .Graphite Particles, 
-10+40 mesh 

Coconut c h a r c o a l  partlcles, 
-10+40 mesh 

Graphitlzed Carbon cylinder, 
5.1 era. long and 1.27 cm. dla. 

o -llllnols Coal #6 
• - Synthane Char #122 
a -Hydrane Char #49 
o - IGT Char #HTI55 
A -Hydrane Char #150 
g - Pittsburgh HVab Coal 
all of slze -35+60 mesh 

Rydrane Char from Pittsburgh 
Coal. -60+100 mesh 

-do- Slmthane Char fro,, Illinois 
Coal #6, -60+100 mesh 

Remarks 

I n i t i a l  R a t e s  

I n i t i a l  R a t e  i n  a 
fluldlzed bed. 

-do- 

-do- 

Initial Rates 

Inltlal Rates 

Calculated initial 
Rates 

Rates at 20%. 
conversion level 

A v e r a g e  R a t e  i n  a 
f l u l d l z e d  bed  a t  16-32 
a~m. p a r t i a l  p r e s s u r e  
o f  CO 2 w i t h  He a s  d i l u e n t  

A v e r a g e  R a t e  i n  a 
f l u l d l z e d  bed a t  32 atm. 
p a r t l a l  p r e s s u r e  o f  CO 2 

w i t h  He as  d i l u e n t  
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Fig. 7 [19] shows the reported volumetric reaction rate const~t 
based on this expression. The apparent activation energy of this 
reaction is found to lie between 30 and 41 Kcal/mole. [53, 55, 56] 

In order to simplify the calculation procedure, an approximate 
conversion from kv to ks is made so that the overall rate can be 
calculated b}" the Unreacted-Core Shrinking ~bdel. Since the char- 
hydrogen reaction is mostly in the .chEmical reaction regime (k~< kdg, kd=°,,~.~), 
,based on the Unreacted-Core Shrinklng Model, the rate can be expressed as 
follows: 

6 -) • Pelf Rate = kover • 6p s -.dp 

where 

kover = 
1 

l!_+ 1 1 1 

. kdash 

(26] 

(27] 

and 

x 

y2 
= ks 2 

rc 2 S 
= k s ( ~ )  = k s 61 - x )  

X - f 
- i - f as defined before, 

Pelf = PH 2 - /PcH 4 / Keq 

Hog,ever, based on the volumetric ~ate expression; 

Rate = k v 61 - x) Pelf 628) 

From Hq. (26), (27) and (28), k s can be approximated from k v by: 

1 
-- Ps R ks = kv (1 - x) 3 ( ~ - ~ )  (29 )  

In this way the rate constant can be calculated from the experimental 
data [19] as shown below: 

k s = 0.12 exp C-17921 /Ts) (so) 

Fig. 13 in Appendix 2 shows the overall reaction rate constant based 
on the above equation and the :Unreacted-Core Shrinking ~bdel. 
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3.8 Water-Gas Shift Reaction 

The water-gas shift reaction is one of the most important reactions 
which determines the product distribution of a gasifier. This reaction 
is very fast especially in the presence of a catalyst. Nost water-gas 
shift reactors employed an iron-base or chromium-base catalyst to pro- 
duce hydrogen from CO and H20. Both first-order [17,57,58,59] and 
second order [60, 61] rate expressions have been proposed to explain 
the rate of reaction. Recently Singh and Saraf [17] proposed a first 
order rate equation taking into account the effect of temperature, pres- 
sure, age o f  cata!yst~and H2S content in the reacting gases on a cata- 
lyst (72% Fe203 - 8% Cr203). By certain modification this equation can 
be used to estimate the rate of water-gas shift reaction in a coal gasi- 
fier. 

Water-gas shift reaction is found to occur very rapidly at the 
surface of char particles; the reaction is strongly catalyzed by the 
ash content of the char. Table IV lists the analysis of random Samples 
of the ash from coal liquefaction residues used by Texaco pilot plant 
tests. A significant amount of Pc20 3 and other mineral materials that 
may act as the catalyst of water-gas shift reaction is found in coal 
ash. 

By assuming a correction factor~ F w, which represents the reactivity 
of ash in the char as a catalyst, the rate of water-gas shift can be 
given by [17]: 

Rate = F w (2.877 x I05) i Pco2PH2) • exp (- 27760 . 
• " F t (Pco - keq PH20 i.987T J 

Pf • Ra(T ) g mole/sec • (g ash) (3i) 

where keq is the equilibrium constant of the water-gas shift reaction; 

pf = pZ(0.5 - Pt/250) is the pressure correcting factor, Pt is " 

the total pressure in arm; 
5553. 

Ra(T ) = exp (- 8.91 + -~---j, is the temperature correcting factor; 

F w =correction factor taking into account the relative reactivity 
of ash to the iron-base catalyst. 

In this study, F w is selected to be 0.2. 

S.9 Methane-SteamReforming Reaction 

The methane-steam reforming reaction is the reverse reaction of the 
methanation reaction and is believed to be catalyzed b)" the minerals 
present in the coal. The exact nature of the methane destruction is 
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Typical Ash Analysis 

TABLE IV 

of H-Coal Liquefaction Residues [1] 

Ash Composition 
(ASTM D-2795) 
Wt. Pct. 

SiO 2 

AI203 

Fe203 

TiO 2 

P205 
CaO 

MgO 

Na20 

K20 

B203 
s% 

Unaccounted for 

lllinois No. 6 

46.90 

19.30 

18.90 

0.91 

0.15 

4.33 

I. 16 

1.29 

1.98 

0.15 

3.67 

1.26 

Wyodak 

31.40 

15.80 

5.83 

0.86 

1.63 

23.83 

5.79 

2.26 

0.27 

0.13 

7.38 
4 . 8 2  

Ash Fusion 
(ASTM D-1857) 

Reducing Atmosphere 

IT 

ST 

HT 

FT 

+1077°C 
• lll0OC 

I176°C 

1235°C 

(1971°F) 

(2030°F) 

(2149~F) 

(2255°F) 

ll60°C 

1188 °C 

i195°C 

1210°C 

(2120°F) 
(2170 °F) 
(2183 °F) 
(2210 °F) 
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not clear. Allen et el. [62]" proposed a complicated model for nickle- 
catalyzed methane-steam reaction based on the assumption that the 
desorption of products is the controlling step. However, their rate 
expression consists of at least five parameters that depend on the 
operating temperature and the type of catalysts used. Zahradnik and 
Grace [18]proposed the foliowin E expression for Pittsburgh seam coal: 

d CCH4 
dt  = - k CCH 4 ( 3 2 ) ,  

" w h e r e  

k 'S12 exp (- S0,000/RT) in sec "~ and T in OK 

The fraction of methane decomposed in a stirred tank reactor, y, can 
bm calculated as 

. k.At ~ 
y = 1 - e CS3) 

~here At is the residence time of gas in sec. 
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IV. Model Development 

A successful development of an entrained bed gasification model 
will require a good understanding of both chemical kinetics and 
hydrodynamics. One of the reasons why the modeling of an entrained 
bed gasifier is difficult is that the degree of mixing of solid and 
gas flow varies along the bed and differs for each different geometry 
of the bed. Published techniques for analyzing the hydrodynamics in 
an entrained gasifier are currently at a primitive level. Complexity 
of the modeling is further compounded by the lack of experimental data 
on the complex structure changes of coal/char particles during reactions 
and on rates of gasification for various coals. 

4.1 Hydrodynamics 

In some of the gasifiers, the mixing depends on axial jets from 
injection nozzles whereas others develop a vortex field induced by 
tangential firing. In practice, turbulence and gas recirculation are 
produced by the introduction of fuel and oxidant into the combustion 
zone through high velocity jets. The combustion zone immediately 
following the inlet of an entrained-bed gasifier is similar to a 
utility boiler equipped with burners which produce a highly turbulent 
flow. Residence time data indicate that the immediate combustion zone 
behaves much like a stirred tank reactor, while directly adjacent to 
the burner zone the vortex pattern dissipates rapidly so that plug 
flow (with dispersion) can be assumed [I0]. Kane and McCallister [12] 
recently analyzed the flow field of an entrained flow gasifier and 
determined the dimensionless groups which govern the scaling laws of 
the gasifier. Among the important dimensionless groups they identified 
are the swirl number, geometric scale ratio, Froude number and particle 
loading ratio. Existing models are not adequate to predict solid 
concentrations and gas velocity for such a complex flow system. 

Because of the lack of data to estimate the degree of mixing in 
the entrained-bed gasifier, the concept that assumes the gas phase 
completely mixed at the entrance region followed by a region approximat- 
ing plug flow and the solid phase plug flow throughout the reactor is 
adopted in this model development. Similar assumptions have been 
employed by Ubhayakar et al. [13] in their simulation of coal pyrolysis 
and gasification by ~D exhaust gas in an entrained bed reactor. By 
this assumption, the compartment-in-series approach [14], which selects 
a large compartment size (about 1/20 of the effective reactor length) 
for the mixing zone immediately following the inlet and smaller com- 
partment sizes (about 1/100 of the effective reactor length each) for 
the following plug flow (with dispersion) zones, is employed for the gas 
phase in the model development. ~e purpose of this model is to obtain 
temperature and concentration profiles for both solid phase and gas 
phase along the reactor. 
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4.2 Heat and Mass" Balances 
| | , , i,,, 

The basic assumptions used in the model development are summazize~ 
.t 

belou: 

. 

2a 

3. 

Gas phase is completely mixe~ in the pyrolysis and volatile 
combustion zone followed by a region approximating plug flo~ 
in the later section. This is accomplished by the compartment- 
in-series approach which employs a large first compartment 
and smaller size for each of the fo!lo~¢ing compartments. 

Solid phase is p!ug-flow throughout the reactor. 

The gasifier is conceptuaily divided into three reaction 
zones: pyrolysis an~ volatile combustion zone, combustion 
and gasification zone, and the gasification zone. 

4. This is a steady state process. 

Based on the above assumptions, heat sad mass balance equations can be 
set up for each compartment as shown below by referring to Figure 8. 

Gas Phase 

Z(l~g i Cpg i Tg) z+Az - Z(Wg i Cpg i Tg) z = - 

~g e s Ts" ) + hc(Tg - Ts) ] + Z (-AHk)'Ag'Az - 2~. 
k ~-" 

j ' ~ .  [°'Fwg(e~Tg 4 - "g ¢W T¢ )  + hcw(Tg - Tu)] " AZ 
, .  V'- 

Hzoss,g-w 

Wg i - W = A t" Az • r k 'z+Az gi,z ~ ~ik" 

(At 'a 'Az ] [~ Fsg(Zg Tg 4 

(s4) 

(ss) 

Solid Phase 

dC;'%%Js) 

( a . A t . )  - ( i  - %)   Fsw( % Ts a" - 
J t ! 

V" 
H!oss. s-w 

(s6) 

dW s 
d--y= a ~ ~rj. 

tuuit volt~,u~ of reactor 

(s7) 

is the contact area between gas and solid per 

(cm2/cm 3) , Az is the compartment size (cm), 
and h c is the convection and conduction heat transfer coefficient 
which can be obtained approximately by h c - 2Kg/~, j and k are the 
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reactions in solid and gas phase respectively sn~ s~e described in 
Ap/en~ix 1 for e~ch reaction zone. 

By substituting the relations: Ws 
veda: 

=gzsTs 43 + h c CTg - Ts}], into Equation (36) th~ fo!io~r~ equation is 
obtained. 

dTs _ 6 

By modi£ying Equation C36] and adding to Equation 
heat balance equation cs~ be obtainei: 

CSS) 

(S4), the £ol!o~ing 

m m i 

= z aC- j)rjCAt z)+ z C-sDr CAt z 3_ Hzoss,g_  
k 

tss) 

The above equation cmn also be obtained from a total heat balance 
on both solid phase and gas phas~ in each ~om~az~menZ: 

(Total enthalpy output] - (Total enthalpy input) 

(Total heat generated by reactions) - C~eat loss zh~ouzh th~ (40) 
reactor wz!l) 

Exg~rim~ntal data on heat exchanNe between the gas an8 th~ 
reactor wal! a~e difficult ¢o obtain. In this stu~y= the fol!o~in~ 
assun~tions are made in order to account for the heat loss: 

In th~ combustion zonas~ 30~ of the total he~t g~n~rat~ 
by reactions is transfe~Te~ from g~sptmse to the reactor 
wall, which is about 7%-10% of the heatin~value oft he 
raw fuel. . 

(2) In the zones following ¢h~ comSustion zones wh~-re om/g~z 
is exhausted= the rate of heat exchange per unit su-ez of  
reactor wall be¢~s~n the gas and the re~tor ws!Z is ca!cu- 
fated by UoC~g-Tw]: The v.alu~, of Uo is selected ¢~ b~. thou% 
25 F~'U/hr f~z°F whzch is w~thin the re Dorte~ rang~ of ~ l 

overall heat transfer coefficien~ for z g~s h~t e~c92m~ 
[75= 76]. Since no m~asu~em~nt of th~ wz!l teu;~ratu~ h~u 
b~n re~rted~ a linear correla~icm o~ th~ wz!l ten~ra~u~ 
is assumed for the simulation. Per ex=_mple~ In all of ¢h~ 
runs with co~. liquefaction residu~s~ ~h~ r%~=zor ~ . / I  
temperature is assumed ¢o be Tw = 210D - ~00 (Z/L~)in °X. 

Sinc~ solid lo~din~ in th~ entraine~ ~asifler is ~ = a l l y  le~ 
I% of the re~ctor volums~ the fuel particles can b% ass~-~! ~c b~ c ~ ,  
pletely su~oundsd by ¢h~ gas. ~srefor~= th~ v i e ~  f~c~r~ F, f~ 

$I 
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radiation heat transfer between gas and fuel particles can be assumed 
to be 1.0. However, determination of emissivity, e, of the gas mixture 
is difficult. It is a function of the partial pressure of each gaseous 
component, temperature and reactor geometry, t.lcAdams [75] presented 
a method for a rough estimation of gas emissivity. The emissivity of 
the gas mass in the reactor is a function of the product Pi L (atm-ft), 
where Pi is the partial pressure of the radiating constituent and L 
is the mean beam length. If more than one radiating constituent is 
present, the emissivities are additive, although a small correction 
must be made for the interference of radiation between different types 
of molecules. At an operating pressure of 24 atm., the summation of 
the product ~ Pi L, is in the order of 100 atm-ft for Texaco's pilot 

i 
plant gasifier. This is beyond the range of the experimental data 
of Evans [77] and McAdams [75]. By extrapolating their data, 
however, the emissivity of the gas mixture is selected to be 0.9 for 
the Texaco entrained bed gasifier. 

The s o l i d  r e s idence  t ime,  At, in  each compartment can be ob ta ined  
by momentum balance.  Since the  s o l i d  p a r t i c l e  s i z e  employed in  an 
e n t r a i n e d  bed system i s  g e n e r a l l y  very  small,  i t  i s  assumed tha t  S toke ' s  
Law app l i e s  fo r  s o l i d  flow in  t h i s  system. The s o l i d  e n t r a i n i n g  ve-  
l o c i t y  can be calculated by the following formula: 

a) Downflow: 

-bAt -bAt) 
v s = Vsi e + (Vg ÷ v t)(1 e (41) 

Upflow: 

-bAt (1 e -bAt ) 
v s = Vsi e + (Vg - v t) - (42) 

where 

b = 18u 

Psdp 2 

= (Ps-Pg)dp 2g 
v t  18 p 

and 

v . = initial solid velocity (cm/sec) 
Sl 

At = solid residence time in this compartment (sec). 

The solid residence time, At, is related to the compartment size, Az, 
as shown below: 

Az ffi foAtV dt (45) 
S 



33 

The above three equations can be Solved simu!taneouslyby,. ,: 
appiying the Newton-Raphson method to obtain the solid residence 
time, Ate in each~compartment. ~ : ~. ~ .  

The simplest way to solve the above equations for eac~ compart- ' 
. . • .'" 

ment is listed below: .... ~ 

i) Assume a value for t iS compartment wh ch  asbeen assumed 
to be compIete!y mixedfor thegas phase. ' . .  

2) Obtain the solid temperaturepr0file from Eq. (58)' by ' 
Run~e-Kutta-Gill method. .. .... . 

3) Do material balances 

4) Check total heat balance by Eq. (40). If the total heat 
balance meets the required error criteriaj start the cal- 
culations of the next compartment. If ~he total heat. 
balance does not meet, use.root-search methods such as 
Regula-Falsi or Wegsteinmethod to help sear6hingfora 
better value oft and repeat the procedure again. 

Fi~ure 9 shows thecomputer flow diagrmm of the calculation 
procedures. Thecomputer pro&tram simulating the Texaco Pilot Plant 
Entrained-Bed Gasifier is shown in the Appendix 8. 

! 

/. " . 
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V. Results and Discussion 

Comparison of the computed results based on the model with the 
experimental data of the Texaco Downflow Entrained Bed Pilot Plant 
has been made for 27 runs using coal liquefaction residues and two 
tans using coal-water slurries as feedstock (see Appendix 6). Good 
a%reement between the computed and the experimental data in the 
major product (CO, H 2 and C02) gas distribution is seen. Temperature 
and concentration profiles obtained by the proposed mod~l for seven 
typical runs are sho~.m in-Afpendix 5. [Fig. 14(A)- Fig. 20(B)]. 

Parameter studies are made to provide a better understanding of 
the reactor performance for various operating conditions utilizing 
the model. These are shown in Appendix 7. 

Fig. 21 shows the effect of oxygen/fuel ratio on carbon conver- 
sion at various steam/fuel ratios feeding the H-coal residue from 
Illinois No. 6 coal into the Texaco Pilot Plant Gasifier. Fig. 22 shows 
the effect of steam/fuel ratio on carbon i conversion at various oxygen/ 
fuel ratios using coal liquefaction residue as feedstock. In coal 
liquefaction residue runs, it iS found that the oxygen/fuel ratio more 
significantly affects carbon conversion than does the steam~fuel ratio. 
In a short residence-time device like an entrained bed gasifier, the 
oxygen/fuel ratio is critical to the conversion since the heat produced 
from combustion reactions supports the endothermic gasification re- 
actions. However, it is also seen that for the Texaco PilotPlant 
Gasifier, there is no need to exceed the oxygen/fuel ratio beyond 0.9 
in coal liquefaction residue runs. To obtain 98-99% conversion, an 
oxygen/fuel ratio between 0.8 and 0.9 is required for this gasifier. 
Texaco [1,2] operated at oxygen/fuel ratio between 0.768-0.94 and ob- 
tained 91-99.7% carbon conversions for their coal liquefaction residue 
z-ans. Interestingly, the model shows an optimal steam/fuel ratio to 
exist at a fixed oxygen/fuel ratio using coal liquefaction residues as 
feedstock. Although increasing the steam~fuel ratio promotes the 
char-stesm reaction, the optimal steam/fuel ratio exists because of 
the following two disadvantages- (i) the char-stesm reaction is highly 
endothermic and would lower the reaction temperature which in turn will 
lo~er the gasification rate; (2) a large amount of steam can carry a 
large quantity of sensible heat from the reaction system and reduce the 
reaction temperature. Depending on the oxygen/fuel ratio this optimal 
5~eam/fuel ratio ranges from about 0.3 to 0.6 for the Texaco Pilot 
Plant Gasifier using coal liquefaction residues as feedstock. Texaco 
operated at stemm/fuel ratio between 0.241 and 0.429 for the first 
two sets of pilot plant tests using H-coal residue from illinois No. 6 
coal and from ~yodak coal [I]. However, they obtained high carbon 
conversions (99%) for later tests [2] using smaller oxygen/fuel ratio 
[0.77-0.793 and higher steam/fuel ratio (0.5-0.5). i 
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Fig. 31 shows the  e f f e c t  of wate r / coa l  r a t i o  on carbon conver- 
sion at various oxygen/coal ratios for coal-water slurry runs. It 
is found that the water/coal ratio has much more significant effects 
on carbon conversion in coal-water slurry runs than does the steam/ 
fuel ratio in coal liquefaction residue runs. Within the testing 
range of water/coal ratio from 0.4 to 0.8, no optimLm feeding ratio 
of wazbr/coal has been found operating at fixed oxygen/coal ratios. 
As the water/coal ratio is decreased, the carbon conversion increases. 
This is due to the latent heat of evaporation when water is used in 
the system. The latent heat of the feeding water absorbs a large 
amount of heat in the reactor and lowers the reaction temperature. 
The heat required to support the endothermic gasification reaction 
therefore becomes the most important factor in determination of 
carbon conversion in the coal-water slurry runs. On the other hand, 
in liquefaction residue runs, both the reaction temperature and 
steam concentration are of similar importance in determining the 
carbon conversion. These two factors compete with each other, thus 
resulting in an optimum steam/fuel ratio at fixed oxygen/fuel ratios 
for systems feeding steam. 

Although the steam/fuel ratio does not significantly affect the 
carbon conversion in coal liquefaction residue runs, it does affect 
the gas product distribution as shown in Fig. 27-Fig. 30. The oxygen/ 
fuel ratio, on the contrary, does not have a significant effect on the 
gas product distribution is shown in Fig. 23-Fig. 26. As the steam/ 
fuel ratio increases, the fraction of CO in the product gas decreases 
while those of H 2 and CO 2 increase. However, increasing the oxygen/ 
fuel ratio at fixed steam/fuel ratios eventually shows a reduction in 
the fraction of hydrogen in the product gases (see Fig. 23-26). As 
the oxygen/fuel ratio increases the concentration of CO increases 
while the concentration of CO 2 first decreases and then increases. 
These concentration variations are due to the competition between char- 
oxygen, char-CO2, char-steam, and water-gas shift reactions. The water- 
gas shift reaction is found to be very close to the equilibrium state 
at the outlet of the reactor in almost all cases. 

Fig. 52-Fig. 56 show the effect of pressure on the carbon conver- 
sion and product gas distribution. Increasing the pressure will in- 
crease the carbon conversion especially at high steam/fuel ratios and 
for oxygen/fuel ratios smaller than 0.8. For oxygen/fuel ratios larger 
than 0.8 the pressure effect becomes insignificant. The effect of pres- 
sure on the product gas distribution is small as shown in Fig. 54. 
Increasing the pressure will slightly increase CO and H2 concentrations 
l~ile decreasing the CO 2 concentration in the product gas at oxygen/ 
fuel ratios less than 0.8. 

]%e fuel particle size or droplet size has a significant effect on 
the carbon conversion as shown in Fig. 37. This effect is easily under- 
stood since fuel residence time and the specific contact area for solid- 
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gas reactions areclosely related to the particle size. Large particles 
have g r e a t e r t e r m i n a l  v e l o c i t i e s  and thus t r a v e l  a t  higher  p a r t i c l e  
velocities and shorter residence time than small particles in the reactor 
as shown in Fig. 57.--On the other hand= the specific contact area 
between reacting gases and the fuel particle is •inversely proportional ._ 
to the particle size. These two effects combine to give lower conversion 
for large particles compared to small particles. ~" 

In simulating Texaco'spilot plant operation~however,[the fuel 
particle size and the initial particle velocity are not known after 
being sprayed from the nozzle in the reactor. In this study= a trial- 
and-error procedure has been used to estimate this information. An 
initial partial velocity of 300 cm/sec was selected for thesimulation. 
The fuel particle size was selected to be around 350 ,m for most of the 
cases except that 400 ~m was used for cases with Wyodak coal liquefac- 
tion residue. It was reported [1] that Wyodak coal residue is much more 
viscous thmu the Illinois No. 6 coal residue. Under these assumptions~ 
the fuel residence time in the pilot plant reactor is calculated to be 
between five to eightseconds. 



Vl; Conclusion and Recommendation 

The Texaco Downflow Entra ined-Bed G a s i f i e r  has demonstrated the 
a b i l i t y  to  g a s i f y  coal  l i q u e f a c t l o n r e s i d u e s ,  l i g h t  o i l  and coa l -wa te r  
s l u r r l e s  i n to  s y n t h e s i s  gas. This process  can provide  the  r e q u i r e d  
hydrogen or  s y n t h e s i s  gas for  coal l i q u e f a c t i o n  p rocesses  or for f u e l s  
and chemical  f e e d s t o c k s .  This s tudy provides  an i n s i g h t  into the 
importance of  the operating parameterson the reactor performance and . 

f u r n i s h e s  a procedure for g a s i f i e r  s ca l e -up .  

In t h i s  s tudy a mathematical  model  was developed t o s imula te  the 
performance of  e n t r a i n e d  bed g a s i f i e r s .  A major e f f o r t  has been f o c u s e d  
on s imu la t i ng  the  exper imenta l  r e s u l t s  from Texaco Downflow Ent ra ined-  
Bed Pilot Plant Gasifier using coal liquefaction residues and coal- 
water slurries as feedstock. Good agreement has been obtained between 
the computational results from the model and the experimental data 
from Texaco's pilot plant tests. This model provides the temperature 
and concentration profiles for both solid and gas within the reactor. 

In o r d e r t o  b e t t e r  unders tand the  ope ra t i on  of  the  e n t r a i n e d  
gasifier, the model is used to simulate the performance under various 
operating conditions. The following conclusions are obtained: 

Cl) An increase in the oxygen/fuel ratio significantly increases 
the carbon conversion. In order to obtain 99% carbon con- 
version in Texaco's pilot plant gasifier, an oxygen/fuel 
ratio of at least 0.8 but no more than 0.9 is required when 
using H-coal residue from Illinois No. 6 coal. 

C2) For a given oxygen/ fue l  r a t i o ,  t h e r e  i s  an opt imal  r a t i o  of 
s t eam/ fue l  which maximizes the  carbon convers ion  fo r  systems 
utilizing steam rather than water. Such an optimum condi- 
tion is more pronounced when the oxygen/fuel ratio is low. 

C3) An i n c r e a s e  in  the  s t eam/ fue l  r a t i o  i nc r ea se s  the  H 2 and CO 2 
c o n c e n t r a t i o n  but decreases  the  CO c o n c e n t r a t i o n  in  the  
product  gas.  

C4) The product gas distribution is relatively insensitive to 
oxygen/fuel ratio. However, increasing the oxygen/fuel 
ratio slightly decreases the hydrogen concentration while it 
increases the CO concentration in the product gas. 

CS) An inc rease  in  the  ope ra t ing  p re s su re  in  an e n t r a i n e d  bed 
g a s i f i e r  can i nc rea se  the carbon convers ion .  This e f f e c t  
is particularly significant at high steam/fuel ratios and 
when oxygen/fuel ratios are below 0.8. 

C63 Fuel particle (or droplet) size has an important effect on 
the carbon conversion, Small particles give high carbon 
conversions for a given mass feed rate. 
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Although the  proposed model can. p rov ide  some i n s i g h t " i n t o  the  
mixing of gas and solid, additional information is needed regarding 
the geometry of the feeding zone and the hydrodynamics associated with 
the zone. Experimental data on temperature and concentration profil~s 
for different types of coals are also heeded to verify aWd--r-6ff~e the 
entrained gasifier model developed. ! 
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VII. Notation 

At 

Cpg'Cps 

d 
P 

e 

h c 

Hloss,g-w 

K 
g 

r. 
J 

r k 

Tg,T s 

Vg'V s 

Ws'Wg i 

Ps' 

p 

~ik 

dt 

dz 

X c 

L t 

the contact area between solid and gas per unit volume 
of reactor, 

Ws 6 (cm2/cm 3) 
a - AtVs (Psdp--), 

the cross-sectional area of the reactor, (cm 2) 

specific heats of gas and solid respectivel~ (cal/gOK) 

the  p a r t i c l e  s i ze ,  (cm) 

emissivity of gas 

the convection heat transfer coefficient between gas and 
solid, (cal/cm2OK) 

the heat exchange between gas and reactor wall, (cal/cm) 

thermal conductivity of gas, (cal/cm°K) 

the reaction rate of j-th solid phase reaction, (g/cm2sec) 

the reaction rate of k-th gas-involved reaction, (g/cm3sec) 

temperatures of gas and solid respectively, (OK) 

velocities of gas and solid respectively, (cm/sec) 

flow rate of solid and the i-th component gas respectively, 
(glsec) 

densities of solid and gas respectively, (g/cm 5) 

gas viscosity, (poise) 

the stoichiometric parameter for the i-th component gas in 
the k-th reaction 

differential, solid residence time (see) 

differential reactor length, dz v dr, (cm) 
s 

carbon conversion, % 

total effective reactor length, (cm) 
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R 

r c 

Y 

Z 

,Subscripts: 

i 

j,k 

outside radius of anunreacted-core-shrinking particle~ [cm} 

radius of the unreacted core of an unreacted-core-shrinking 
particle~ (cm) . . . .  " 

ratio of r_/R in an unreacted-core-shrinking particle~ 
(dimensionless) • 

distance from the t o p o f  the reactor ,  (cm) 

g a s e o u s  c o m p o n e n t  

react ions in so l id  and gas phase respect ive ly ,  see 
definition in Appendix 1 
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Appendix 1 

R e a c t i o n  species i n  each  zone:  

The definition of reaction number for j and k used in Eq. (1)- 
Eq. [6) is Eiven below: 

( I )  R e a c t i o n s  i n  t h e  s o l i d  p h a s e :  

j name of reaction 

1 

2 

3 

4 

5 

6 

7 

pyrolysis, Eq. (5) 

char-oxygen reaction, Eq. (6) 

char-steam reaction, Eq. [7) 

char-carbon dioxide, Eq. (8) 

char-hydroEen reaction, Eq. (ii) 

water-Eas-shift reaction {catalyzed by the 
mineral materials in char), (12) 

methane-steam reforminE reaction (catalyzed 
by the mineral materials, in char), Eq. (15) 

(iI) Reactions in the Eas phase 

J 

k name of reaction 

1 H 2 + I/2-02 "~ H20 

CO + I/2.02 -~ 032 

5 CH 4 ÷ 2 02 "~ CO 2 ÷ 2 H20 

4 C6H 6 + 15/2"02 ~ 6 CO 2 + 3 H20 

CO + H20 2 CO 2 + H 2 

6 CH 4 + H20 ~ CO ÷ 3 H 2 
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* The first four k's reactions are assumed to be simultsneous 
and, zherefore, the reaction rates are controlled by the formation 
of H 2, CO, CH 4 and C6H 6 in solid-involved reactions. 

Specific reactions in the Zhree conceptual zones: 

Name of the reaction zone 

Pyrolysis and Volatile Combustion Zone 

'Co'rbustion' and Gasification Zone 

G~sification Zone' 

l 

I 

'2~5,4 
, .  ,, , l , ,  . ,  , , ,  , .  , 

3,4,5,6,7 

k 

1,2,5,4 

1,2,5 

5,6' 
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Appendix 2 

Rate Expres.sions 

( I )  Su r face  React ion  Type: Un'reacted-Core S h r i n k i n g  Model [11] 

Rate = 

+ ks_~y + 1 1 k d i £  £ . kdas h (~"-  1) 

where 

rc  1 - x 1/3 
y = , , ~ - -  = C~ =-===~ - ) 

(Pi " Pi ) g/cm2atm sec 

@ 
£ = convers ion  when p y r o l y s i s  i s  f i n i s h e d ,  based  on o r i g i n a l  

d.m.m, f coal  

x = convers ion  at  any time a f t e r  p y r o l y s i s  i s  compie ted ,  based 
on o r i g i n a l  d .m.m.f  coal  

k d i f f  = gas f i lm  d i f f u s i o n  c o n s t a n t ,  g/cm2ate s ac  

k S = ash f i l m  d i f f u s i o n  c o n s t a n t ,  g/cm2, atm sec  

kdash = ash f i l m  d i f f u s i o n  c o n s t a n t ,  g/c2atm s a c  

-" k d i f £  (e 2"5) 

e - voidage in  the  ash l a y e r  

(iT) 

Pi = partial pressure of i -component  gas 

Pi  " Pi -- e f f e c t i v e  p a r t i a l  p r e s s u r e  o f  i -component  t a k i n g  
account  o f  the  r e v e r s e  r e a c t i o n  e f f e c t  

1 1 2 
C'har-O 2 Reac t ion ,  [C + -~ 02 -~ 2 ([I " $)C..0 + ( ~ -  1)C02] [10] 

k S = 8710.expC-17967/Ts) ,  T S in  °K 

- - -  [Pt 
g 

¢ = the mechanism f a c t o r  based on the s t o i c h i o m e t r i c  r e l a t i o n  
o f  CO and CO 2 , ¢ can be rough ly  e s t i m a t e d  by the  fo l lowing  equa t ions :  [19 

= (2Z + 2 ) / (Z  + 29 fo r  dp ~< 0.005 cm 
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¢ = [C2Z + 2) - Z ( % -  0 . 0 0 5 ) / 0 . 0 9 5 2 / ( Z  + 2) 

for o.oo5 = .< ½ .< 0. l cm 

and 

~= 1.0 ford 
P 

where 

> 0.i cm 

Z = [C0]/[C02] = 2500 exp(-6249/T) 

in c m a n d T =  £Ts÷Tg)/2 in °K 

Pi'" Pi = P02. 

(ii) 

(iii) 

Char-Steam Reaction, (for temperature grea,%er thsa. i100°C9 
! . 

k s = 247 exp ( -21050/Ts)  

T O. k ~ f  e : z0 x zo "4 (2-'6-~? 75/(P t a p )  

keq = exp [ I 7 . 6 4 4 -  30260 / (1 .8  • TS) ] 

. PH 2 Pco 
Pi " Pi = PH20 " k 

eq 

Char-CO 2 Reaction, (for temperature greater than IIO0=C) 

k s - 247 e~ (-21060/Ts) .... ~ 

[is] 

I16] 

" T 0. 

@ 

Pi - Pi = Pco~ 
" w 

(iv) Char-Hydrogen Reaction 

Ynis reaction is still in chemical reaction regime even ~t-.-high 

te,mgerature [1600©K); because it has low intrinsic reaction rate but 

hi~, dif~ion characteristics. FoF the si~liCitZ of calculation, the 

s~me expression as that of the Unreacted-Core Shrinking Model" is used by 

chznEing K v into K s according to experimental canditionE ss follows: 
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fl-x hl/3 ~> d 
ks = kv 

k S - 0.12 exp(-17921/T S) 

-3 
kdi££ = 1.33 x 10 

• g/cm2atm sac 

T O, 75/ (2-~) (dp pt) 

[16] 

keq = - -  

0.175 ex'p [18400/(1.8 TS) ] "34713 

Pi " Pi = PH 2 JPcH4/Keq 

(zl) Catalytic Reactions 

(i) Water-Gas-Shift  Reaction 
t 

Rate = Fw(2.77 x 105)(xco - XCo)eXp(- 

5553 exp(-8.91 + -T---) 

!17] 

1.98727760T ~ Pt (0"5-Pt/250) 

g mole/[sec(g ash) ] 

The adjustable parameter, Fw,Which represents the relative catalytic 

reactivity o£ ash to that of iron-base catal~vst, is selected to be 0.2 in 

the model development. 

XCO = Pco/Pt 

* I PO32 PH2 

XCO Vtt [ ] -- ke q PH20 

k = exp (-3.6895 + 72341(1.8 T}] 
eq 

Pt i s  the t o t a l  pressure  

[ii) Methane-Steam Reforming Reaction I18] 

Rate = 312 exp [-50,000/(1.987 T)] llsec 

Fig. 10-Fig. 13 show the calculated overall rate constants for 

char-oxygen, char-steam, char-carbon dioxide and char-hydrogen 

reactions respectively. 
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FIGURE 13. CALCULATED OVERALL CONSTANTS FOR CHAR-HYDROGEN REACTION 
BASED ON THE UNREACTED-CORE SHRINKING MODEL 
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Appendix 5: Typical ultimate analysis for the feedstock used in 
Texaco's pilot plant tests, [1,2] 

jFeedstock Source and 
]Run Number 
! 

H-Coal residue from 
IIllinois No. 6 coal 
Ifor Run I-I [i] 

H-coal residue from 
Illinois No. 6 coal 
ifor Run I-2 [I] 
r 

ill-coal residue from 
~l;yodak coal for 
P.tm l~'-! [I] 

ISRC I I  VacuLm~ 
iFlash Drum Bottoms 

[21 

,Exxon DSP Vacuum 
iTower Bottoms 
I 

i [2] 
I 

il,.s Lern Coal used 
Iin Coal-Water Sl, u r ry  
!Runs 

Eastern Coal used in 
~Coal-Nater Slurry 
iauns 

74.05 

73.04 

78.37 

64.90 

70.74 

74.56 

72.72 

H 

6.25 

5.82 

t 5.79 

3.65 

4.67 

5.31 

5.03 

Dry Fuel Analysis (wt. %) 

N 

0.71 

0.73 

0.92 

1.25 

1.18 

0.99 

1.40 

I .  77 

0 

1.32 

Ash 

15.53 

1.57 

0.07 

1.70 

3.70 

16.83 I 
l l 

i 
i 

I i .05 i 
I I 
I 

'i 0.37 

0.48 

0.08 

i96 

2.74 

0.46 

2.99 

i. 70 

5.95 

11.47 

9.13 

25,5% I 

16.72 

7.20 

8.73 

"i 
'..--._.--_.._.-i 
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Appendix 4: Ope ra t i ng  c o n d i t i o n s  f o r  seven t y p i c a l  runs of  Texaco 's  
pilot plant tests. 

Feedstock Source 
(Run Number) 

H-coal residue from 
Illinois No. 6 coal 
(Run I - l )  [I] 

H-coal residue from 
Illinois No. 6 coal 
(Run I-2) [i] 

H-coal  residue from 
Illinois No. 6 coal  
CR~ W-l) [1] 

SRC II Vacuum 
Flash Drum Bottoms 

[2] 

Exxon DSP Vacuum 
Tower Bottoms [2] 

Western Coal used 
in coal-water 
slurry runs [74] 

Eastern Coal used 
in coal-water 
slurry runs [74] 

Fuel Rate 
(e/sec) 

76.66 

81.18 

86.0 

126.11 

126.11 

186.78 

133.5 

Feed Rate 

0.241 

O. 314 

0.318 

0.30 

0.50 

0.52 

0.79 

o_~ 
Fu~ 1 

0. 866 

0.7682 

0.90 

0.77 

0.79 

0.91 

0.87 

Fuel Steam 

505.22 696.67 

496.33 676.33 

513.55 692.44 

505.22 696.67 

505.22 696.67 

400 400 

400 400 

Feed Te~erature (°K) 
. ,  , .  . . .  _ _  

Oxygen 

298 

298 

298 

298 

298 

600 

600 

HO 
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Appendix 5: Typical Temperatur e and Concentration Profiles in the 
Texaco Downflow F ntrained~Bed Gasifier 

Comparison of the computational resu!ts from the proposed model 

and the ex~rimenta! results from the Texaco Pilot PI~ Hnt~ain%d- 

Bed Gas!_~e_ has been carried on for twentyJnine frun as sho'~ in 

A~pen~ix 6. Temperature ~nd concentration p~ofiles ca!culated from 

the mode! for five typical runs are shown in the following figures, 

The fuel analysis and operatinE conditions for zhese typical rams 

are shown respectively in Appendix 5 sad 4. " 



SB 

2 500 100 

2000 

O 
V 

13: 

1,1 
!-- 

1500 

1000 

® Pilot Plant 

FUEL RATE = 76.66 G/SEC 
STEAM / FUEL = 0.241 
02/FUEL = 0.866 

0 60 120 180 240 300 
DISTANCE FROM TOP (CM) 

-80 
Z 
0 
m 

u') 
or" 

70m 
> 
Z 

8 

n," 
<[ 
u 

5O 

FIGURE 14(A) CALCULATED TEMPERATURE PROFILES AND CARBON CONVERSION 
PROFILE IN TEXACO PILOT PLANT GASIFIER FOR I - I  RUN. 



100 

90 

80 

70 

50 F-- 
l,I 40 

---30 

~20 
• i 

J 10 
0 
> 0.5! 

_ i i  i • 

Dried Product Composition 
Model 

CO 58.80 

• 2 . 9 2  

EXp. 
57.57 
39.13 

2.95 

C 

0.3 

02 

0.1 

0 
0 

co2 

H2S 

/•.._ .N2 
cH4 

T 

eo 12o ~ ' 
I I ,  ! 

240 300 
FROM TOP.(CM) DISTANCE 

FIGURE:I4(B) CALCULATED PRODUCT GAS COMPOSITION PROFILES 
"" (WET BASIS) IN TEXACO PILOT PLANT 6ASiFIER 

FOR i - !  RUN 

100 

90: 

80 

70 

50 

40 

30 

20 

1 0  

0.4 

0.3 

0.2 

0.1 

0 



60 

2500 

2000 

A 

, , I  
O 

V 

13.: 
E 
l,.U 
1,- 

1500 

\ Xc 

® PILOT PLANT DATA 

,/ 
FUEL RATE = 81.18 G/SEC 
STEAM/FUEL= 0.314 
O 2/FUEL: o.768 

000.. ' , ' ' ' ' ' ' ' 

1 u 60 120 1EK) 240 300 
DISTANCE FROM TOP (CM) 

1 °° 

z 
0 

70w 

0 (J 

rn 
m,. 
< 
(J 

5O 

FIGURE 15(A) CALCULATED TEMPERATURE PROFILES AND CARBON CONVERSION 
PROFILE IN TEXACO PILOT PLANT GASIFIER FOR I,2 RUN 



61 

100 ' 

9O 

8 0  

7o1 

i i i  i 

Dried Product 
Model 

i 

CO 54.17 
H 2 4 1 . 2 6  
CO 2 3 .90  

i i  i i i i i 1 | |  

Composition 
,Exp. 
53.06 
41.00 

5.15 

~,  6O u~ 
~o ~ ~ -  co 

m< 40 Hp 

~ 20 , 

~i o.2~, ~ , _ c o 2  : 
o o. t 

, " . ' . 

°0 c ~ '  ~20 ' ~go" 240 ' 3 ~  
DISTANCE FROM TOP (CM) 

100 

9O 

80 
7 0  

6 0  

5 0  

4 0  

30 

2 0  

I0 

~3.25 

0.20-. 

Q15 

0.~o 
0.05 

0 

FIGURE 15(.B) CALCULATED PRODUCT GAS CO~OSITION PROFILES- (~,VET 
BASIS) IN TEXACO PILOT PLANT GASIFIER FOR I-2 RUN 



62 

2500 100 

90  

2000 

0 
V 

n" 

1500 

IO00L 
0 

® PILOT PLANT DATA 

FUEL RATE = 86.0 G/SEC 
STEAM/FUEL = 0.318 
O2/FUEL : O. 90 

60 120 180 240 300 
DISTANCE FROM TOP (CM) 

80 ¢ 
z 
_o 
U') 
C~ 

70 w > 

U 

66§ 
n,- 
< 
U 

50 

FIGURE ~(A)  CALCULATED TE~IPERATURE PROFILES AND CARBON CONVERSION 
PROFILE IN' TEXACO PILOT PLANT GASIFIER FOR W-I RUN 



63 

109 
DRIED PRODUCT COM~SITION 

90 Model ,Exp. 
CO 56.70 56.9-6. 

80 H 2 37.76 38.04 
70 CO 2 5;18 4.84 

- -~60  ... .-.  

~40K:~ \ / H 2 

420Fy A/\ 

O~ 

o.3 N2 
o,2j cH, L_.___ 
0 

0 60 120 ' 180 240 300 
DISTANCE FROM TOP (CM) 

100 

90 

8O 

70 

6O 

5O 

40 

3O 

20 

10 

O.4 

O.3 

i 
0.2 

0.1 

0 

FIGURE 16(B) CALCULATED PRODUCT GAS COMPOSITION PROFILES (NET 
BASIS) IN TEXACO PILOT PLANT GASIFIER FOR IV-I RUN 



64 

2 5 0 0  ' Xc , ~, too 

9o 

® PILOT PLANT DATA s~ 

2O00 - 8O z 
V 

{,/) 

W o \ > 

""  70 z 
cL O 
~ , u 

~ Z 

1 5 0 0  - 6 0 °  

U 

FUEL RATE : 126.11 G/SEC 
STEAM/FUEL = 0 .30 
0 2 / F U E L  = O. 77 

1 0 0 0  0 ,v , , , 2,4o '36o 
DISTANCE FROM TOP (CM) 

5 0  

FIGURE 17{A) CALCULATED TEMPERATURE PROFILES AND CARBON CONVERSION 
PROFILE IN TEXACO PILOT PLANT GASIFIER USING SRC II 
VACUUM FLASH DRUM BOTTOMS AS FEEDSTOCK 



65 

100 

90 

80 

70 

60, 

5O 

~ 40 
3 0  

20  

"-~ 0.6' o 

0 

~" O.5 

PILOT PLANT DATA : 

~ ,  CO. 
i~" H 2 
¢ "  H20 
~ ,  co2 

CQ, 

H2 

H20 
~- C O 2  

H2S 
o 

-J OA >0 , 

0.3 ' N 2 

Q2 

0.1 

0 O 60 120 180 240 300 
DISTANCE FROM TOP (CM) 

100 

9O 

80  

70 

6O 

-, 4,O 

2O 

10  
,, ~ 

"~.6 

-0.5 

0.4 

0.3 

o.2 

-0.1 

0 

FIGURE 17~;B) CALCULATED PRODUCT GAS COMPOSITION "PROFILES (WET 
BASIS) IN TEXACO PILOT PLANT GASIFIER USING SRC I I  
VACUUFI FLASH DRUM BOTTOI,LS AS FEEDSTOCK 



66 

2500 

X 

2000 

O 

n" 

Ld 
i - .  

1500 

1 0 0 0  

® PILOT PLANT DATA 

FUEL RATE = 126.11 G/SEC 
STEAM/FUEL = 0.50 
02 /FUEL  = 0.79 

O " 60 -120 160 240 300  
DISTANCE FROM TOP (CM) 

9 0  

0 

80 ~. 
Z 
0 
¢,r. 

70  w > 
Z 
0 
U 

608 
rn 

5 
50 

FIGURE 18(A) CALCULATED TEMPERATURE PROFILES AND CARBON CONVERSION 
PROFILE It~ TEXACO PILOT PLANT GASIFIER USING EXXON 
DSP VACUUM TOWER BO ,'[TOI~LS AS FEEDSTOCK. 



67 

!oo 
90 
80 

,.PILOT PLAN~" DATA, 

~" c o  
r~ H2 

 oIA o 
 4o o2 

3ol/. 
l.- 
Ld20 

~-~10 

..J 
0.4 

0.3t 

CO 

H2 

H20 

Ho~ 

N ~ 

! 

0.2 

0.1 

0 
0 60 120 180 240 300 

DISTANCE FROM .TOP (CM) 

100 

90 

80 
7O 

6O 

5O 

,4.0 

20 

1 0  

:0.4 

0.3 

0.2 
0.1 

0 

FIGURE ]8(B:) CALCULATED PRODUCT GAS COMPOSITION PROFILES (WET 
BASIS) IN TEXACO PILOT PLANT GASIFIER USING EXXON . 

DSP VACUUM TOWER BoI'rOMS AS FEEDSTOCK 



68 

2 5 0 0  

~. 2000  
:x2 
0 

W 
n ~ 

) 

W ~5oo- 

1OO0 
O 

FIGURE. 19(A) 

WATER /COAL = 0.52 GM/Glvi 
OXYGEN/COAL : O.91 GM/GM 

100 

~O 

®, exp. data 

0 

8 0  ° 

8 
m 

u9 

7oF~ 

6O 

0d 

506 

60  120 180 240 300 
DISTANCE FROM TOP (CM) 

40 

CALCULATED TEMPERATURE AND CARBON CONVERSION PROFILES 
IN TEXACO's PILOT PLANT GASIFIER USING WESTERN COAL AS 
FEEDSTOCK IN COAL-WATER SLURRY RUNS. 



69 

100 

9O 

8O 

i-. 
m 6 o  

o 5 0  
0 

z 4 0  Q 
~- 30  

2 o  

tO 

0 
~ O.3 

0.2 

~ o.~ 
OD" 

0 

FIGURE 'Ig[B) 

WATER /COAL = 0.52 GM IGM 

OXYGEN / COAL : 0,91 GM/GM 

DRIED 

CO 

H 2 35.79 .37.30 

C02 .  13.14 14.45 

• C O  

H 2 ' 

H O  

_ cop 

PRODUCT COMPOSITION 
EXR .iVlQDEL. Wo) 

• 50.71 4 7. 86 

f 

N2 

½s 
- ~  , OH4 , 
60 120 150 240 

DISTANCE FRC~ TOP (CM) 

100 

90  

8O 

70  

:60 

5O 

40  

3O 

.20 

- 1 0  

0.4 

0.3 

O.2 

0.1 

.,... !0.0 
3OO 

CALCULATED PRODUCT GAS COMPOSITION PROFILES IN TEXACO's 
PILOT PLANT GASIFIER USING WESTERN COAL AS FEEDSTOCK 
IN COAl-WATER SLURRY RUNS. 



?0 

2500 

2000 
X2 
0 

v 

ILl 

w• 1500 

W 

1 0 0 0  0 

FIGURE 20(A) 

WAT E R / COAL : O. 79 GM / 
OXYGEN / COAL= 0.87 GM/GM 

100 

90 

®. exp data 

0 

o 

8 0  V 
Z 
0 
dl  
E~ 

Z 
0 

60  z 
0 
E~ 

5 o u  < 

6 0  120 180 240 300 
DISTANCE FROM TOP (C M) 

40  

CALCULATED TEMPERATURE AND CARBON CONVERSION PROFILES 
IN TEXACO's PILOT PLANT GASIFIER USING EASTERN COAL AS 
FEEDSTOCK IN COAL-WATER SLURRY RUNS 



71 

-~ < Iooi 

WATER/COAL =0.79 GM / GM 
OXYGEN/COAL= O. 87 GM/GM 
. . . . .  DRIc_D~- PRODUC'T COMPOSIT[ON 

0 

~ 6 0  
Z 
0 5O 
F- 

40 
o so 

8 2o 

EXP. MODEL 
c o  4 - ~  4-S~.27 ' 

/ / ~  H 2 36.15 36.c9! 
9t 

©p 

(%) 

0.4. 

m 0.3 
C~ 
~0 0.2 
o_ 0.1 

0 . 0  ¸ 

0 
- - - - ! ' - .  

60 120 
DISTANCE ' FROM 

H2S 
,N...,2 ~ 

C H  4 

180 240- ,300 
TOP (CM) 

100 
9O 

8O 
70 

6O 

5O 

4O 

3O 

O 

O.,4 

0,3 

0.2 

0.1 
©.0 

FIGURE 20(B) CALCULATED P.RODUCT GAS COMPOSITION PROFILES IN TEXACO's 
PILOT PLANT GASIFIER USING EASTERN COAL AS FEEDSTOCK IN 
COAL-WATER SLURRY RUNS 



Appendix 6 Comparison o f  c o m p u t a t i o n a l  r e s u l t s  f rom tile model w i th  e x p e r i m e n t n l  r e s u l t s  
from Texaco E n t r a i n e d  Bed P i l o t  P l a n t  G a s i f i e r .  

(A) Using lI-Coal 

Input  

Run Fuel Rate 
No. (glsec) 

I - I  76.66 

r e s i d u e s  from I l l i n o i s  No. 6 coal  as f e e d s t o c k :  [ll  

Condi t i o n  
. , ,  

S 

0.866 

1-2 81.18 0.768 

I -3  82.202 0.813 

1-4A 79.456 

81. 846 1-48 

[-SA 71.64 

I-5B 65.0 

)1-5C 56.264 

O. 807 

O. 797 

0.8263 

0.817 

O. 832 

~ p  Dry' 
. . . .  ~ rodue t  
Steam a s  

CO 

Flow 'Rate 
~. see 

(VoZ. ~) 

!! 2 
Flow Rate 

g/sec 
(Vol. %) 

% [ 
[/:low Rate 

g/sec 
(Vo l .  ~,) 

014 t12S N 2 

Flow Rate Flow Rate Flow Rate 
g / s e c  g / s e e  g/see 

(Vot. ~.) (Vot. ~.) (Vol. ~) 

Ca rboll 
Collve rsion 

, , m 

i Exp. 
0.241 - ~  

Model 
m 

Exp. 
0.314 - -  

Model 
H 

Exp. 
0.309 [] 

Model 
I! 

Exp. 
O. 323 • 

Model 
II 

Exp- 
0.310 '!~" 

Model 
I I  

0.352 ,, EXP._.~. 

Model 
I |  

EXP. 
0.392 " 

Model 
I !  

Exp. 
O. 429 " ~  

l~bdel 

125.77 
(57.57) 
123.94 
(56.60) 
I12.52 
(53.06) 
119.78 
(54. I I) 
121.5 
(54.66)  

1126.4 
(55.89) 
116.0 
(55.70) 
119.96 
(SS. 18) 
119. S4 
(54.90) 
125.09 
(55.71) 
103.32 
~(54.02) 
106.32 
(54 .89 )  
92 .3  
( 52 .48 )  
95.45 
(s3 .s6)  
81. 853 
(51.39) 
81. 186 
(52.7S) 

6.01 
(39.13) 
6.23 

, ( 3 9 . 8 4 )  
6 .21 i  

. ( 41 .00 )  
~6.54 
, {41.39) 
6.24 

i (39.31) 
6.36 
(39.39) 

)5.78 
, (38.90) 
6.16 

, ( 39 .69 )  
6. 107 

, ( 39 .26 )  
6.36 

, (39.68) 
5.30 

• ( 38 .78 )  
5.39 

, (38.98) 
5.007 

, (39.85) 
5.08 
(39.92)  
4 .53  

i (39.83) 
4 . 3 8  
(39.84) 

9 .  985 
,(2.95) 
10.04 
(2.92) 
17.2 
( S . l S )  
13.54 
(3. 89) 
19.26 
(s .s t )  
14.56 
(4. I0) 
16.74 
(S. 11) 
15.73 
(4 .60 )  
18.14 
(5.30) 
14.37 
(4.07) 
19.972 
(6.64) 
16. 824 
(S .S2S) 
1 9 . 9 8 7  
(7.22) 
16.58 
(S.92) 
20.61 
( 8 . 2 3 )  
16. 461 
(6 .81)  

0.15 
(0 .12)  
0.20 
(o. 16) 
0 . 5 6  
( 0 .46 )  
O. 242 
(0.193) 
0.114 
(0.08) 
0.17 
(0.131) 
0.15 
(o.12) 
O. 148 
(0.12)  
O. 185 
(0.14) 
O. 170 
(0 .132)  
0.0852 
(o.o7) 
0.112 
(O.lOl) 
O. 086 
(0 .08)  
O. 100 
(o.098) 
O. 0434 
(0.04) 
O. 074 
(0 .084)  

J 

0.133 
(0.06)  
0.726 
(0.27) 
0.59 
(0.21) 
0.57 
(0.212) 
0.67 
(0.26) 
0.77 
(0 .28 )  
0.32 
(0.11) 
O. $26 
(0.20) 
0.70 
(o. 23) 
0.538 
(0.19,7) 
0.57 
( 0 . 2 1 )  
0.68 
(0.29) 

0.53 
(o.12) 
0.454 
(0.208) 
0.1513 
(0.07) 
O. 451 
(0.204) 
0.133 
(0:11) 
0,496 
(0.22) 
0.0124 
(0.00) 
0.437 
(0.201) 
O. 2,) 
(o.1!I 
0.449 
(0..20) 
0.428 
(0.22) 
0.421 
(0.217) 

O. 73 O. 0034 
(0.31) (0.00) 
0.62 0.386 
(0.29) . (0.217) 
O. 8035 O. 0734 
(0.41) (0.04) 
O. 546 O. 335 
(0.29) (0.218) 

98.64 

98.88 

90.66 

193.29 

98.28 

99.75 

97.24 

99.76 

97.34 

99.75 

)8.875 

)9.77 

98. 868 

99.75 

}8.  885 

99.76 

bO 



I-6 

[-TA 

[-7B 

[-8A 

I-8B 

I-8C 92.86 

I-9 

I-lO 

1-11 

,, i i o, , 
!npu t Cond i t ion  2.~ l)ry J ...... Z "Flow Rate tFlot, Rate [ P r o d u c t  Flow Rate Flow Rate 

( g / s e e )  l'ue---~ ~ ] S o u r c e ~ ( V o l .  %) ( I /ol .  %) . (Vol .  %) ] (Vel .  %) 

125.2 16.41 17.93 0 .27 
~xpT (ss._.03)_h_ (39.43) !(S-Ol) , (o.2o) 

!!25 ! N 2 
Flow Rate Flow Rate 

g / s e e  g / s e e  
(t/ol. %) (Vol. %) 

i i 

0.3 0.391 
[(0.!  O) . . . .  (0 .17)  87.73 

90.974 

95. 392 

92.13 

95.07 

0. 774 

0.7757 

0.291 iil~bde ] 

7757! O. 282 

0.782 0.267 

0.797 0.247 

Exp. 

Model 

EXP. 

~ d e l  

Exp. 

129.34 
(aS.aS) 
130.3 
(55.33).  
133.58 
(5S.63) 
1 3 9 . 7 5  
(as .  87) 
141.11 
(56.223) 
140..7 
(57.38) , 
140.09 

6.54 1 4 . 3 5  
i (39,52) ~ 3 9 4 )  

L 6.67  17.1 
(39,62) (4,62) 
6.85 

, (39 .96)  . (3.764) 
6.975. 
(39.03)  
7.08 
(39.50) 
6. 732 
(38.43)  
6.735 

0.187 
. . . .  I ( 0 . 1 4 2 )  

0.27 
: ( 0 , 2 0 )  

14.20 0.202 
! (0.1471 

17.3  0 .197  
(4 .40 ) .  (0.13) t 

14.29 0.22 
(3.622) . (D.IS3) 
14.27 0.13  
(3 .70)  .... (0 .09)  
12.77 0 .213 

0.89 0.53 
( 0 . 3 2 )  (0 .23 )  
0.292 0.213 
(o.o8), ! (o.o9) 
9.798 i0.555 
(0.274) I(0,231) 
O. 866 , O. 6,10 
!(0.26) . , CO. 25) 
o.829 0.583 
(0.272) ...... (0.232) 
0.91 0.102 
(o.3o) / 0 . 0 4 )  
0.797 0.5~2 

C a rbon 
Convers ion 

% 

97.122 

97.898 

96.826 

97.735 
i 

!96.992 

96.735 

198..641 

97.744 

98.663 

0. 800 

87.79 

129.77 

132.79 

0.8016 

0.246 

O. 787 

O. 8346 

0.239 

Ibm 

0.268 

0.276 

bbdel  

Exp.  
Hodel 

IExp. 

hie de 1 

Exp. 

~iodel 

EXp, 

~bdel  

(57.39) 
145.8 
(57.67) 
143.8 
_(57.56) 
141.073 

(38.63) .......... 
6.913 
(38.28) 
7.853 
(38.37) 

(3 .54 )  ! (o.15) 
I 

14.4 0 . 0 5 8 ,  
(3 .62)  , (0.03) 

(57.02) 
141.709 
(57.46) , (38.58) 
125.4 5.966 
(57.49) ; 
131.20 

.(56.70) . (38.885) 
201.16 110.22 
( 5 5 . ! 8 ) ,  (3.q:24~_ 
195.918 9.99 
(55.,I2} , (39.56) 
204.16 10..~7 : 

13.43 0.22 
( 3 . 4 2 )  i (0 .152)  

6. 785 
(38.39). 
?,.43 i 

! 

(38.29) , 
6.43 = 

i 

( 3 9 : 2 4 _ 9 . _ ,  

1 

o.  848,1 0.279 
Exp. 

~ d e l  

(54.79) 
199.72 
(s4,gs) 

(39.72) 
10.30 
(39.69) 

15.28 0 . 0 7 1  
(5.93) , (0,04) 
12.81 0 .213  
(3.31) (0.15) 

I 
12.89 0.096 
(3 .76)  , (0 .07)  
13.88 O. 189 
(3.a2) , ( o . 1 4 3 )  
26.92 0.15 
(4.69) , (0.26) 
24.76 0.284 
(4.46) : (0.140) 
29.96 ' 0.193 
(5 .1 ] )  : (0 .09)  
27.50 0.278  
(4.82) ..... (0.134) 

(0.27) 
O. 80 
(0.25) 
0.82 
(0.27) 

(0.230) 
o ' - 6 7 ~ o 4  .... 

CO. 08) 
Io.576 
j (0.23) 

f.18 o.46 
(0.37) :(o.18) 
0.81 0 . 5 7  .... i 
(0.27) (0.23) 
0 . 8 0  • I0.148 
(0.26) i C0.06) 
0.65 0.529 
(0.23) ( 0 . 2 3 )  
0.58 ~ 1.73 
( o . l o )  . (0.47_) 
0.94 i 0.672 • 
(0.22) l (0.190) 
o : 6 8  ' 0 . 4 2  

(0.12) (0,11) 
0.977 " 0.697 
(0.22) (0.19) 

97.233 
, , , , v  

98.605 

98.229 

9 7 . 4 5  

97.60 

99.158 

96,01 

99.187 
- . , , ,  

96.57 
i 



(B) Using II-coa5 r e s i d u e s  from Wyodak 

I hi)t, t Cond i t i on  ] Diy 
...... -V~p roduc t " 

Rtul Fuel Rate _ ~  S t e n n  ~ gas 
No. (g/see) Fuel ~ ' ~  S ~  N 
. . . . . . . . . . . . .  ~ !  ,M 

N-I 86.0 0.90 0.318 " 

IV-2 87.231 0.859 0.286 

iV- 3A 128.49 0.844 0.253 

coal  as f e e d s t o c k :  [1] 

~=3B 128.67 0.86 0.264 

N-4 125.66 0.857 0.273 

W-5 129.826 0.854 0.263 

IV- 6 

W-7 

132.82 0.855 0.318 

1 3 5 . 6 4  ^ ^" 0 . 3 5 0  

CO II 2 CO 2 CI! 4 

I Flow Rate Flow Rate" Flow Rate  Flow Rate 
g/see g/see g/see g/see 

(Vol. (Vet. [Vet. t(Vol. 't) 
143.2 6.8325 19.55 0.0517 

Exp. , (56.96) (38.04) (4.84) , (0.03) 
144.1 6 . 8 8  17,98 0 .58  

Modet , (56.85) (38.00) ( 4 . s i )  , (0.4o0 
146.25 6.865 17.1 0.0898 

Exp. , (57.67) (37.90)  (4.29) , (0.06) 
148.44 6 .741 13.40 0 .656  

Model (58.65) (37 30) (3.37) {0. 453) 
I , " I • 

Exp.  212.71 9.85 25.66 0,22 
, (57.80) 37.47)  (4.43) ss8 
21 2.77 9.45" I9. SI 

i~bdel (59.20) (36 81) i (3 454) ' (0.  272) 
i I " " I 

208.2 I0 .05  34.016 0 .129 
iExp" (56.02) (37.02) (5.82) (0.06) 

214.8 10.85 25 .38  O. 303 
~bdel (58.97) (36.86) (3.75) (0.146) 

l I 

211.44 10;06 23.77 0.28 
Exp. ($7..61) (37.77) (4.12) (0.13) 

210.58  9 . 5 6  20. 22 4 .215 
Model i (S8.46) (37.16)  ( 3. 57) (0.59) 

i i. 215.34 10.343 25.45 i 0.34 
Exp. (57.0.0) (38.32) (4.28) (0.15) 

[ . . . .  ! • l 

214.78 10.08 2 1.09 1.32 
Model (5 7.9.5) (37.56)' (3.62) (0. 625) 

215.07 10.97 33.84 0.41 
Exp. (54.91) (39.20)  (5.49) (0 18) 

I I I " 

2 17.46 10.60 27.65 1.60 
Model (56.1.7) (38.34) ( 4 . 5 . 5 )  (0.762) 

220.02 11.00 48.576 t O.O0 
I 

Exp. (54.24) (37.98) (7 .62 )  , (0.00) 
I | 

22~. 74 50.56 3.1.12 0.234 
Model (57.23) (37.01) (5.43) (0. I05) 

I125 N 2 
Flow Rate l'It,w Rate 

g/sec g/sec 
(Vol. ~.) (Vet. ~) 

• ,, ,, 

0.00 0.19 
(0.00) ( 0 . 0 7 )  
0.032 O. 57 
(0.01 O) (0.224) 
0.0325 0.O78 
(0.00} (0 .03)  
0.028 0.5,17 
(0. 009) (0.216) 
0.00 0.553 
(0 .00)  (O.IS) 
O. 088 O. 9 1 
I(0.020) (0.251) 
0.103 0.68 
(0.01)  (0.58) 
). 089 O. 96 
(0.020) (0.262) 
0.00 I .20 
(0.00) (0- 32) 
D.0066 O. 769 
(o.oo2) (o.213 
0.032 O. 734 
(0.00) (0.59) 
0.0615 0 .837  
(0.014) (0.2 27) 
{).00 O. 706 
(o.oo) (o. 18) 
9.042 0.837 

_(0.009) (0.236) 
D.O0 0.477 
(o.oo) (o.11) 
O. 0072 O. 9! 7 
0.001) (0.229) 

Carl)on 
Convers ion  

98,98 

99,75 

99.17 

99.65 

99. 393 

97.90 

99. 395 

98.85 

98. 765 

98.215 

98.211 

97.66 

97.900 

98.283 

99.676 

99.628 

",,,,I 



[C} ll~;in!, FRC )I Vavcu,,) F1:,~h Drum Bot toms as  f e e d s t o c k :  [2] 

lnl}ttt 

t~-~ez fi~te 
(g/sec) 

Condition 

02 Stemn 
Fuel  F u e l  

126. I I 0 . 7 7  0.30 

I 

"k $~et CO 
N ~ r o d u c t  i 

~kt;as Flow Rate  
~ / s e c  

Source "~ {Vet. %) 

167 .584  
Exp. {s3.s) 

171.48 
Model (s:).Ol) 

II 2 

Flow Ratc  
g/sec 

(vet. %) 

6.936 
(31,0) .... {6.7) 

7. 178 29.54 
(31.65) (5.9) 

CO 2 1120 

l:low l,:"te: i:tow Rate 
g/see g/see 

(vet. ",,) (re1, ~4) 

32.98 14.50 
. (7 .2 ) 

15.19 
(7 .44 )  

CII 4 

Flow Rat~ 
glsec 

(Vol. %) 

0.00 
{o .-oo) 

0.151 
( 0 . 0 8 3 )  

ll..S 

Flow R]ttc 
g/so( 

(Vol. %) 

4.1 
{1.04)  

2.016 
..,C.0.52) 

N 2 

Flow Rate  
g/sec 

(Vol. %) 

1.566 
CO.50) 
1.146 
(0.361) 

Carbon 
Conversion 

% 

99 

99 .77  

{D) Using Exxon DSP Vaccum Tower Bottoms as feedstock: [2] 

J J ' 176.98 9.57 
126.11 O. 79 O. S0 Exp. . (45.6) ( 3 3 . 8 )  

• ' 175.36 9.57 
Model !. (44.87) (34.99) 

I r . . . . .  

(E) Coal4Vater Slurry Runs: 

45.87 
C7.52) 
47.82 
(7.74) 

29.69 
{ 1 1 . 9 )  

"'29.14 
(11.6) 

0.00 3 . 8 1  
_{0.00)  ,. {0 .78)  
0. 173 i. 857 
(0.0773 (0.39,) 

i. 475 
.(0.38 ) 99  

j l . 0 8 9  9 9 . 0 0  
(0 .279)  

Coal 
r)~e 

IVestern 

Ea.s tern 

Input Conditions 
CoalJffatei ' '0~ tVator 

(g/sec) j. ~ co~--q 
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0.79 

Dry  
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\ ,  Gas 

Source 

Exp.• . , 

Model 

Exp. .... 

Model 

CO 

"Voll %. 

• s0.71 

.41..55 

45.27 

H2 

• Vol. %" 

35.79 

37 .  S0 

36,15 

36.91 

C02 

Vol. % 

13.14 

.14.45 

20.64 

1 8 . 9 1  

... ,CH4 . . . . .  HRS ..... 
l 

"Vol. %. I. "Vol. % 

0.09 

0.055 

,0.40, I 

O. 036 

V o l  " .% 
car.ben 
Conversion 

% 

0.03 0.24 92.7 
~ , , ,  , , . ,  

• 0.07,1 i... 0....~6 94 .87 . ,  

6 .85  o . s 8  , ss,.8 ~ 
0.50 0 .373  8.4.66 



ApRendix 7. Parameter s t ud i e s  o f  the r e a c t o r  performance a t  var ious  
opera t ion  cond i t ions .  

Figure 19-Figure 2Kshow the e f f e c t s  o f  feeding r a t i o s ,  oxygen/ fue l  

and s t eam/ fue l ,  on the carbon conversion and the major product  gas 

c o ~ o s i t i o n  in  the Texaco Downflow Entra ined Bed P i l o t  P l an t  G a s i f i e r .  

Figure 29-Figure 53 show the e f f e c t s  o f  t o t a l  p ressure  on the carbon 

conversion and the major product g~s composition in  the Texaco Downflow 

Ent ra ined  Bed Pilot Plant Gasifier. 

Figure 54 shows the effects of fuel particle size on the fuel 

residence time and the carbon conversion in the Texaco Downflow Entrained 

Bed Pilot Plant Gasifier. 
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ApPendix '8 ~mpu~er P ~ g ~ a m  

(A) Compiling P r o g ~ s ~  

//ENGRTZCH JOB (CEO60266,~),'CHAUNG',TIME=2,REGION=l&OK 
/~JOBPARM I=5,L=4 
/*ROUTE XEO CF'U2 
/$ROUTE PRINT  RMT3 
/ISTEPI EXEC F'GM=IEFBRI4 
//OLD DD DSN=CEO60266.CHAUNG,VOL=SER=DISKO0, 
/ /  UNZT=3330-I,DISF'=(OLD,IIELETE) 
/ /~  
//STEF'2 EXEC FORTGCL 
//FORT,SYSIN DD 
C SIMULATION OF TEXACO PROCESS 
C COMPARTMENT-IN-SERIES MODEL 
C ~ * ~  SHRINKING-CORE MODEL ~ 
C ~ * * T O  SPECIFY  THE FLOW D I R E C T I O N .  
C ~ T H E  DEFINITION OF "DIRECT' GIVEN 
C FOR UPWARD FLOW, 'DIRECT'=I,O 
C FOR DOWNWARD FLOW, 'DIRECT'=-I.O 

REAL KS,KV,KDIFF,KOVER 
REAL N2P,N2P2,N2P3,N2P5 
REAL N2MOL 
~OSICAL~I NAME(12) 

94 

IN SUBROUTINE VSOLID IS USED 

DIMENSION 
DIMENSION 
DZMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 

HT(20),HTUP(30),CP(30),DTM(5) 
TGAS(5),FTG(4),HBL(4),TSOLID(5),FTS(5),DFTS(5),RK(5) 
XI(120,'2),YI(i20,2),NPTI(2),ICI(2) 
X2(120,4),Y2(120,4),NPT2(4),IC2(4) 
X3(120,3),Y3(120,3),NPT3(3),IC3(3) 
X4(120,I),Y4(120,I),NPT4(1),IC4(i) 
X5(120,2)yYO(120,2),NPT5(2),ICS(2) 

/ S i /  FCOAL,FOXY,FSTEAM/S2/ TG,TS, DENS,DENO,CPS,PT 
IS3/ TFCOAL,XMOIS 
/ A I /  YC,YOXY,YH,YS~YN,YCR,YOXYR,YHR,YSR,YNR 
/A2/ XH2,XCO,XCO2,XH2S,XH28,XN2,XCH4,XTAR 
/A3/ GOXY,GSTEAM,GCO2,GCO,GH2,GH2S,SN2,GCH4 

DATA 
DATA 
DATA 
DAIA 
DA'IA 
DATA 
DATA 
DATA 
DATA 

NAME/' ' I  
HLI30./ 
A,B,C,Q/4.92ES,8900.,O.14,1.25/ 
VIS,AT/6.E-4,18241.5/ 
NI:'TI,ICI/120,120,'$$$$','~*'/ 
NF'T2,1C2/120,120,120,120,'IIII','2222",'3333",'4444"/ 
NF'T'3,1C3/i20,120,120,'5555','6&66",'7777"/ 
NF'T4,1C4/120,'%%Z%'/ 
NF'T5,1CS/120,120,'GGGG','SSSS'I 

NAMELIST/DATA/NAME, TA, TSTEAM, TOXY, 
X YOXY, YH, YC, YS, YN, YASH , XMO ~ ~ , 
X FOXY, FSTEAM, TFCC]AL 

10 REA/ZI ~ 5 ,  L~A T~) 

:'ZCZ TE" ~ ,  1 ) ( N A M E ( J ) , J = l y  1 2 )  
i ,--OR;'~A[( ' 1 '  , T 4 0 , i 2 F ' ~ I , / )  



9~ 

5 7 ,  C 

5 9 .  -1TL=~NSI =-- 1 ~-18 
60. RI=I , 75E-2 
~:1 . . . . . . . . . . .  CPS=O. 45" . . . . .  
~2. C 

64. 

6~, 
57. 

70. 
7i, C 
72. 

7 4 .  C 
75. C 
7~. C 
7 7 ,  C 
7 8 ,  C 
7 9 ,  C 
80. C 
81, C 
. ~2 .  C 
8 3 .  C 
~ 4 ,  C 
85. C 
B~. C 
8 7 .  C 

8 9 .  
9U. 

,~3,  C 

~ .  C 

97 ,  C 
9 8 ,  

!01. 
102, C 
: , '3J • DELH:=5  + 
• .3 -~, g 
L j_, C; 

i . V  • 

~ FC IS THE FIXED CARBON IN DMMF BASIS . ~  

CPO×Y=8.724 
CPSTM=I1,34 
C P C 0 2 = 1 3 , 8 3 1 7 5  
CPC0=S,4755  . 
C P C H 4 = 2 0 . 7 7 2  
C P H 2 = 7 , 7 3  
CPH2S=4.77 
C P N 2 = 8 ° 3 9 ~ 7 5  

PT=24, 
FCOAL=TFCOAL~(I,-YASH)~(I,-XMOiS) 
FCOAL iS THE FEED RATE OF COAL IN DNMF BASIS 

~ @ T O H U P  IS  CAL/G D ~ F  COAL FEED 
~ F C O A L @ T O H U P  IS  CAL FLOW THROUGH THIS COMF'ARTMENT/SEC 
~@~SUBDWL IS  G COAL CONSUMED iN THiS COMPARTNENT/G DMMF COAL 
~F~OAL:~SUBDWL/IpO, IS G COAL CONSUMED IN "FH~S CO~P~ISEC 
@ ~ R H E A T 1  i S  CAL PRODUCE~ IN. THIS C P , / ~  ~ M M f  COAL 
~ R H E A T I ~ F C O A L  IS CAL' PRODUCED IN THIS COMP,/SEC 
~ C W L ' S  ARE G CARBON CONSUME~ IN TH1-S COMPART,/G DMMF COAL 
~ R H E A T  i S  CAL GENERATED IN THIS COMP./G 9MMF COAL FEED 
~ R I I E A T @ F C O A L  IS CAL GENERATED IN THIS COMPART,/SEC 
~ FGS IS  THE FRACTION OF HEAT GENER~-~D BY CO AN~ H2 COMBUSTIO~ 
~ THAT BACKIRABIATE~ TO THE SOLID~ SURFACE FROM THE FRAME FRONT 
*~ IN A~DITION TO THOSE FROM THE BULK GAS PHASE, 
F G S = 0 . 2 5  
SWELL=I,O ' "  
EF=O.~ 
S!~MA=I,355E~I2 
FASH=YASH/(I*-YASH) 

~@ RS IS THE FRACTION OF COAL SULPHUR THAT ~OE8 NOT REACTED 
~ INTO GASEOUS PRODUCT BUT DEPOSITE~ TOGETHER WITH ASH ~ 
~ RN IS  THE FRACTION OF COAL NITROGEN THAT DOES NOT REACI'ED 
. ~  INTO GASEOUS PRO~UOT BUT ~EPOSiTED TO~ETHER WiTH ASH ~ 
"RS=0.5 
YS=YS~(I.-RS), 
RN=0,3 
YN=YN~(!,-RN) 

~<~ 'FWOS ~ IS THE FRAOI':EON OF HEAT RELEASED I~Y WAI'ER-GAS-~,HIFr 
• ~ THAT 'rS A~SORF'ED BY THE SOLID PHASE. 
F i . ' J ~ =  ;i. , 0 



96 

109, 
110. 
iii, 
112. 
!13. 
114. 
15, 
11:. 

117. 
119, 

12J • 
!21, 

! 2 5 .  
120 • 
127 • 
128. 
1 2 .  ° , 
1 3 0 ,  
1 3 :  , 
i 3 2 .  
i33. 
13,1. 
!35. 
!30. 
i37. 
13~, 
139. 
140, 
141 • 
I .:12. 
143, 

i 4 : , ,  

.,. 4,-' ° 

i 4 , ' .  

151~, 

"5'. 

547 

C 

C 

CALL  VOLATL(YC,YSXY,YH,fN,fS,YASH,FC,FO,FH,FN,FS,VH2,R1,R2,VMO) 
V M O = V M O ~ ( 1 . - O . O 6 6 ~ A L O G ( F ' T ) )  
SWL=Q*VHO*(I.-C) 

fCR=YC-(VMO/lOO.)~(XCO*12./28.+XCI]2*12./44,+XCH4~12./16.+XTAR*72; 
1 / 7 8 . )  

, . I  . . . .  4 X H 2 0 , 1 6 . 1 1 8 . ) / I 0 0 o  , fOXYR:=YOXy_VMO;~(~ ....... ~ , ' - o  4 ~XCG* 6 o o  
fHR=fH-VMO*(XH2+XH29~2.t340+XH20~2°/$8,+XCH4*4,/160+XTAR*&°/780) 

I / i 0 0 .  
YSR:~S-XH2S*VMO*32./(34.*IO0,) 
YNR:YN-XN2*VMO/IO0. 
FLOXY=YOXYR/YCR 
FLH=YHR/YCR 
FLN=YNR/YCR 
FLS:YSR/YCR 
A L F ' H A = Y C R / 1 2 °  
B E T A = Y H R / 1 .  
GAMA=YOXYR/16° 
BELTA=YNR/14. 
E F ' S N = Y S R / 3 2 .  
WRITE(6,547)ALPHA,BETA,GAMA,BELTA,EPSN 
FORMAT(//2X~'ALPHA=',FI5.5,2X,'BETA=',FIS.5,.2X,'GAMA=',FIS.5,2X, 

I'~IELTA=',FIS.5~2X,'EF'SN=',FI~oS) 

DENSP:DENSI,(Io+FASH-SWL/IOO.)/((I.+FASH)~SWELL) 
RP=RI*(SWELL**0.333) 
GOXFIN=FOXY*TFCOAL 
GH2OIN=(FSTEAM+XMOIS)*TFCOAL 

*~;K ENTHIN IS THE TOTAL INLET ENTHALPY .4 
CALL HEATUP(iTTDXY,298°,HIUF'~CF') 
C A L L  H E A T U F ' ( 2 , T S T E A M t 2 9 8 . , H T U P , C P )  
E N T H G = H T U P ( 1 ) * G O X Y I N / 3 2 ,  + H T U F ' ( 2 ) * T F C O A L ~ F S T E A M / 1 8 ,  
CALL  H E A T U F ' ( 2 , T A , 2 9 8 . , H r U F ' , C P )  
EN THS=CPS:t~FCOAL* ( 1 • +FASH ) * ( T A - 2 9 8  • ) + T F C O A L * X M O  I S *  ( H FUF' ( 2 ) - i 0 5 2 0 ,  ) 
f 1 8 .  
E N T H I N = E N T H G + E N T H S  
; ~ * * *  NC I S  THE NUMBER OF STEP S I Z E S  IN  EACH GrTS COMF:'ARI'MENT 
HC=3 
THOLE--- GOX Y I N / 3 2 0  + 6 H 2 0 1  N / 1 8  • 

P O X Y I N = F ° T , G O X Y 1 N / ( 3 2 0 * T M O L E )  
F ' H 2 0 1 N = F " r * G H 2 0  i N / (  1 8 .  * I"MOLE ) 
S C 0 2 1 N = O ,  
,:C02IN=Oo 
GCOIN=O. 

G;--;2S 17 :~0. 
PH2S : i-' -::0. 
GH22i,!=O 0 
F ' :<21N=O. 

h7~2 1 N=O, 



" 9 7  

!62. 

164. 
icb. 

i~. 
I = Y .  
170, 
!7io 
172. 

175. 
17o, 
1 / 7 ,  
i 7 3 ,  

t 8 3 .  

185. 
1~,5, 
18£. 
i ,~S .  
1 8 ' ? ,  
190, 

192, 
iP3. 
i Y 4 .  
i q S ,  

l ? 8 ,  
i ? ? ,  
233, 
2 0 ! .  
~ g 2 ,  

2 J ,~, 

2,J 5 ,  

2 L v  
: z :  

c 
C 

'2 
C 

GCH4IN=O.  
F 'CH4IN=O° 
T S I N = T A  
T I ~ E I N = O ,  
H S I N = O .  
WLIN=O. 
bSI~=~09. 
GTARIN=Oo 
T~AS(1)=2SO0. 
TGAS(2)=2900+ 

Xi(l,2) 
Yl(l,i) 
Y!(i~2) 
X2(1,1) 
X2(I,2) 

X"~ (I ~4) ,,. 
Y2(!,I) 

Y2(i 
X3"I 
X3(I 
X3(i 
"(3( i 
f3( i 
Y3( I 
X4( ! 
~'4(1 

X5(I 
YS( i 
YS( i 
2=i 
J=i 
ITERG=I 
~'~=i 
R = ( R I +~P )/2 
.... ~ GAS-WALL 

: 0 ,  
=TGI 
=TA 

=0, 

=0. 
=(GH20EN/18*)/TMOLE 
~Oe 

=0. 
~4)=0. 
~ l ) = O .  
~ 2 ) = 0 ,  
, 3 ) = 0 ,  
~ ! ) = 0 .  
,2)=0~ 
~3)=0. 
~f)=O+ 
~ t ) = 0 ~  
,i)=0. 

,I)=TMOLE~82+OS~TG!/(AT~PT) 
,2)=USIN 

HEAT TRANSFER 
~',':':0: UO IS THE OVERALL HEAT 
~:~:::" FOR GASIFICATION 
~.'~< FOR G A S I F I C A T I O N  
" "  ~: CFx'_/( S£C. Ci'i, C~-~, r ~. ) 

TRANSFER 
Z O N E  SIMULATED 
Z O N E  SIMULATED 

COEFF.  BETWEEN GAS ~" hND WALL 
AS A HEAT EXCHANGER~ C A L / S E C  
AS A HEAT EXCHANGER~ 

WLCF'=SWL 
TG!=(GOXYIN~CPOXY~TOXY/32.+GH20IN~cPBTM~TSTI~AM/iS.)/(GOXYIN~CPOXY 

l l ~ - . . u H ~ O , i I , . . c r ~ T H / l ~ . )  
X ! ( I ~ ! ) = O ,  



g8 

213. 
214. 
215, 
216. 
217. 
218. 
219. 
2~ 

222. 
223. 
224. 
225. 
226. 

228. 

230. 
231. 

233. 
234. 
235. 
23~. 
2 3 7 .  
238. 
2 3 9 .  
240. 
24! .  
242.  
243. 
244. 
245. 
246. 
247. 
248.  
249. 
250. 

252. 
253. 

2~5, 
25~. 
2 5 2 .  
25:~. 

- 2 ~ .  
2e3. 
" ' ) . .  t 

C 
300 

C 
C 
C 

140 

TG=TGAS(1) 
IF(TG.LE.3OO.)TG=TS+IO0. 
TIME=TIMEIN 
HS=HSIN 
USI=USIN 
WL=WLIN 
TS=TSIN 
~OXY=GOXYIN 
GSTEAM=GH2OIN 
GCO2=GCO2IN 
GCO=6COIN 
GH2=GH2IN 
GH2S=GH2SIN 
GN2=GN2IN 
GCH4=GCH4IN 
POXY=F'OXYIN 
PSTEAM=F'H2OIN 
PCO2=PCO2IN 
PCO=PCOIN 
PH2=PH2IN 
PH2S=PH2SIN 
PN2=PN2IN 
PCH4=PCH4IN 
GTAR=GTARIN 
K=I 
TMOLE=GOXY/32.+GSTEAM/18.+GCO2/44.+GCO/28.+6H2/2°+SH2S/34.+GN2/28 

i+GCH4/15. 
GSUM=6OXY+GSTEAM+6CO2~GCO+GH2+GH2S+SN2+GCH4 
RHEATI=O, 
RHEAT2=O. 
RHEAT3=O. 
RHTS=O. 
SUBDWL=O," 
RHT=O. 
RK(3)=O. 
[IWL=(SWL-WL)/SWL 
I F (~WL.LE .O .08 )  GO TO 500 

IF (1 "S .ST .500 . )  R=RP 
DP=2.@R 
DENS=DENSI@(1.+FASH-WL/IOO.)/((1.÷FASH)@SWELL) 
CALL VSOLI[I(DELH,USI,TMOLE,GSUM,DF'~TG,PT,AT,VIS,DENSrDELTIM,US,UG 
USI=US 

CONDUI'=(7oTE-7)~ (l'G+l~) $~0.'25> 

Ir'(ABS(CT),GT,25.) GO TO 20 
ECT=EX!" (CT) 
6(3 fO 30 
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2 ~ 4 ,  
2 ~ 5 ,  

2;x7. 

2~.?. 
2,:0 • 

273, 
274, 

-D-2 

2.77. 
2 7 8 .  

2~0 • 
2 8 ! ,  

2~3. 
2 8 4 ,  

287, 
;288. 

,3 O 

2 9 0 .  

2 e 2 ,  

29~, 
29-}, 
295 • 
2'-2.~. 
297, 

29 . ' ,  

£,0~. 
30i. 
2.02. 
303. 

305. 
. 3 0 ~  • 
d , 0 7 .  

3'J~ . 

2., ¢ ,  
~_ " i • 

_ 1 2 .  

20 
30 

C 
C 

12 
13 

C 

!5 
1& 

C 

! 2 3  

C 
IT.. 
~00 

C. 

404 

,~'2,q, 

E C T = l , O E - % 2  
DELTS=(TG-(T~-TS)~ECT)-TS 
TSM=TS+DELTS/2o 
TS=TS+DELTS 
£F(TSM,GT°I250o) TSM=~2~O* 

TIME=T!ME+DELTIM 
HS=HS+DELH 
AGUI=-B/TSM 
~ F ( A B S ( A G U 1 ) . L E + 2 5 o )  
EAGU~=O, 
GO TO 13" 
EA~UI=EXP(AeUI) 
AK=A~EAGUI 

eO 1"0 12 

AGU2=-AK~DELTIM 
IF(ABS(AGU2).LE+25,) GO TO 15 
EA~U2=O. 
GO TO ~ 
EAGU2=EXP(AGU2) 
DELWL=(SWL-(SWL-~L)~EA~U2)-WL 
~L=WL+DELWL 

WRITE(6,123) T!ME,TS~WL~HS~TG~DELWL 
FORMAT(///2X~'TIME=~,F15+5~SX~TS=~F15.515X~SWL=~F$5.5,2X, SHS=, 

1 ~ F 1 5 o 5  ~v t 
SUBDWL=SUBD~L+DEL.WL i 
[IENS=D~NSI~(I++FASH-WL/~OO.)/((1.+FASH)~SWELL) 
DWL=(SWL-WL)/SWL 
IF(DWL.LEoO,O~) WLCP=WL 
I F ( K . G E , N C )  eO TO 400 
K = K + I  
GO TO ~i0 

YCR=YB-(WLCF'/lOOo)~(XCO~I2o/28,+XCO2~12,/44,+XBH4~I2,/l~,+XTAR~72o 
1/78.) . .  

DO 404 N=I,4 
CALL HEAT(N~TG,HT) 
CONTINUE 
~ALL F'TROLY(SUBBWL~GWL,GOXY~RHEATI~BSXYvWATERF',CO2P~H2SP~N2P~OOP~ 

IH2F'~CH4F' ,TARF')  
GOX~EX=GOXY-BOXY~FCOAL 
EF(GOXYEXoLT,O+) GO TO 424 
~OXY=~OXYEX 
GO TO 42~ 
'30XY=O, 



1@@ 

313. 
~14. 
3!5,  
316. 
317. 
31B, 
319. 
320. 
321. 
3 2 2 .  
323. 
324, 
325, 
326.  
327. 
328. 
32~. 
330, 
33Z. 
332. 
333. 
334. 
335. 
336° 
337. 
338. 
Z39. 
340 .  
341. 
342° 
343. 
3~4, 
345. 
34o° 
347, 
348,  
349, 
350. 

3~2, 
~ O t  

354. 
355. 
35&, 
337. 
358. 
339. 

42& 

C 
433 

C 
C 
C. 

436 
437 
420 

410 

GSTEAM~GSTEAM+WATERPSFCOAL 
~SL"O2=GCO2+CO2P~FCOAL 

OH2S=GH2S+H2SP~FCOAL 
GN2=GN2+N2F'~FCOAL 
GCO=GCO+COP*FCOAL 
GH2=GH2+H2P~FCOAL 
GCH4=GCH4+CH4P~FCOAL 
GTAR=GTAR+TARF'tFCOAL 
GSUM=GOXY+GSTEAM+GCO2+GH2S+GN2+GCS+GH2+OCH4 
TMOLE=GOXY/32.+GSTEAM/18,+GCO2/44.+GCO/28.+GH2/2.÷GH2S/34.+GN2/28. 

I+GCH4/16. 
XCARB=IOO.*(GCO/28,÷GCO2/44.+GCH4/Ia.+GTAR*a./78.)*12./(FCOAL~YC) 

~F'OXY=PT*(GOXY/32.)-/TMOLE - - 
PSTEAM=F'T~(GSTE~M/1B.)/TMOLE 
F'CO2=PTt(GCO2/44.)/THOLE 
PCO=F'T~(GCO/2B,)/TMOLE 
F'H2=F'T*(GH2/2,)/TMSLE 
F'CH4=PT~(GCH4/16,)/TMOLE 
PH2S=PT*(GH2S/34,)/TMOLE 
F'N2=PT~(GN2/28, } /TMOLE 

IF(GOXY.GT,O,) 
GOXY=O, . 
F'OXY=O, 

GO TO 433 

CALL• ENTHAL(TG,TS,FCOAL,FASH,WL,CF'S,ENTH) 
TOHUF'=(ENTH-ENTHIN)/FCSAL 

IF(F'OXYIN.OT,O,05) BO TO 436 
T~=2100,-600,~HS/330, 
HLGSS=UO*3,14*DT*FLOAT('NC)*IIELH*(TG-TW) 
GO TO 437 
HLOSS=FCOAL*ABS(RHEAT1)~HL/IO0. 
HTEXC=-RHEAT1-TOHUF'-HLOSS/FCOAL 
DO 410 N=1,8 
CALL HEATUP(N,TG,298.FHTUF',CP) 
CO~'INUE 
DELTG=(HTEXC*FCOAL)/(GOXY*CF'(1)/32.+GSTEAM*CF'<2)/IB.+GCO2*CP(3) 

1/44,+GCO*CP(4)/28,+SH2~CF'(6)/2.+GH2$*CP(7)/34.+GN2~CP(8)/28.) 
ERRTG=DELTG/TG 
DHTEX=HTEXC/TOHUP 
~F(~IBSCERRTG).LE.O.02) GO TO 800 
IF(ABS(HTEXC>.LE.5,0) GO TO 800 
iF<~(DHIEX) ,LE.O, IO)  GO TO 800 
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360, 

362, 
3~3. 
364. 
365. 
365, 
3#7. 

369. 
370. 
371, 
3 7 2 .  

374. 
3 7 ~ .  
37~o 
3 7 7 .  
3 7 8 ,  
5 7 9 .  
~ 8 0 .  
3£1, 
3e2, 
3 ~ 3 ,  
384. 

387. 
3~S. 
38~, 
3 9 ~ .  
-39~.- 

393. 
~ 9 4 ,  
3 9 5 ,  

~97 .  

40rJ, 
4 ' ]Z ,  
4CZ. 
4'3J. 
o } ~ q .  

4 0 ~ .  

( , j  7' t . 

'L ;2£ • 

C 
C 
C 
C 

302 

311 

319 

-32~ 

321 

32"~ 

DWL=(SWL-WL)/SWL 
IF(M°EQ°I) O0 TO 302 
IF(DWL,CE-.-O-,-OS.)---60--T-~-30-2--. 
IF(!TERG.CE+5) GO TO 41& j 
ITERG=ITERG÷I ~ l 

GO TO 302 
D~LH=DELH/2 .  
TCAS(1)=TCiN-30o 
i=1 
GO TO 300 

USE OF WEGSTEIN METHOD FOR THE SEARCH OF CORRECT 
SEARCH FOR STAPLE BALANCE OF HEAT GENERATION AND 
FTG(I)=TGAS(i)+DELTC 
HBL($)=HTEXC 
IF(!.EQ.2) GO TC 319 
IF(IoEQ+3) CO TO 339 
IF(M°EQol) CO TO 311 
TGAS(2)=TG+DELTG/2, 
!F(TGAS(2),GT,4000,) TGAs(2)=TC÷DELTG/5, 
I=2 
Gi] TO 300 
TGAS(2)=TGAS(1)+IO0, 
I=2 
Go TO 
CHECKO=H~L(1)~HBL(2) 
IF(CHECKG,CT°O,) CC TO 322 
TGAS(3)=(TCAS(1)~HBL(2)-TCAS(2)~HBL(1) )/(HBL¢2)-HBL(1)) 
i=3 
GO TO 300 
.IF(F'OXY~LEoO,) GO TO 322 • - 
IF(ABS(HBL(1))+GE.ABS(HBL(2))) 60 TO 521 
FCAS(3)=TCAS(1)-(TGAS(2)-TGAS(~)) 
I=3 
GO TO 300 
TGAS(3)=TCAS(2)+(TGAS(1)-TCAS(2)) 
I=3 
CO TO 300 
TGAS(3)=(TGAS(1)@FTG(2)-TGAS(2)~FTC(1))/(TGAS(1)-TCAS(2)+FTG(2) 

I -FTG(!))  
I=3 
GO TO 300 

339 CHECKI=HBL(1)*HBL(3) 
IF(CHECKI,LT~O,) GO TO 342 
GO TO 340 

J42 TGAS(2)=TGAS(3) 
FTG(2)=FTG(3) 

' ~.| 

90 TG 319 
~0 /GAS(1)=TGAS<2) 

TG 
HEAT REQUIREMENT 
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411. 
412. 
413. 
414, 
415. 
416. 
417. 
418, 
419° 
420. 
421. 
4 2 2 ,  
4 2 3 ,  
4 2 4 ,  
4 2 5 ,  
426 .  
427. 
428 ,  
4 2 9 ,  
430 ,  
431, 
432 ,  
433, 
434, 
435. 
43~. 
437. 
438. 
439 ,  
4 4 0 ,  
4 4 1 .  
4 4 2 ,  
4 4 3 ,  
4 4 4 .  
4 4 5 .  
4 4 ~ .  
447.  
4 4 ~ ,  
44q .  
450. 
45!. 
452. 
453. 
454. 
455. 
456. 

453. 
45=. 

461. 
4~_. 

~41 

C 
C 
C 
C 
500 

C 

C 
C 
C 
C 
C 
C 

505 
C 

C 

C, 

FTG(1)=FTG(2) 
HBL(1)=HBL(2) 
TGAS(2)=TGAS(3)  
FTG(2 )=FTO(3 )  
HBL(2)=HBL(3) 
GO TO 319 
TGAS(1)=TG+DELTG/3. 
I = l  
GO TO 300 

RHTS=O. 
RHEAT2=O. 
R=RP 
DP=2.*R 
IFIWL.GE.99.953 WL=99.75 
TI=TS 
DENS=DENSI~(I.+FASH-WL/IOO.)/((I.+FASH)*SWELL) 
Y=((Io-WL/IOO.)/(I.-SWL/IO0.))*~0.333 
RC=RP*Y 
CALL VSOLID(DELH,USI,TMOLE,GSUM,DP,TG,PT,AT,VIS,DENS~DELTIH,US) 
USI=US 
IF(GOXY.GT,O°) GO TO 505 

GGXY=O. 
POXY=O. 
00 TO 600 

***** WHEN OXYGEN IS STILL EXISTED * * ~  
IF OXYGEN IS STILL ENOUGH THE PARTIAL PRESSURE OF CO IS 
ZERO AND THE WATER-GAS-SHIFT REACTION CAN BE NEGLECTED 

TSOLID(1)=TG 

ALMOST 

IF(WL.GE.99.95) GO TO 560 
IF(XCARB.GE.99.75) GO TO 5aO 

Y=( (I .-WLIIO0, )I(I,-SWLIIO0, ) )**0.333 
RC=RP*Y 
R=RP 
riP=2, *R 
~ALL HEAT(I~TG~HT) 
CALL HEAT(2,TG,HT) 
~(W~ RUNGE-KUTTA-GILL METHOD 
I]O ,510 L=I,4 
TS=TBOLID (L) 
iI=iTS.LE.Oo) ~0 FO 50:~ 
CALL COMBUS(TG, TS,F'T~IRF'vF'OX'r,SWL~YTDE~$F'~F, AI'E:C~L,I-'HI~.ORH~6A~>r.. 

i , £~EL T I~, Q1 ~ G2) 
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4 6 3 .  ' 
4 ~ 4 .  
4 ~ 5 .  
• 1.65 • 
4~7, 
468 • 
4 ~ 9 ,  

4 7 0  o 
4 7 5 ,  
472, 
4 7 3 ,  
4 7 4  • 
4 7 5  • 

4 7 ~ .  
~ 7 7  • 

~.7'?, 
4 9 0 .  
4 S t ,  
4 8 2 .  
4£3  • 
4 8 4  • 
4 :~'.z 
4 ,.9,= ~ .  
4 8 7 ,  
4 3 8 .  
4,99 • 
490 • 

49!. 

4 9 2 .  
4'--23. 
4 9 4 .  
495. 

4 Y 6 .  
4 '77.  
498. 

499, 

500 • 
501. 

502 • 
503 • 
5 0 4 .  
505. 

506. 

507 • 

509 • 
510. 
51~ • 

513. 

50& 

507 

5071 

5072 

5073 
5!0 

C 

C 

C . 

C 

C 
C 

C 

CALL CBStM(DkETIM,PSTEAM,PH2,PCO,RP,PT'DENSP,TG,TS,SWL,Y,FASH 
I,RATE2,CWL2,QCSM,WL) 

CALL CBCO2(F'CO2,BELTIH~WL,SWL,RP~PT,DENSF',Ta~TS,FASH,Y,RATE3,CNL3 
i,QCBC02) 

QCCDG=(RATE3fl2.)~(2°*HT(2)+HT(1)~(BETA/2.-GAMA-EPSN)/ALPNA) 
QCSG=(RATE2112,)~(HT(2)+HT(I),(ALF'HA-GANA+BETA/2°-EPSN)/ALPNA) 
QCOHG=(RATE/12°)~ ~ -o (~+ ~ ° / P H I ) ~ H T ( 2 )  .... 
CONDUT=(7.7E-7)~((TS+TG)*~O°75) 
RK(L)=(3./(DENS~CPS~R))~(CONDUT~(TG-TS)/R{EF~SIGMA~(T68~4-TS~4). 

I+QRH%RATE-QCSM~RATE2/12o-QCBCO2~RATE~/I~°-FGS~(QCOMG+QCSG+QCCDG)) 
GO TO 507 
CONBUT:(7.7E-7)~(TG~*O°75) 
RK(L)=(3+/(DENS~CF'S~R))~(CONDUT~TG/R+EF~SIGMA~(TG%~4)) 

5071 
5072 
5073 
510 
I)+(DELTIM/2.)~RK(1) 

Z F ( L ° E Q o l )  GO TO 
i F ( L . E Q + 2 )  60  TO 
I F ( L o E Q ° 3 )  GO TO 
I F ( L . E Q ° 4 )  GO TO 
TSOLID(2)=TSOL!D( 
GO TO 510 ' 

.TSOLiD(3)=TSOLID( 

GO TO 510 

TSOLID(4)=TSOLID( 
CONTINUE 

$)+0,207I*DELTiM~RK(I)+O°2929~BELTIMORK(2) 

I)-O.7071~DEL.TIMgRK(2)+I,7071gDELTiM~RK(3) 

TS:TSOLIB(1)÷(DELTIM/6*)*(RK(1)+O*58578gRK(2)+3.4Z422~RK(3)+RK(4) 
Y=((I.-WL/IOO.)/(I*-SWL/IO0°)}~*0,333 
RC=RP~Y 
CALL COMBUS(TG'TS,PT,RP,POXY,SWL,Y,DENSP,RATE,CWL~PH!,QRH,FASH 

I,DELTiM,QI,Q2) 

CALL CBSTM(DELTiM,PSTEAM,PH2,PCO,RP,PT,DENSP'TG,TS,SWL,Y,FASH " 
I,RATE2,CWL2,QCSM,WL) 
CALL CBCO2(PCO2,DELT!M,WL,SWL,RP~PT,DENSP,TG,TS~FASH,Y,RATE3,CWL3 

I,QCBC02) 

YCR=YCR-(CWL÷CWL2+CWL3) 
WL=WL+(CWL+CWL2+CWL3)~(I.+FLOXY÷FLH÷FLS÷FLN)*IO0. 

CHAR-OXYGEN REACTION 
DOXYI=(ALPHA÷BETA/4o-EPSN/2*-GAMA/2.)*32.. 
C02PI=ALPHA~44 . . . . .  
H2OPI=(BETA/2.-EPSN)*I8". 
N2F'I=(DELTA/2.)~2S° 
H2SPI=EPSN*34, 

CHAR-STEAM REACTION FOLLOWED BY CO AND.H2CPROBUO~)-COMBUSTiON 
DOXY2=(ALPHA+BETA/4o-GAHA/2+-EPSN/2.)*32o 
C02P2=ALPHA*44o 
H2OP2=(BETA/2.-EPSN)*I8° 
N2P2=(DELTAI2o)*28o 
H2SP2=EPSN*34° 
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514. 
515. 
516. 
517. 
518. 
5 1 9 .  
520. 

5~o 
- 5 2 3 °  

524. 
525. 
5 2 6 ,  
527. 
528. 
529. 
530. 
5 3 1 ,  
532. 
533. 
534. 
53~. 
53~. 

. ~ 3 7 .  
~ 3 S .  
~39, 
540. 
541° 
542. 
543, 
5 4 4 ,  
~45. 
54~o 
547. 
548, 
5 4 9 ,  
550. 
551. 
5 5 2 .  
553. 
554, 
55~, 

5 ~ 7 ,  

~ 6 0 ,  
~ O i .  
562. 
~63, 
~d.4 ,  
~ ,  
' ~ ,  

C 

524 

~251 
52~ 

C 

iO00 

~HAR-C02 REACTION FOLLOWED BY CO COMBUSTION 
DOXY3=(ALF'HA÷BETA/4.-GAMA/2.-EPSN/2.)*32. 
C02 DECREASED BY ALPHA BUT INCREASED BY TWO 
C02F'3=ALPHA*44. 
H20P3=(BETA/2.-EPSN)*18. 
N 2 P 3 = ( D E L T A / 2 , ) ~ 2 S ,  
H 2 S F ' 3 = E P S N ~ 3 4 °  

ALPHAS 

PARTIAL-PRESSURE AND FLOW RATE CALCULATION 
GOXYEX=OOXY-FCOAL*(CWL*DOXY$+CWL2~DOXY2÷CWL3*DOXY3)/(12°*ALPHA) 
IF(OOXYEX,LT.O.) GO TO 524 
GOXY=GOXYEX 
COP=O. 
G~O=O. 
PCO=O. 
RHTD=O. 
GO TO 526 
GOXY=O. 
COP=ABS(GOXYEX)*(28./15.)/FCOAL 
COPMAX=(28.II2.)*(CWL*(2.-2./PHI)+CWL2+CWL3) 
~F(COP.LE,COPMAX) BO TO ~251 
DELH=DELH/2. 
GO TO 3 0 0  
RHTD=COP)~HT(2)I28, 
GSTEAM=GSTEAH+FCOAL*(CWL~H2OF'I+CWL2*H2OP2+CWL3*H20P3)I(12.,AL.PH~ 
OC02=OC02+FCOAL~(CWL~CO2PI+CWL.2~CO2P2.~CWI_3*CG2P3)/12,/ALPHA.-FCO¢ 

1 ~ C 0 P * ( 4 4 , / 2 8 . )  
GN2=GN2+FCOAL@(CWL*N2PI+CWL2*N2P2+CWL3~N2F'3)/12./ALPHA 
GH2S=GH2S+FCOAL*(CWL*H2SPI+CWL.2*H2SF'2+CWL3*H2SP3)/12./ALPHA 
G~O=GCO÷FCOAL*COF' 
THOLE=GOXYI32.+GSTEAMIIC.+OCO2144.+ON2/2S.+GH2S/34,+OCO/28. 
XCARB=IOO.*(GCO/2G,+GCO2144.+GCH4116.+OTAR~6./78.)*I2./(FCOAL~YC 
POXY=PT*GOXY/(32.~TMOLE) 
PSTEAM-PT*GSTEAM/(IB,*TMOLE) 
PCO2=F'T~GCO2/(44,*TMOLE) 
PCO=PT*GCO/(28,*TMOLE) 
PN2=PT*GN2/(28.*TMOLE) 
PH2S=F'T~GH2SI(34,~TMOLE) 
GH2=O.  
PH2=O,  
~ C H 4 = O ,  
P~H4=O°  

TOTAL. HEAl" OF REACTION GENERATED IN TH? GASEOUS PHASI'=HEAT OF 
COMBUSTION OF CO ANI~ HYr~ROGEN THAT PRO~UC;:'ra FROM CHAR-OXYGEN 
REACTION, AHAI'(-STEAN REACT]:ON~ AND CHAR-C02 REACTION. 
RH Tr.h = ( ~.'~ i I 12, +ORH ) ~CWL 
~lfi} i000 N=i,2 
CALL I ' IFAT (N ~ T O , H T )  
CC~N'T" I NUE 
R ;-t'f'lil= H'T' ( :1. ) ~ ( ALPHA--GAMA +~:.(E:"['A/2. - EI::'S N ) *C,',,.'I..2 / ( AI.. F'H A'i< :~. 2 ° ) +l'iT' ( ." ; 

,I...~ (;;IA I_ 2 1  i 2 ,  



5~,7o 

5 7 3  • 
571 • 
5 7 2  • 
5 7 3 .  
574, 
5 7 5 .  
5 7 , ~ ,  
5 7 7 ,  
578 • 
~79, 
580 • 
5~Z • 
5 8 2  • 
5 8 3 ,  
534, 
5 8 5 ,  
a a ~ ,  
587 • 

',5'30 • 
5'J? o 
59~ • 
'59 L , 
5 9 2 .  
597-,. 
5 9 4 ,  
5 9 5 .  
~',~.D. 

57> ' ,  

5 9 9 ,  
,~OO • 

~,02,  
t~03,  
dO'~, 

, 5 0 7 .  

alU, 

d l ! J ,  
eD~:, 
£ ;i. :j , 

,~ ;r. k ,  

550 

552 
554 

3 

C 

C 

C 

3 

I0S 

I~HEAT2=RI~EAT2+RFITA.I.RHTB+RHTC-RH'FD 
xH l  S -RH r o  ~CNI_,,QnH CWL~,. GuaM, I ~ + - C W L 3 ~ Q C ~ C 0 2 / 1 2  
GO TO 700 

IF(XCARBoGE+9~+95) XCARB=99+95 :'" 
I F ( F ' O X Y . G E . O + 0 2 )  80 TO 8010 
CONDUT=(7,7E-7)~((TG+TS):~O,75) : : 
CT=-(3,/(DENS~CPS~R))~(CONDU'rlR+EF~S~GHA~4~T~3)~DELTIH 
I F ( A B S ( C T ) , G T ° 2 5 0 )  GO TO 5 6 2  
E C T = E X P ( C T )  .: 
GO TO 5~4 
E C T = I . 0 E - 1 2  . t 
T S = T I 3 - ( T G - T S ) ~ E C T  
C A L L  WGSHIF(TS~PCO~F'STEAH~PCO2~F'FI2~IRA'TE4~N(~GCO~6£TEAH,6CO2 8 H 2  

I~DELTIM,FCOAL~FASH~WGL~TI3~P'F) 
WATER-13AS-SHiFT REACTION 
DCO4=WGL~FCOAL~2So  
~H204=NGL~FCOAL~IC, 
C 0 2 F ' 4 = ~ G L ~ F C O A L @ 4 4 .  
H2F '4=WOL~FCOAL~2+ 

• .  

C A L L  CH4REF ( T 8  ~ GCH4 ~ FCOAL ~ DEL'Y~H ~ #CH4& ~ aHI:~EF ) 

:k;I¢~ HF-FI..IANI:-" REFORMING 
IIH20&=DCH4~5~i ~ o l l ~ ,  
C 0 F'i~ =l;I C I'1,4 & ~ 2 8  ,, l i &  ,, 
t -12F '~; ' -3 ,  ,'~l:lCl-t4 ~ 2 ,  li~, 

IRH EA'P2=RHEA'T'2@ [4HREF ~ 5iC314,4~/115 + 
IRI,,IIZA T3=IRHEAT3+~WI3:IdAG L " 

~S TEAH=~CTEAH-XIH204 . - .FC OAL,t<~ICH,I& 

GH2--~GH2+H2P,4+FCOAL:t@I2P~ 
~CH4=aCI-14-FCOAL~P.ICH4~ 
l~C02=~C02 . t -C02P4  
TI:' ( G~TIEAH .I. LT t. 01 ) G~TEAI" i=O, 
't"FII3CO2,,,LE,,O,I, ) 8 C 0 2 = 0 +  
!F(13C, O,,LT,,,OI ) 6CO=.'iO° 
.~ P ( i~1"12 ,, L'F .,,, 0 ,,. ) l~I'12=0 * 

GSUM=13OXY+GSTEAH+F~CO2+~CO+~H2+~H2S÷GN2+~H4 

1 ,#.G CH41,1, L~, 
I:'~ TIZI.',IM~,--r,:'T,~(B~TI-'-AHI ( ',lB. ,~TMOLE ) 

PC O= f-"T ~13 CI31 ( 28  ,. t 'T'i 'IOLE ) 
1~'i',,12-':" P T ;~,I;,IN 2. / ( ':',,! 8 .,. ICl"H 0 L,",E ) 
PI'.I.2 =1-' T;i~f3H I t  ( 2 ,. ,'t':T M 0 LI::' ) 
PH,23,~P l' Ir3H 2 f. i l  ( 3 4 ,  .I,: T H 0 I.i::: ;, 
I..'[~ H 4 = i":' T .~ t.),~l..141 ( ',I. ,~, t'I';".I 0 i.. ~.i; 1 



-62~. 
& 2 1 .  
6 2 2 .  
6 2 3 .  
6 2 4 .  
6 2 5 .  
6 2 6 .  
6 2 7 .  
~ 2 8 ,  
6 2 9 .  
630. 

~32. 
633. 
634. 
635. 
~36. 
637. 
638. 
6 3 9 ,  
6~0. 
641, 
~42, 
~43, 
6 4 4 ,  
645, 
646. 
~47. 
~48. 
649. 
oSO, 
~51. 
652. 
653. 
654. 

656. 
657. 
658. 
659. 
6 6 0 .  
6 6 1 ,  
6 6 2 ,  
663, 
~.3~ 

665~, 
3 ~ 6 ,  
6 0 7 ,  
6~6. 

C 
C 
C - 

600  

C 

RHTS=O. 
GO TO 700 

WHEN OXYGEN IS CONSUMED 

IF(WL.GE.99.95) GO TO 560 
IF(XCARB.GE,99.75) GO TO 560 

C 

C 
C 
C 
C 

Y=((I.-WLIIOO.)/(I.-SWL/IO0.))*IO.333 
RC=RF'*Y 
* * *  RUNGE-KUTTA-GILL METHOD * * *  
TSOLID(1)=TS 
DO 610 L=I ,4  
TS=TSOLID(L) 
IF(TS.LE.O.) 00 TO 606 
CALL CBSTM(BELTIM,F'STEAM,PH2,PCO,RF',PT,DENSF',TG,TS,SWL,Y,FASH 

I,RATE2,CWL2,QCSM,WL) 
CALL CBCO2(F'CO2,DELTIM,WL,SWL,RP,PT,DENSP,TG,TS,FASH,Y,RATE3,CWL ! 

I,QCBC02) 
CALL WGSHIF(TS,PCO,F'STEAM,F'CO2,PH2,RATE4,QWG,GCO,GSTEAM,GCO2,GH2 

I,DELTIM,FCOAL,FASH~WGL,TG,F'T) 
RATEW=WGL*RP*DENSF'/(3.*(I°+FASH-SWL/IOO.)*DEL'FIM) 
CFJLL CBHYM(F'H2,PCH4,DELTIM,WL,SWL,Y,RP,BENSF',PTyTG,FS,CWLS,RATE5 

I,QCBHY,FASH) 
C W L ' S  ARE THE GM CARBON CONSUMED PER GM DMMF COAL FOR EACH 
SPECIFIC REACTION IN EACH COMF'ARTMENT 
WGL IS THE GMOLE CONVERSION FOR WATER-GAS-SHIFT REACTION IN EACH 
COMPARTMENT PER GM BMMF COAL 
CONDUT=(7.7E-7)*((TS+T8)**0.75) 
RK(L)=(3./(DENS*CPS*R))*(CONDUT~(TG-TS)/R÷EF*SIGMA*(IG**4-TS~*4) 

I+(-QWG)~RATEW*FWGS-RATE2*QCSM/12.-RATE3~QCBCO2/12.+(-QCBHY)* 
2RATE5/12°) 

IF(WL.GE.95..AND.ABS(RK(L)).OT.8000.) GO -TO-~20 
GO TO 607 

606 CONDUT=(7.7E-7)*~TG**0.75) 
. . . .  RK(L)=(3,/(~ENS*CF'S*R))*(CONDUT*TG/R+EF~SIGMA*(TG**4)~ . . . . . .  

607 iF(L.EQ.1) GO FO 6071 
IF(L.EQ,2) GO TO 6072 
IF(L.EO.3) 00 TO 6073 
IF(L.EQ.4) GO TO 610 

6071TSOLID(2)=TSOLID(1)+(DELTIM/2,)*RK(1) 
GO TO 610 

~ 9 * ~ L , I M * R K (  o ~ 0 7 2  TSOLID(3)=TSOLID(1)+O,2071*DELFIM~RK(1)+O. ~'~ " i~ "" 

GO TO 610 
~073 TSGLID(4)=FSOLID(1)-O,7071~DIELI'IM*RK(2}.~.I.7071*BELTIM*R~'<(3 
i i O  ~ O N F I N U E  . . . . . . . .  

C 

T~;=T~OLIi] ( 1 ) + (DELTIM/6.)* (RK ( i ) +0. 58578,RI< (2)...3 • 4! 422,RK ~ 3) +R;~ (-i 
DD TO ~30 



1"87 

6h9 .  
570 ,  
= 7 ~ .  
672 ,  
673 .  
fi74. 
6 7 ~ ,  
6 7 6 .  
6 7 7 .  
67~ .  
6 7 9 ,  
6 8 0 .  
68~,  
6~2 ,  
68~.  
684 .  
a 8 5 ,  
~ 8 6 .  
6 £ 7 ,  
6 8 ~ ,  
5 8 9 ,  
a?O, 

~ " 1  

6 9 3 .  
4 ~ 4 .  

6 9 6 ,  
h~7 ,  

~ .  
7 0 0 °  
7 0 ! ,  
7 0 2 .  
7 0 3 .  
7 0 4 ,  
7 0 5 .  
70~. 
7 0 7 ,  
7 0 8 .  
709, 

7:L2 .  
7 ~ .  
7Z - : ,  
/ a S ,  
7 1 : ,  
7L7,  
7 1 5 ,  

7 2 ' } ,  

52O 

~ 2 2  
,524 
5 3 0  

C 

C 

C 

C 
C 

C 
C 

C 
C 

C. 

T S = T i  
CONDU'F= ( 7 , 7 E - 7 )  * ( (TG+TS) * * 0 , 7 5 )  
C F = -  ( 3 ~ I ( E tENS*CP~*R ) ) * ( CON~U'/ ' /R+EF; '<8 IGHA~;4  ° * T G * ; ~ 3  ) ~ E L ] " ' r  H 
£ F ( A ] : - ~ S ( C ' F ) , G T + 2 5 , )  80  TO ' ~" 
ECT =EXF' ( CT ) 
GO TO 624 
ECT=I .  , OE-'I2 
TS= T G -  ( T G - T S  ) * E C T  
Y = (  ( 1 , -WL / '~  O0 ° ) / (  :L o - S W L / . I . 0 0 ,  ) ) * * 0 , 3 3 ~  .. 
RC=RF ' *¥  
g A L L  CB STM ( ZIELT 1" M =, PS TEAH =, PH25, PCO y RF' ~ PT ~ DENSI:' ~ T8  ~ TS '., SWL ~ Y ~, FASH 

i ~ RATE2 ~ L3Wl.2 ~ QCSM ~ WL) ' 
C A L L  C9C02  ( F'C02 ~ DELT.1:H ~ WL ~, SWL ,., RF' ~ PT ~ ]OENSF' ~ T8  ~, TS ~ FASH ~, Y ~ RATE3  ~ CNL3 

1 ,  (:.ICBC02) 
CALL W68H:r.F(T,S~I"CO~PSTEAM~F'CO2~PH2~RATEA~Wt3~GCO~6STEAM~OCO2~OH2 

:1. ~, # E L T  I i " l ,  FCOAL ~, F'ASH ~, NI3L ~, "r6 ~ P T )  - 
RATE~=WOL*I: , : I : '~I :~ENSP/( 3 ° * ( :1.. + F A S H - S W L / Z O 0 . ,  Y~.OELTZM )' 
C A L L  CBHYM ( PH2 ~. PCH4 ~ 'AELT I M ~ 1,4L ~, 9WL ~ Y ~, RP ~, E~ENSI::' fP' f '  ~, T8  ~ TS ~, CNL~ ~ R A T E ~  

1_ =,C.IC.~HY,FASH) " " 
C 

WL=WL+ ( CWL2+CWL3+CWL5 ) ,  ( i. + I ' L O X Y + F L H + F L  S +I-'L N ) *l O0, 
Y C R = Y C R "  ( CW L2+CWL3.{-CWL~ ) 

CHAR-S'rEAH REACTION 
DH202= (ALPHA-SAHA) ,::LS, 
C O F ' 2 = A L P H A * 2 8  * 
H 2 P 2 =  ( A L P H A - S A H A + B E T A / 2 , - E P 8 N )  '2=o 
N2F'2= ( ~ I E L T A / 2 , )  * 2 8  ° 
H 2 S P 2 = E P S N * 3 4 ,  

C H A R - C 0 2  R E A C T I O N  
D C O 2 3 = A L P H A * 4 4 ,  
C O F ' ~ = 2 o * A L P H A ~ 2 8 ,  
H2OP3=GANA:~18 ,  
H2F'~=(~ETA/2°-SAHA-EPSN)~2° 
N2F '~=(~IELTA/2°)*28,  
H 2 S F ' 3 = E F ' S N * 3 4 °  

WATER-SAS-SHIFT REACTION 
9C04=WGL*FCOAL~28o 
DH204=WBL*FCOAL*IS, 
C02P4=WSLgFCOAL*44, 
H2F'4=MBL*FCOAL*2~ 

CARBON-HYDROGEN R E A C T I O N  
£~H2,5 = ( 2 • : ~ A L P H A + g A H A - E F ' , g N - B E T A / 2  • ) :¢2 ,- 
CH4PS=ALPHA* : I . 6  
H 2 O P 5 = G ::~ M A.',',~ :1. 8 • 
N2F'~= ( BETA~2, ) :'l~ 2 8 ,  
H2S; : '5=EF'SN'~34,  

CALL  CI-141:~EF ( TS ~ GC;-'i.~ ~ i :COAL ~ :OELT :lh',l ~, Dt : :H46,  i'~biR [:'. F :, 



7 2 ~ , -  
7 2 2 ,  
7 2 3 ,  
7 2 4 ,  
7 2 5 ,  
7 2 6 ,  
7 2 7 .  
7 2 8 ,  
72Y . .  
730, 
731. 
732. 
733° 
734. 
735. 
73~. 
737. 
738, 
7 3 9 .  
7 4 0 ,  
741. 
7 4 2 .  
743. 
744. 
795°  
746° 
7 ~ 7 ,  
7 4 8 .  
7 4 9 ,  
750. 
751. 
752. 
753, 
7 5 4 .  
755, 
7 5 6 .  
757. 
758. 
759. 
7 6 0 ,  
7 6 1 .  
7&2 .  
7 6 3 .  
7 ~ 4 .  
755. 
7 6 6 .  

7Oh, 
769. 
7' 79. 
77 i 
77C, 
773 .  

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C *:*:-* METHANE REFORMING REACTION * * *  

C 
C 

C 

C 
C 

700 

BH206=BCH46~18o/16. 
COPG=DCH46$28,/ l&, 
H 2 F ' 6 = 3 , ~ D C H 4 6 * 2 , / 1 6 ,  

PARTIAL  PRESSURE AND FLOW RATE CALCULATION" 
GOXY=O. 
POXY=O. 

GSTEAM=GSTEAM+FCOAL*(CWL3*H2OF'3'CWL2*BH202+H2OPS*CWL5)/(12°~ALPHA 
I-DH204-FCOAL*DCH46 
6CO=6CO+FCOAL*(CWL2*COP2+CWL3~COP3)/(12.*ALPHA)-BCO4+FCOAL~COP6 
GH2=GH2+FCOAL*(CWL2~H2P2+CWL3*H2P3-CWL5*BH25)/(12.*ALPMA)+N2P4 

i+FCOAL~H2P6 
GCH4=GCH4+FCOAL~CWL5*CH4PS/(12°*ALPHA)-FCOAL~DCH46 
~CO2=GCO2-FCOAL*CWL3*BCO231(12°*ALPHA)+CO2P4 
GN2=GN2+FCOAL~(CWL2*N2P2+CWL3~N2P3+CWL5~N2PS)/(12°~ALPHA) 
GH2S=GH2S+FCOAL~(CWL2*N2SP2+CWL3*H2SP3+CWLS~H2SPS)/(12°~ALPHA) 

IF(GSTEAM.LT°O°) 6S~EAM=O. 
I F ( G C O 2 . L E . O o )  GCO2=O. 
I F ( G C O . L E o O . )  GCO=O. 
[ F ( G H 2 , L E , O ° )  GH2=O° 

TMOLE=GCO2144.+GSTEAMI18.+GCO/28.+GN2128.+GH2S/34°+GH2/2°+OCH4/l& 
XCARB=lOO°*(GCO/28.+GCO2/44,+GCH4/16°+GTAR*6°/78.)~12°/(FCOAL~YC) 
PSTEAM=PT~GSTEAM/(18.*TMOLE) 
F ' C O 2 = P T * O C O 2 / ( 4 4 . * T M O L E )  
P C O = P T ~ G C O / ( 2 8 ° * T M O L E )  
F ' N 2 = P T ~ G N 2 / ( 2 8 . ~ T M O L E )  
F 'H2=F 'T~GH2/ (2 .~TMGLE)  
PH2S=PT~GH2S/(34,~TMOLE) 
P C H 4 = P T * G C H 4 / ( 1 6 . * T M O L E )  
RHEAT2=RHEAT2+~MREF*BCH46/I&. 
RHEAT3=RHEAT3+QWG*WGL*(I.-FWGS) 
RHTS=RHTS+(-QWG)*WGL*FWGS'-CWL2~QCSM/12.-CWL3*QCBCO2/12.+CWLS* 

I(-GCBHY)/12. 

• 3 "3  " )  ) , GSUM=GOXY+GSTEAM+GCO.~+GCO.I-GH~+GH~.S+GN2 ÷GCd4 
'3 • TMOLE=GOXY/3,.  , +GSTEAM/18 • + G C 0 2 / 4 4  +GCOI28  • +GH212 • +GH2S/34  , + G N 2 / 2 8  

I + G C H 4 t l G °  
IF(WL.GE.99.g5) WL=?9.95 
IF'(XCARB,GE°9?,?5} XCARB=99 • 95 
TI=rs 
R=~P 
DF'=2, :I(R 
BE~.o=DENoI~ ( 1. +FASH-WL,"IOO, )/( ( 1 ,.~-FASrl ).~SWELL) 
Y=((I.-WL/IOO,)/(I.-SWL/IO0. ))**0,333 

CALL :JSOl_I£f ( DELH y US]: t THOLE ~, GSUf': ~' £h:" ' rG, i= ~ ~.AT ~ -)!S~' £:ENS :. £!E;- T/ in,  OS~.i~ 
~]SI =US 



109 

774. 
77,5 • 
77~ • 
777. 
778. 
779 • 

780 • 
781 • 
7S2 • 
783 • 
784. 
785, 
78~ • 
787 • 
788 • 
789. 
790. 
791 • 

792. 

793, 
794. 
795, 
793 • 
797 • 
798, 
7 9 9  • 

8 0 0 .  

8 0 1 .  

802 • 
803. 
804. 
805. 
80~6 • 
807 • 

~OS • 
809. 
810. 
811 • 

812. 
813.  
814. 
8!:5 • 
81¢~, 
817, 
818, 
8i9 • 

a2o, 
$2'- • 
8 2 2 ,  
~zJ - 

52~, 

C 

C 
515 

- -C 

TINE=TIHE+BELTIM 
HS=HS+DELH 

73~ 
737 

C 
C 
800 

IF(K.OE.NC) GO TO 515 
K=K+! 
IF(GOXY.GT,O,) 80 TO 505 
GOXY=O. 
F'OXY=O. 
SO TO 600 

RHEAT=RHEATI+RHEAT2+RHEAI'3+('RHTS) 
CALLENTHAL(TG,TS,FCOAL,FASH,WL,CPS,ENTH) 
TOHUF'=(ENTH-ENTHIN)/FCOAL 

IF(POXYIN,OToOo05) GO T0"73~ 

HLOSS=UO*3°I4*BT@FLOAT(NC)*DELH*(TG-TW) 
GO TO 737 
HLOSS=FCOAL*ABS(RHEAT)*HL/IO0. 
HTEXC=-RHEAT-TOHUP-HLOSS/FCOAL 
GO TO ~20,  

• CORRECTION OF TG BY HALF DELT8 
TG=TG+DELT6/2+ 
IF(WL.GE.99.99) 80 TO 80~0 
BHS=HS-325. 
I F ( A B S ( B H S ) ° e T , I O . )  GO TO 806 

80i0 
801 

805 

WRITE(6,80!) M 
FORMAT(///2X,'*gg**FOR.GAsEous COMF'ARTMENT~I3~ ''~ ........ ~'~ , 
WRITE(6,80.2)TG,TIME,TS~'GOXY~GSTEAH~GCO2,GCO~GN2~GH2,GH2S~POXY~ 
IPSTEAM,PCO2,PCO,PN2~PH2,PH2SFWL,HS,GCH4~PCH4 
FORMAT(///2XT'CORRECTED 8AS TEHP=',FIS+5~//2X~TIME=t~EiO.3~//2X~ 

%'TS OUTLET=',FIO.4~//2X~'OXYGEN FLOW RA~E=t~FIS~5~{GM/SEC',//2X 
2~'STEAM FLOW RATE=',FI5,5,'G/SEC~'~//2X,'CO2 FLOW RATE=',F±5~5~'G 
3/SEC,~,//2X,'CO FLOW RATE=*,FI5.5~*GM/SEO'~//2X~'N2 FLOW RATE='~ 
4FiS.5,'GH/SEC',//2X~'H2 FLOW RATE=',F±5~'GM/SEC',//2X,'H2S FLJW 
5RATE=',F15°5~'GMISEC',//2X,'OXYGEN PRESSURE=~,F I~ .5~ 'ATH '~ / /2X~  
6~STEAM PRESSURE=~FIS.5~ATM~//2XrIC02 ERESSURE=',FIS.5~'ATM',//~ 
7X~'CO PRESSURE='~FIS.5~'ATM',//2X~'N2 PRESSURE='~F~5oS~'ATM'~//2XI 
8,'HYDROGEN PRESSURE='~F%5.~'ATM',//2X~.'H2S PRESSURE='~F15.5~'ATM 
9,//2X,'TO~AL WEIGHT LOSS='~FIO.5~'%'~//2X~'ENTRA~NEB HE!GHT=~ 
~F!5,5,'CN',//2X~'GCH4='~FiS+5~2X~'PCH4='~FIS.5,'Al'M'; 
~RITE(6,80~) GTAR 
FORMAT( / /2X, 'TAR YIELD=',FiS.~'G/SEC:} 
ORYF=PT-PSTEAM 
COMOL=(PCG/DRYP)~!O0, 
C02MOL=(PCO2/BRYP),IO0~ 
n2MOL= (PH2/DRYP)*IO0* 
Cli4~gL= ( PCH4/BRYP ) ~I O0 + 
N2HOL= (P~!2/£~RYP) ;~I O0 
H2SPiO!_= (="~c  ,r:o .. 
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8 2 5 ,  
8 2 4 : .  
8 2 7 ,  
8 2 8 ,  
8 2 7 .  

8 3 0 .  
8 3 1  , 

8 3 2 ,  
8 3 3 .  
8 3 4  • 
838. 
83a • 
837 • 
838.  
839.  
840.  
841. 
842. 
843 • 
844. 
8 4 ~ .  
8 4 ~ .  
847,  
848. 

850, 
8 5 1  • 
8 5 2 ,  
8 5 3 ,  • 

854. 
855. 
856 • 
857.  
858 • 
859. 
860.  
861.  
8 6 2 ,  
863. 
8~4. 
865. 
8 , 5 ~  • 

867. 
8 ~  • 
869. 
8 7 0  • 
8 7 ! .  
~ / ~  , 

~'/3 • 
, . . . . . . ,  

~ , "  .i: , 

862 

808 
¢ 
C 

C 
C 

C 

C 

WRITE(6P862) COMOL,H2HOL,~O2MOL,CH4MOL,N2MOL,H2SMOL 
~ORMAT(//2Xr'CO MOL Z= 'pF7.3 ,2×, 'H2 HOL ~= ' ,F7.3~2X, 'C02 MOL ~=' 

I~F7.3 , /2X, 'CH4 HOL ~='wF7°3,2X, 'N2 MOL Z:=',FT.3,2X~'H28 MOL Z=' ,  
2F7°3) 

WRITE(6,808) XCARB 
FORMAT(/2X~'CARBON CONVERSION=',FIO.4,2X,'Z') 

IF'=M+i 
XI ( IP,1)=H8 
XI(ZP,2)=H8 
Y I ( I P , I ) = T 8  
YI(IP,2)mTS 
X2(IP, I )=HS 
X 2 ( I P ~ 2 ) = H 8  
X2( IP~3)=HB 
X2( IP~4)=H8 
Y2(IPw%)=PSTEAM/PT 
Y2( IPp2)=PCO2/PT 
Y2( IP r3 )=PCO/PT 
Y2( IPP4)=PH2/PT 
X3(IP~I)=HS 
X 3 ( I P , 2 ) = H 8  
X3(IF '~3)=H8 
Y3( IF '~ I )=PN2/PT 
Y3( IP~2)=PH2S/PT 
Y3( IP~3)=PGH4/PT 
X4 ( IPp l )mH8  
~4~IPri)m-XCARB 
X S ( I P , i ) = H S  
XS(IP,2)=H8 
YS( IP~ i )=UG 
YS(IP,2)=US 

IF(WL.GE.99.?9.ANI~.POXY.GE.O.02) GO TO 900 
I F ( T g . L E . 2 0 0 . )  GO TO 900 
IF(TS.LE.200, )  GO TO 900 
IF (M.EQ. I i? )  00 TO 840 
M=M+i 
COMPARTMENT SIZE ADJUSTMENT 
~ELH=i.O 
IF(US.LE, IO0,)  DELH=I.0 
IF'(F'OXY.GT.O.01) DELH=O,5 
IF(HS,LE,40, )  DELH=O.5 
[~WL=(SWL-WL)/SWL 
IF(DWL.GT,O,O8) DELH=O.5 

ralN=Fa 
TSIN:TS 
ENTH~N=ENTFI 
i~C = t 
I I'E]-~ G :::: l 
RI,E::I Tl=O, 
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d~L. 

884. 

88~. 
3 8 7 .  
9a~. 

8g ~ . 
2 ,90 .  
~ g z  • 

892. 
:_~ 93. 
8"? ~.. 
995. 
S 9 ~. 
$97 • 
~,9S.  

9 '9 • 
,'-2,30. 
901 - 

• ? j ,-~. 

' ? 0 5 .  
9,3,3. 
9 0 7 ,  
~ 0 ~ .  
? 09 • 

91 ! • 

715. 

? z i - 
9i5. 
T_,_ 

9L .9 .  
9 .~ ~ .  -- 
7 2 ¢ .  

-' 2 :_:. 
,2~. 

j:. 

72.: , 

- 3 1 : .  

C 

C 

880 

890 

C 
840 

9'.)0 

RHEAT2=O. 
RHEAT3=Oo 
RHTS=O. 
RHEAT=O. 
SUBDWL=O~ 
USIN~US 
GOXYIN=GOXY 
GH2OIN=GSTEAM 
GCO2IN=GC02 
GCO£N=GCO 
GH2IN=GH2 
GCH4£N=GCH4 
GH2SIN=GH2S 
G N 2 I N = G N 2  
P H 2 O I N = P S T E A H  
P O X Y ! N = P O X Y  
PCO21N=PC02 
PCOIN=PCO 
PH2IN=PH2 
PCH41N=PCH4 
P N 2 I N = P N 2  

P H 2 S I N = P H 2 9  
G T A R t N = G T A R  
TIMEIN=TIME 
HSIN=HS ~'~ 
WLiN=ML 

EF(GOXY~LEoO*) 80 TO 
TG~S(1)=TGIN+50~ 
TGAS(2)=TGAS(1)+IO0, 

880 

GO TO 890 
TGAS(1)=TGIN-!O, 
TGAS(2)=TGAS(1)-IO, 
I=l 

GO TO 500 

CALL FPPLOT(XI,YI,NPTI,ICI,2,!20) 
C A L L  F P P L O T ( X 2 ,  Y2.~ N P T 2 ,  ~ °  
C~LL FPPLOT(X3,Y3,NF'T3,ICZ,~,i20) 
C A L L  FPPLOT ( X - 4 7 Y 4 ,  NI'~T4 .~ :[ 0 4  ~" 1 , 1 2 0  ) 
CALL FPF'LOT ( XS, YS, NPT5, 105,2,120 ) 
GO TO i0 
STOP 
END 
S U [q-~ 0 U T :t:NE V O L A T L  ( Y C ,  YOX Y ,  Y H ,  Y N ,  Y S ,  YASH ~ FC ~, F'O, F H ,  F N ,  FS , V H 2  : R ! ,  R2 

1, v r i 0  ) 
~t . 0 V .  Or_~ C'3M;'iOi~ /A21 X H 2 ,  XCO,  . , ,00~.,  ,-,11~.,~, X H 2 0 ,  X N 2 ,  XCH.4 .~ XTAR 

,~::: '::-:FO,r=H,FN,F'S ARE t 'HE X. OF 02,H2,N2,S RESPECT]:.VEL'~ REMAINEB I N  
CH::,P AFTER £:EVOLA'I'ILIZAT.T.ONg:{~:;< 

FO :--'5. 
F H = ! O .  
= ~ = 5 3 .  
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~35o 

~37o 
738 .  
737 .  
~40 ,  
741.  
942.  
'~43. 
~44,  
943.  
746 .  
947,  
9~8,  
~49,  
~50.  
~51o 
952. 
~ 3 .  
754,  

÷;~7, 

÷60, 

~ 2 °  

~ 4 ,  

~ 7 ,  
~68.  
959 ,  
970, 
~7~, 
972 ,  

C 
2 
C 
C 
C. 

C 

i00 

***VH2 IS 
CAN BE 

*~*'RI=XCO/XCO2 
*~* R2=XH20/XC02, R1 

CORRELATION FOR A 
RI=2.0 
R2=2.667 
VH2=I .O 
~ F C I S  THE FIXED 
VC=YC*IOO.-FC 

V H = Y H * ( I O O ° - F H )  
VN=YN~(IOO°-FN) 
VS=YS*(IOO,-FS) 
VO=YOXY~(iOO.-FO) 

THE AMOUNT OF H2 IN VOLATILE AS Z OF DMMF COAL, WHICH 
ESTIMATED BY LOISON-CHAUVIN CORRELATION*~:~ 

AND R2 CAN BE ESTIMATED BY LOISON~CHAUVIN 
GIVEN COAL**** 

CARBON OF' THE GIVEN DMMF COAL,Z * * ~  

VCO2=VO/(32o/44,+RI*i6./28.+R2*I6./18o) 
OXYGEN BALANCE @** 
VCO=RI*VC02 
VH20=R2tVC02 
VH2S=V8~34./32. 
VN2=VN 
*~@ HYDROGEN BALANCE AND CARBON BALANCE TO SOLVE VCH4 AND 
H=VH-VH2-VH20*2./18°-VH28~2°/34. 
C=VC-VCO~12°/28°-VC02~12./44. 
VCH4=(I2o~H-C)/(12°~4°/16,-I2,/l&°) 
V P A R = ( H - V C F I 4 ~ 4 + / 1 6 i ) / ( 6 , f 7 8 . )  
VMO=VI42+VCQ÷VCO2+VI..120+VH28+VN2.fVCH4+V'IAI~ 
XH2=VH2/VMO 
XCO=VCO/VMO 
XCO2=VCO2/VMO 
XH20=VH20/VHO 
XH2S=VH2S/VMO 
XN2=VN2/VMO 
XCH4=VCH4/VMO 
XTAR=VTAR/VMO 
WRZTE(6,100)XH2,XCO,XCO2oXH28~XN2pXCH4,XTARwXH20pVMO 
FORMAT(//2X,'XH2=~rEIO.4p2X,'XCO='pEIO,4P2X,sXCO2='tEIO,4p2X 

l~XH28='pElO°4p/2Xr'XN2='oEIO,4,2Xr'XCH4=',EIO°4r2XBIXPAR=~ElO°4 
2,2X,'XH20=~EIO°4,2X~VMO='~F'IO°4) 

RETURN 
ENd= 

VTAR ~@ 

973 • 
974.  
'.~7~ • 
77<~, 
?77, 

C 
C 

SU~t~OUTINE VSOLIr , (~ELH;USi  ,TMOLE,OGUM,DF', rC.),P'r,AY',VIS,DENG,;~DT~i4& 
IF~SJUG) 

FOR UPWAI;;~D FLOW, ~DIREC'F"=IoO 
FOR DOWNWARD F'LOW, "rIII;4ECT'~'~-I,O 
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979. 
980, 
981o 
982. 
9~3, 
9~4° 
~85, 
98do 
9~7. 
9a3, 
9 8 9 . '  
99g. 
99~. 
992. 
993 • 
994 • 
9~5. 
99d. 
997. 

99?, 

002 • 
' ,)03, 

~00~. 
i#O~. 
~007. 
i~08, 
~009, 
igiO. 
~ g l l °  
lO~2. 

lOIS, 
IOi~o 
i017o 
IOIS, 
Iglg. 

Z020. 

i 0 2 2 .  

Z02~. 
1023. 
~337, 

:,3¢. 

C 
C 

C 

lO 
20 
~o 

22 
28 

33 

C 
C 
C 

DOWNWAi~D FLOW 
DIRECT=-loO 

UG=(THOLE*S2.05*T~)/(AT*PT) 
DENG=PT*GSUHI(THOLE*82.05*TG) 
A4 ;O~T=I8 . *V IS / (DENS*~P**2 )  
UT={OENS-DENG)*gGO~*(~P**2)/(18°~UZS) 
IF(USZ,Eg°O~) ~O TO iO , 
US=USI 
GO TO 20  
US=UG-UT*DZRECT 
TIME=~ELH/US 
BCONT=-ACONT*T~HE 
IF(A~S(BCONT),LEo25,)  GO TO 22 
EB:O° 
GO TO 28 " 

COH~USrIoN, N=3 IS ¢H4COHBUSTION~ 

~SETA<20)~ ~GAMA(20) 

EB=EXP(BCONT) 
FT~HE=~ELH-USZ~(1.-E~)/ACON'F-(UG-UT$~ZRECT)~(TZHE-(!,-EB)/ACONT) 
~FTIME=-USI*EB-(UO-UT*DZREGT)*($°-EB) 
~TINE=FTZME/~FTIME." 
TIME=TIME-~TIME 
IF (ABS(~T IHE) ,LE .O ,02 )  GO To 35 
GO TO 30 
I~DTZ~E=TZHE 
US=-~FTZHE ". • 
RETURN 
EN~t 
SUBROUTINE HEAT(N~TEMP~HT) 
~HENSION HT(20) 
N=IZS H2 COHBUSTZON~ N=2 Z8 CO 
N=4 iS C6H& COH~USTION 

THE UNZT OF HT I S  CAL/GHOLE 
~ZHENSZON HT2FS(20)~ ~ALPHA(20)F 
HT2~8(I)=-57798, 

H T 2 9 8 ( 2 ) = - 6 6 9 1 1 , 6  
H T 2 9 S ( 3 ) = - i ~ 1 7 6 0 ,  
HT298(4)=-749420,  

~ALPHA(2)=-3o28 
DALF'FIA(3)=5.049 
~ALF'HA(4):13,351 
~ E T A ( ! ) = O , 9 4 7 E - 3  

~ E T A ( Z ) = - 9 , 2 ~ E - 3  
r~ETA(4)=-3,1~Z~E-2 
gGA~A( i )=2 .aZ~E-7  

Eh~ 
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:0.7,  ~. . 
i03:5. 
:. 0 3 c , ,  
1037, 
103:~, 
!039, 
104O, 
104 i. 

!',~ = 2 ,  
i r a 4 3 .  
i C '~4  ° 

1045. 
1046, 
i047, 
i ' 3 4 ~ ,  
i 0 4 9 .  
1050, 
I051, 
19.,, 

! ' : ' 53 ,  
f . ,  c -  ,~ 

1055. 
1 0 5 , ~ .  
1 'J .5 7, 

T • - , -  
- ' J  - b  . : .  • 

i J :5 .  ~ , 
10~0. 

¢'I ~- I 

1062, 
1063, 
I0o~. 
10.55. 
iO6b, 
I O,S 7, 

1 0 6 8 .  
1 , 9 ~ 9 ,  
1 C ' 7 , J .  
i071. 
1072. 
i ' )  2 3  , 
1074, 
10"7= 

i 0 7 6 ,  
I 0 : " : .  
l ,~) :- c .  

1 ':) 7 ' P ,  
i .L~ S J .  

I ,J ,.~ L: 
1 0  ;:: 3 
i .:,,S i 
i 0 ~ i 
- , ' 2 . .  

i : , . : . I , ,  
• , ~  _- 

~ C 2  
C 

1 1 4  

SUBROUTINE PYROLY(WL,SWL,GOXY,RHEATI,DOXY,WATERP,CO2P,H2SF.,N2F., 
ICOP,H2F', CH4F', TARP) 
COMMON /SI/ FCOAL,FOXY~FSTEAM/S2/ TG,TS, DENS,DENG,CF'S~PF 
COMMON /AI/ YC,YOXY,YH,YS,YN,YCR,YOXYR,YHR,YSR,YNR 
COMMON /A2/ XH2,XCO,XCO2,XH2S,XH20,XN2~XCH4,XTAR 
DIMENSION FIT ( 2 0 )  
REAL N2F' 
DO 4 0 2  N=I,4 
CALL HEAT(N, TG, FIT) 
COl t  T I NUE 

IF(GOXY.GToO.) GO TO 123 
H2P=WL*XH2/100. 
CO2F'=WL*XC02/100. 
COP=WL*XCO/100. 
WrkTERP=WL*XH20/100 • 
H 2 S F ' = W L * X H 2 S / 1 0 0  • 
N2F'=WL*XN2/I00 o 
CH4P=WL*XCH4/-10(Fo 
TARF'=WL*XTAR/i O0 • 

RHEATI=O ° 
GO TO 130 

123 DOXY=WL*(XH2/4°+XCO/56o+XCH4/8.{XFAR/IO.4)*~,$2°/100. ) 
T A R F ' = O ,  
GOXYEX=GOXY-DOXY*FCOAL 
IF(GOXYEX,LT°O°) Gi] TO 124 
COP=O, 
C H 4 F ' = O  • 
H 2 F ' = O .  
GO TO 126 

124 COP=(ABS(GOXYEX)/FCOAL)*(28°/16,) 
COF'MAX=WL*XCO/100 ° 
IF(COF',GT,COF'MAX) GO TO 125 
H 2 F ' = O  • 
C H 4 F ' = O .  
GO TO 126 

1 2 5  C H 4 F ' =  ( C O P - C O F ' M A X )  $ ( 1 5 ,  / ( 4 , . 2 8 , )  ) 
COF'=COF'MAX 
CH4F'MX=WL*XCH4/1 O0, 
i F ( C H 4 F ' , G T o C H 4 F ' M X )  GO TO 128 
H 2 F ' = O  ° 
GO TO 126 

128 H 2 F ' =  ( C H 4 P - C H 4 F ' M X ) *  ( 4  o . 2 , / 1 6  ° ) 
C H 4 F ' = C H 4 P M X  
H 2 F ' M A X = W L * X H 2 / 1 0 0 ,  
I F  ( H 2 F ' ,  G l ,  H 2 F ' M A X )  H 2 F ' = H 2 F : ' M A X  

1 2 6  £02F'=WL*(XCO2,"44.+XCO,'28,+XCH4/!,5°+XTAR/13, ) * ( 4 4 , / 1 0 0 .  ) - C O F ' ~  ( 4 4 .  
1 , / 2 8 ,  ~-CI-14F'* (4.4,/16 o ) 

W f-'~T E RI::'= W L.'I( ( X H 2 / 2  • + X H 2 0 / 1 8  ° + X C H 4 / 8  o ~ ' X ] " A R / 2 6 ,  ) .",~ ~. "( 3 ° / I  9 0 ,  ) - H 2 F ' *  ! 8 ° 
i / 2 ,  -C,'- i  ,~ F ' *  3 6 ,  , l & .  

FI2 SI::':= X I " I2S ;~ ( WL,.' 1 O 0 ,  ) 
N 2 F ' =  Xi ' !2~:  ( I,.J L / 1C'.:), ) 

' I --" 1 " " "  ( : ' 2 )  / ] ' :U  . . . . .  ; :~HEAT 1 = W L *  ( XH2;,~H T ( :/. ,~ ,-'?~, -f-.i(u C kt--I I , - ~ ,  f X CI.-I ,i :lq-I ]" ( a .; , " i  ~; o 
Z ~'-:,: i('~i:i:,~<l-i T ( 4 ) / 7 8  ° ) / 1  O0  ~ --12 Oi::'X-::H 1- ( 2  ~ / 2 { : ; ,  - U H , ~  I::' >~.ki ] ( 3 ) / . i .  ~ , , - - h  2::- :,,:!--~ T : i >, ,. 

i 3"0 F:E ; Ui:~a'! 
Ei;L~ 



11S 

! 090 ,  

10~2~ 

1095o 
&'3~eo 
Z0'#7, 
~098~ 
~099~ 

1Z'3!, 
&102, 
Zi03~ 
! i 0 4 ~  

~Z06. 
1107, 
110%. 
!!09~ 
i!~0, 
Iiii, 
1112, 
L!!I3, 

!114. 
IiI~ 
1!15~ 

1!i8. 

!i2'3~ 
!121, 
1122+ 
!!2~, 

C 
C 
C 
C 

SUBROUTINE HEATUP(N~TEMF'~TI~HTUP~CP) 
ZIZMENSION H'rUF'(30)~ALF'HA(~O),BETA(30)~GAMA(30)~CP(30) 
N=I IS OXYGEN~ N=2. ZS STEAM~ N=3 IS C02~ N=4!S CO~ 
N=~ iS CH4, N=6 IS H2 
N=5 IS OH4, N=a IS H2~ N=7 IS H2S~ N=8 IS N2 
THE UNIT OF TEMP IS K, THE UNIT OF HTUP IS CAL/~HOLE 
ALF'HA(1)=6oI48 
ALF'HA(2)=7,25~ 
ALPHA(3)=~,214 
ALF'HA(4)=&,42 
ALPHA(5)=3,~8$ 
ALPHA(6)=~947 
ALPHA(7)=6.6&2 
ALPHA(8)=6o524 
BETA(1 )=3 ,102E-3  
BETA(2 )=2 ,298E-3  
BETA(3)= loO39&E-2 
BZTA(4)=!.6~SE-3 
BETA(5)=I°8044E-2 
BETA(6)=-Oo2E-3 
~ZTA(7)=5.i34E-3 
B Z T A ( 8 ) = I , 2 ~ Z - 3  
6AMA(i)=-Oo~23E-6 
8AMA(2)=O.283E-~ 
GAMA(3)=-3,545E-6 
GAMA(4).=-Oo~961Z-.6 
6AMA(5)=-4,~E-6 
GAMA(6)=O,48IE-6 
O~MA(7)= -O*854E-6  - ""'~ 
GAMA(8)=-O*OOIE-6 
CP(N)=ALPHA(N)+BETA(N)~TEMP+GAMA(N)~(TENP~2) 
HTUF'(N)=ALPHA(N)~(TEHP-TZ)+BETA(N)~{'£ENI='8~2-TI~2)/2, 

RETURN " • 

END 
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"!27. 
I128° 
!129° 
1130, 
Ii31, 
1132, 
i i 3 3 ,  
!134, 
135. 

I!3~, 
I!37. 
i13~. 
!139, 
1140. 
1141 • 
!142. 
1143, 
!144, 
11.45, 
114.b • 
~147, 
! ! 4 8 .  
± :,:, 4 , ; .  

i ±.~'J • 
i131, 
z 1 5 2 .  
1153. 
!154 ,  
I i '-- '= 
1 .L5,5 • 
1 1 5 7 .  

! 1 5 9 ,  
11 .60 .  
1161. 
I162. 
?. ! ~ :3 ,  

11,~.4 • 
1165 
iio6 
! 167 
116~] 

I 17.:3 
i171 
i 1 ~, ~ "~ • 
i I / : , 

- • 7 ,  

- I '  7 1  

11: ' -  
- ' 7 - :  

116 
SUBROUIlNE ENIHAL(TG,TS,FCOAL,FASH,WL,CPS'ENTH) 
BIMENSION HTUP(30),ALPHA(30),BETA(30>,GAMA(30)'CP(30) 
COMMON /A3/ GOXY,GSTEAM,GCO2,GCO,OH2,GH2S,GN2,GCH4 

DO" 50 N=I,8 
CALL HEATUP(N,TG,298o,HTUF',CF') 

50 CONTINUE 
ENTH G=HTUP ( i ) *GOXY/32 • +HTUP ( 2 ) *GSTEAM/18. $HTUP ( 3 ) *GC02/44 • $HTUP ( 4 

I*GC0128 • $HTUP ( 5 ) *GOH4/16 • $HTUP ( 6 ) *GH2/2 • $HTUP (7)  ~GH2S/34 o $HTUP (8)  
2 ' G N 2 / 2 8  • 

ENTHS=CF'S,'XFCOAL~ ( 1 .  + F A S H - W L / I ' D O .  )~  ( T S - 2 9 8 . )  
ENTH=ENTHG+ENTHS 
RETURN 
END 
SUBROUTINE COMBUS(FGFTS,PT,RF',POXY,SWL'Y~'DENSP'RATE'CWL'PHIFQRH 

I ~FASH,DELTIM,QI,[~2> 
REAL K S ,  K D I F F ,  KnASI~,  KOVER 
D P = 2 . ~ R P  
VOID=O. 75 
FM=(TS+TG)/2. 
C~I=-94051 . - 3 .  964 ,  ( T5-298.  ) + (3.  077E.-3 ) .  ( TS,'XTS-298o*298. ) 

1 - (  0 , 8 7 4 E - 6  ) W( ( T S * . 3 - 2 9 8  • * * 3  ) 
~42=-26414 . - 0 .  684,~ (TS-298 • ) -  (0.  513E-3) ~ ( TSi~TS-298 • ~298 ° ) 

1 + ( 8 .85E-B ) ,i( ( TS* .3 -298  • ~K*3 ) 
Z=2500 • *EXP ( -6249 •/TM ) 
IF (DF ' ,LE .5 .0E-3 )  GO TO I0  
Z F ( D P . L E . O . : L >  GO TO 20 
GO TO 30 

i0 F 'HI=  ( 2  . * Z + 2  • ) / ( Z + 2  . ) 
GO TO 4 0  

2 0  P H I = (  ( 2  ° , ~ Z + 2 .  ) - Z *  ( D F ' - O .  0 0 5 ) / 0  • 0 9 5 ) / ( Z + 2  ° ) 
GO TO 40  

30 PHI=I o0 
40 LIRH=- ( 0 1 / 1 2 . ) * ( 2 . / F ' H I - I  • ) -  (Q2 /12 . )  ~ (2 . - 2 . / F ' H I  ) 

ZF(POXY.LEoO.) GO TO 55 
I F ( T S . L T . 2 7 3 ° )  GO TO 55 
ATS=-17967 °/TS 
IF (ABS(ATS) .GT .4? . )  GO TO 33 
E A T S = E X F ' ( A T S )  
GO TO 44 

33 E:4TS=I ,E-15 
44 KS=8710. ~EATS 

DIFF=(4.26/F'T)*(TG/1800° ),'I(,'I(1.75 
KD IFF= ( F'H I *0 .  292,D I FF ) / ( DF'~'I'M > 
IF(Y.GE.O,95> GO TO 45 
KDASH=KnIFF~ ( VO I ['i~'K2.5 ) 
K O V E R = I . / (  1 . / K D I F F + I  . / ( Y ' Y ' K S ) +  ( 1 . /KDASI4) : ,K ( 1 . / Y - i  • ) 
GO TO 50 

45 KOVER=I,/(I./KDIFF+I./KS) 

36, R~ I "E , -KOVER*POX' (  
C W L = F : A T E * 3 . *  ( 1 ,  F F A S H - S W L , / t O 0 .  ) ~ : D E L l i M / < B E N S P $ R F  ) 
GO l O &5 

55 P A T E = O .  
CWI_=O, 

- ~- RE1UF:i'~ 
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1179. 
1180. 
1181. 
1182. 
I~. 
ILS4. 
1185. 
I!81, 
1187. 
i18~, 
!189. 
1190. 
I191. 
1192. 
1193. 
I194. 
1195. 
I19~. 
1197. 
1198. 
!199~ 
!200, 
1 2 0 i .  
i 2 0 2 .  
1203. 
1204, 
! 205 .  
120~. 
1207, 
120~. 
1209. 
1210. 
1211. 
1212. 
1213, 
12!4. 
1215, 
1'3!~ 
1217, 

5 
6 

I0 

20 

45 
50 

150 
30 

SUBROUTINE CBSTM(BELTIM~PSTEAN,PH2~PCO~RP~PTyDENsP~TG~TS~@WL~¥ 
I~FASH,RATE2~OWL2~QCSN,WL) 
REAL KS,KDIFF,KDASH~KOVER 
VOID=O°75 

-BP=2°.~RP ..... 
IF(PSTEAM°LT,O.O01) GO'TO" i0 
IF(WL°GEo99,9) GO TO !0 
IF(PN2oLE°O,) GO TO 5 
IF(PCO°LE°Oo) GO TO 5 
CTS=I7*644-302~O+/(TS~I°8) 
IF~ABS(CTS)°GT,16,) GO. TO i0 
CSEQK=E×P(CTS) 
IF(CSEQK,GT,IO000,) GO TO 5 
PEXC=PSTEAM-PH2~PCO/CSE~K 
GO TO 6 
PEXC=PSTEAM 
!F(PEXC+LE°O°) GO TO I0 
GO TO 20 
CWL2=O° 
RATE2=O° 
QCS~=O° 
~0 TO 30 
TM=(TS+TG)/2, 
IF (TM,LE+200, )  6O~TO lO 
ATS=-21OGO,/TS 
IF(ABS(ATS)~GT+25.) GO TO I0 
EATS=EXP(ATS) 
KS=247,~EATS 
KDIFF=(iO,E-4)~(TM/2OOO,)~O,?5/(Bp~F.T) 
iF(Y,GE,Oo95) GO TO 45 
KDASH=KDIFF~(VOID~2.5) 
KOVER=!oI(I+IKBiFF+loI(Y~Y~KS)+(1../KBASH)~(I./y-I.)) 
GO TO 50 
KOVER=lo/(KDZFF+I°/KS) 
RATE2=KOVER~PEXC 
CWL2=RATE283~(lo+FASH-SWL/lOO.)~BELTIM/(DENSP~RF.) 
QCSM=31382,+2°Oll~(TS-298,)-(O°733E-3)~(TS:~2-298,~2)/2~ 
RETURN 
END 
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1 2 1 8 .  
1 2 1 9 ,  
1 ~ 0  
122!. 
1222o 
1223. 
1224. 
1225. 
122Oo 
1 2 2 7 ,  

~ ' ~  

1229, 
1230. 
12~L. 
!232o 
1 2 3 3 ,  
1234. 
123~, 
123~. 
1237. 
1238, 
12~9. 
1240. 
1241, 
1242. 
12430 
1244, 
1245. 
! 2 4 ~ ,  
1247. 
174~. 

SUBROUTINE CBCO2(PCO2,DELTIM,WL,SWL,RPrPT,BENSP,TG,TS,FASH, 
1,RATE3,CWL3,QCBC02) 
REAL KS,KDIFF,KBASH,KOVER 
DF'=2.~RF' 
VOID=0.75 
IF(TS.LE.850.) GO TO 10 
IF(F 'CO2,LE,O,)  60 TO 10 
IF(WL.GE.99.9) GO TO 10 
GO TO 100 

i0 CWL3=O. 
RATE3=O, 
OCBC02=Oo 
GO TO 200 

lUO TM=(TS+TG)/2. 
IF (TM,LEo200o)  GO TO 10 
BTS=-210&O./TS 
IF(ABS(BTS)°GT.25.) GO TO 10 
EBTS=EXF(BT$) 
KS=247**EBTS 
KDIFF=(7,45E-4)*(TM/2000,)*~O,75/(DP*FT) 
I F (Y°GE.O .~5 )  GO TO 45 
KBASH=KDIFF~<VOID~*2.5) 
KOVER=I./(1,/KDIFF+I,/(Y~Y*KS)+(1./KDASH)*(1,/Y-I.)) 
GO TO 50 

45 KOVER=I./(I0/KDIFF+I./KS) 
50 RATE3=KOVER*FC02 

CWL3=RATE3,3.*(Z.+FASH-SWL/IOO,)*DELTIM/(DENSF'*RF') 
150 ~CBCO2=41220.+2,256~(TS-29S,)-(7.06&E-3)*(TS~2-298,**2)/2, 

$+(3.153E-6)*(TS~*3-298.~3)/3o 
200 RETURN 

END 



i 2 ~ 9 .  
i 2 5 0  • 
1251 • 
i 2 5 2 ,  
1253,  
1254,  
1255. 
125~ • 
1257 • 

125. ~.  

1261. 
"3 "~ 

1263 • 

i 2 ~ 5 ,  
126~ • 
~.267 • 

$ 2 6 ~ .  
1270, 
i 2 7 1 ,  
i272, 
1 2 7 3 .  
t 2 7 4 ,  
./. 275.  
127~. 
~.277. 
~278.  

! 2 8 0 ,  
:1. 2 e .1., 
~ 2 8 2 .  
128~,  
~.284. 
~. 2 8 , ~ .  

1287. 
I 2 8 8 .  

.... S~BRg~T~ WG-SHE~F~TS~PCOrPST-EAM,PCO2,PH2~RATE4~QWG~GCO,GSTEAM~ - 
1GOO2,GH2,gELTIH~FCOAL~FASH,WGL~TG~PT) 

C ~ATER-GAS-SHIFT REACTION 
F=Oo2 
iF(TS+LE.IO00,) GO TO I0 
TH=(TG+TS) /2o  
CKWG=EXP(-3.6893+7234°/(1.8~TH)) 
EK=EXP(-27760./( i .987~TS)) 
EP=Oo5-PT/250o 
PF=PT~EP - .  
RAT=EXP(-8.91+5553°/TS) 
GO TO 20 

iO RATE4=Oo 
QWG=Oo 
GO TO 30 

20 PEXC=PCO-PCO2~PH2/(CKWG~PSTEAM) 
RATE4=F~(~.S77ES)~EK~(PEXC/PT)~F'F~RAT 
WGL=RATE4*DELTIN*FASH 

C THE UNIT OF RATE4 iS GMOLE/SEC-GH OF ASH 
C . 

A=I.-CKWG 
B=GCO2/44.+GH2/2.+CKWG~(GCO)28.+GSTEAH/18*) 
C=(GCO2/44.)~(eH212+)-CI<W~(GCO/28+)~{GSTEAM/18,) 
~=B*B-4o*A~C 
IF(~,LToO°) 80 TO iO 
i F ( P E X C o L T o O . )  GO TO 25 
X=(-B+SQRT(D))I(2o~A~ 
GO TO 2& 

25 X=(-~-SQRT(D))/(2,~A) . 
26 'WGLMAX=X/FOQAL 

CHE~I(=WSL~WOLMAX 
! F I C H E C K , L T , O o )  GO TO I0 
i F (A~S(WSL) ,~T ,ABS(WGLHAX) )  ~0 TO 27 
GO TO 28 

27 W~L=W~LNAX 
RATE4=W~L/(DELT!M~FASH) 

28 QWG=-98~9.-O.S15~(TS-2@8°)+'(~.233E-3)~(TS~2-298**~2)/2.-(3.iS1E- 

SO RETURN 
END 



1287, 
1290 • 
!29! • 

i..9. • 
13"73, 

!295. 
129~ • 
1 2 9 7  • 
129~ • 
1299. 
130u, 
130! • 
1302. 
1303, 
1304_. 

1305. 
130, ~ . 
1307, 
1308. 
13,39, 
13iu, 
1311 • 
1312. 
i313. 
13!4, 

13!~.- 

13!7. 

1319. 

1320, 
13.. • 

: 3 2 5  
!32~ 

.,~. 7 

i 33,3 
1331 
!332 
1333 
1334 
i335 
133! 

. ~  . 

i 3 3  ~ • 

: L:: 4 ,J. 

. .3, '~ -" , 

' -  4g  • 

5 

7 

2 0  
30 

I0 

I00 

I0 

50 

120 
o 

SUBROUTINE CBHYM ( PH2, F'CH4, DELT IM, WL I, SWL, Y, Rr', I'IENSP, PT, TG, TS, CIdL~ 
I ,RATES,QCBHY,FASH)  
REAL KV, KEO, KS, K l r ) I  FF, K I ) A S H ,  KOVER 
i F ( T S . L E . 1 2 0 0 . )  GO TO i 0  
IF(WL.GE.99.9) GO TO I0 
IF(WL.LEoSWL) GO TO i 0  
VOID=O,75 
DF'=2, ~RP 
TM=( TG+TS)/2.  
IF(F 'H2.LE.O.O01) 80 TO i0 
IF(F'CH4.LEoO,) GO TO 5 
A'T'S= 18400. I ( I . 8*TS ) 
I F ( A B S ( A T S ) . G E . 2 5 . )  GO TO 5 
KEQ= (0.  175 /34713.  )*EXP(ATS) 
PEC~=F CH4/KEQ 
PEOMA×=PH2*PH2 
IF(F'EO.GEoF'EQMAX) GO TO i0 
F'EOM IN=PEQMAX/10000 • 
IF(F'EQ.LE.F'EQMIN) 80 TO 5 
GO TO 6 
F'EXC=F'H2 
GO TO 7 
F'EXC=PH2-SQRT ( PEQ ) 
IF'(F'EXC.LE,O.O01) 80 TO i 0  
BTS=-179210/TS 
!F(A~S(BTS).GE.25.) G(] TO !0 

K S : = ( I ~ 1 2 0 . * E X P  ( B T 3  ~ -. 
KDIFF= ( i .  3 3 E - 3  ) * ( T M / 2 0 0 0 .  ) * ~ 0 .  751 ( l~F', F'T ) 
I F ( Y . G E . O , 9 5 )  GO TD 20 
KBASH=KD I FF* ( VO I DW(*2.5 > 
KOVER=I. I ( i .  I K D I F F + I .  I ( Y,Y,KS ) ÷ ( i . / I(BASI-I ) ".~ ( 1 • / Y - I ,  ) ) 
GO FO 30  
K O V E R = I . I ( I .  IKDIFF+I . IKS)  
RATE5=KOVER*PEXC 
CWLS=RATES~3 • * ( 1 • +FASH-SWL/I O0 • ) ~BELT ~M/( DEN~P*RP ) 
QCBHY=- I78Bg. -140613 , (TS-298 .  ) + ( I . 7 4 2 4 E - 2 ) * ( T S ~ T S - 2 9 8 . * 2 9 8 .  ) / 2 .  

i - ( 5 . 2 6 E - 6 ) *  ( T S * ' 3 - 2 9 8 ° * ' 3 ) / 3 .  
GO TO I00 
RATES=O o 
C k l L 5 = O  • 
QCBHY=O. 
RETURN 
END 
SUBROUTINE CH4REF ( TS, GCH4, F'COAL, DELT I H, DCH46, QMREF ) 
I F ( T S . L E . I O 0 0 , )  GO 10 i 0  
EK=3 ..~ ~ • *EXP ( -30000 • / ( 1 • 98 >",'~: T S ) ) 
BCH 4 6 = G C H ' l *  ( i • - E X F '  (-EI'~:*DE-I_ F ]: H ) ) ," F C~]AL 
QHREF=45126.55+Io.o~4...TS-(~.6:3~:SE--3)~F~,~I3+~I 7546E-6)~(TSs~3) 

GO TO 50 
DCH46=O. 
gHREF=O. 
RE TDRP,~ 
EN~] 

, ' , ' L r~E f l ,  S Y S - m O D  
. /  

DD DSNAME=CEO6(>L'(~,~. CHAUNC'~ < CGAS ~ ~' 
, - -? : , -  r r i \ ;  t • . . . ' r ' : ,  ' :  " • ( ) ! ' , : ' W  , ) . - . , _ , ,  ..,.i ,, S K 0 0 ~  L} , . ,  I" .... ,u ,., ,., O - .~ , ~, , . ' ~ ' , ' "  " ' "  . . . . .  , i ' ~ E F F ' , L i E L .  iE'FE. ~.. " 

- : '  ; '  C ' :  :::: ( Z C' 2 4 ,  ( ; 2 0 ,  i 0 ? 1 ) : F, L .3 E . . ) ,  i ) C  '.L : ~ L. r:, '.s 1 2 "  E :--: , :  2 i .4 
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2 .  
3 .  
4 .  
4 . 1  

7 .  

9 .  

- ! .  

! 2 .  
, *,.,4 I 

L<.. 

! 7 .  

L? .  

~ ,  

2<.. 
2 5 .  

" I " T  

2 9 .  
30 .  
31 .  
_;2, 

3 T .  

.59° 

4J ,  

, - ~  

q 'L  . 

7 * 

(B) Executing ?~o~z~__m 

IIENGRTZCH JOB (CEO,6026&, ~ ' ~ , ' ~ ) ,  "CHAUNG",  REGION=192K ,  T I M E = 5  
/~ROUTE XE8 CPU2 
/~ROUTE PRINT LOCAL 
I:KJOBF'ARM T = 1 5 , L = i 5  
/, '~ 
/ / J O B L  [-B D£1 [ISN=CEOOO2".&6 ~ CHAUN8, VOL=�ER=£1Z~KO0 
/ /  U N I T = 3 3 3 0 - 1  ,BTSp=(OLB,KEEP) 

/ / 8 0  EXEC F'GM=CGA8 
I/FTO5FO01 DD DBNAHE=SYSIN 
/iFTOOFO01 B# 8YSOUT=A 
/ I S Y S I N  B~ ~ . .  

~.DATA NAME= " TEXACO I - 5  " , T A = 5 0 5  o '22, TSTEAM:=6£6. ~ 7 ,  T O X Y = 2 9 8 ,  
"YOX Y=,  0 1 5 6 9 5 & ,  YH=, 0743"563 ,  YC=O ° 8 8 0 2 6 5 & ,  YS-O ~ 0 2 : L 0 4 6 4 ,  YN=O . ' 008442 ;3 ,  
YASH = o 159 , XMO'~ S=O • 0 0 2 ,  FOXY=O. 8 6 6 ,  FSTEAM=O • 241  ~ TFCOAL=7& o 6a 
;&END 
E~ATA NAME=' TEXACO Z - 2 '  ~ TA=49& +;33~ T S T E A M = 6 7 6 , 3 3 ,  TOXY=298  +, 
YOX Y= • 0 2 0 5 5 8 7 ,  YH=.  0 7 0 3 8 3 ,  YC=O. 8833~, YS= .  0 i ~,~68 ~ YN= + 0 0 8 8 2 8 ,  

'YA~H= o 1 7 3 l ,  XMOIS= + 0 0 2  , 'FOXY=. 7 6 8 1 ~  ~, FSTEAM=O, 3:1.4 ~, TFCOAL=Ot .  18 

&DATA NAffE= ' TEXACO I - 3  ' ,  T A = 5 0 1 , 3 ,  TSTEAM=..~&8. ', TOXY=298 + 0 
YOXY=.O.~..~, =. YH-.O.~Or~'!3~YC=O°~77634~YS=O,~O25'~4~YN=O,"~O;,.~..,J~'" '~'~.4'=" 
YASH = .  18 '35,  XMOt9=O.  0 0 2 ,  FOXY=O o 813,1:"8 TEAi~I=O, 3 0 9 ,  T FCO { '~L=82 .2017  
"&END 
&J3A TA NAME= ~' TEXACO I - 4 A " ,  T A = 5 0 3 . 5 5 ,  TSTEAN=751 • 8 9 ,  T O X Y = 2 9 8 . 0 ,  
YOXY=. 0 3 4 7 9 ,  YH= • 0 6 7 7 2 3 ,  YC=O, 8 7 3 4 6 8 ,  YS=O • 0 1 5 2 2 8 ,  YN=O, 0 0 8 5 4 2 7 ,  
YA,£ H= • 1 9 2 3 ,  XHO i S = 0 .  0 0 2  ~ FOXY=O, 8071;3 ~ F~TEAM=O, 3 2 3 ,  TFCOAL=7? .  4 5 6  
g.END 
&EIATA NAME='TEXACO ! - 4 B '  ~TA=500,22~TSTEAM=706°89~TOX:~'=298, 
YOX Y=.  0 3 4 # 8 2 7  ~, YH=O. 0672;3 ~, YC=O. 8 7 4 5 5 ,  YS=O . . 0 1 5 0 8 ,  YN=O. 0 0 8 4 0 4 3  ~, 
YASH=. 1909, XMO iS=O o 0 0 2  ~' FOXY=O. 7 9 7 2 ,  FSTEAM=O • 3:LO .- TFCOAL=8 :L. 8 4 6  
~END 
~£{ATA NAME="TEXACO I - 5 A "  ~TA=50..~.O,TOTEA'~=754~,7~TOXY=298".O~ 
YOX Y= o 0 2 6 9  ~S& : YH= • 065 ;374 ,  YC=.- 8 7 5 8 4  ." Y 8 = .  0 2 2 ,  YN=,  O 0 9 4 4 5 6 ,  
YASH= o 5 9,~4 : ,,MOT,.,-. 00,~ ~ FOXY= • 8 2 6 3  r FSTEAM= °';352, T F C O A L = 7 5 . 6 3  
~END 
¢BATA NAME='TEXACO T - S B "  ~TA=500.78,TSTEAM=7"tOo78~TOXY=298°, 
YOXY= • 0 2 6 7 ; 3 4 6 ,  YH=. 0 6 6 6 5 ,  YC=O. 8 7 4 4 1 ,  YS=O • 0 2 2 5 3 . 4 ,  YN=O. 0 0 9 5 7 4 7 ,  
YASH= o $ 9 5 8 ,  XMO IS=O • 0 0 2  ~ FOXY=O. 8 5 7 5 2  ~ FSTEAM=O • 3 9 2 ,  TFCOAL=65 : 0 
~END 
$DA TA NA~'~E=" TEXACO Z-5C ~ , T A = 4 9 7  o 4 4 ,  TSTEAM=754 ~ 6 7 ,  T O X Y = 2 9 8 . 0 ,  

0,.'~ - • 0 . _ ~ £ , ~ 4 ,  YH--~O o 06~.58;37, YC=O . '87#051 ,YS=O ° 0 ~ 2 4 0 2  ,YN=O • 0 0 9 7 0 7 5  
Y{:~SI-{=, ! ' ?&5 ,  XMO T 9 = 0 .  002.~ FOXY=O • 8 3 2 ,  FSTEAM=O • 4 2 9 ,  T E C O A L = 5 6 , 2 6 4  
~END 
~ ,..q.~ l'gi 
YOXY=, 
YASH= • 
&EHD 

Y ;:iS H=.  
Z E .>! ~q 

NF~i'IE= ' TEXACO I - &  ' ,  T A = 5 0 4  • i ,  TSTEAM=&8 I  • 89, T O X Y = 2 9 8 . 0 ,  
0254~44, YH= ° 0&&482, YC=O. 87383~3, YS=O • 02457~27,- YN=O ~ 0096952":~ 
2 0 5 8 ,  XMOZS=O • 0 0 2 ,  FO,-.'~ =0  • 7 7 3 ,  6 ,  F,.,]'EAN=O ~ 291  ." TFCOAL=87 .  731  ," 

NAiTE= ;" TEXACO ! - 7 A '  ~ T A = 5 0 4 .  & 7 ,  T..,TEI-J i = 6 8 6 . 8 9 ,  TOXY=298 ~, 
0 2 9 7 1 6 5 7  ~ YH=, 0 6 8 5 4 8  y YC=O. 8 7 0 7 7 ,  Y8= • 0."208525 ~ YN=O. 0 0 9 7 3 9  
5. 9 9 1 ,  XMO I S =  • 0 0 2 ,  FOXY= • 7 7 5 7  .~ FSTEAH=O • .~-8.-_. Ti- -COAL=90,073;6 
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51. 
52. 
53. 

55. 

57. 
58. 
59. 
60.- 

~2. 

65. 

68° 
69. 
70. 
71. 
72 • 

74. 
75. 
76. 
77.. 
78. 
79. 
80. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
BS. 
89. 
?0. 
91. 

&DATA NAME='TEXACO lI-7B',TA=509o67'TSTEAM=68~oS?'TOXY=298.' 
yOXY=.OI970,YH=OoO672478,YC=O.B727273,YS=O.O20548,YN=O.O097135~ 

.1970,XMOIS=O.OO2,FOXY=O.782,FSTEAM=O.267,TFCOAL=95°3917 YASH= 
~END 
SDATA 
YOXY= 
YASH= 
~EN~ 

NAME='TEXACO I-SA',TA=506.8?'TSTEAM=680'22~ ~OXY=278'O' " 
.0315077,YH=O.O6&34,YC=O.B7212,YS=O.O2006,YN=OoOO947B~ 
.IQ7S,XMO~S=O.OO2,FOXY=O.797,FSTEAH=O.247,TFCOAL=92.13 

~ATA NAME='TEXACO I-SB'FTA=510~22,TSTEAM=685o78,TOXY=298.r 
yOXY=.O3136~3,¥-H=O.O66~74-66,YC=O.8726937~YS=OoO200492'YN=O,O09~71 
YASH=.187,XMOIS=O~OO2,FOXY=O.8016,FSTEAM=O.239,TFCOAL=g5.0676 
~EN~ 

~ A T A  NAME=;TEXACO I-BC~TA=508~55,TSTEAM=6B4o67,TOXY=298o, 
YOXY=.O317?~?,YH=O.O6655,YC=O.8717,YS=O°O20252PYN=O.OO94897f 
YASH=.I88b,XMOIS=oOO2~FOXY=.80028,FSTEAM=Oo246,TFCOAL=92.86 

~DATA NAME='TEXACO I -9  '~TA=50I.33,TSTEAM=6a7.44,TOXY=298.1 
YO×Y=.O3531,YH=O.O65915,YC=O.87164,YS=O.OI7222,YN=OoO0954, 
¥ASH=.I92?,XMOIS=O.OO2,FOXY=O.78725,FSTEAM=Oo268,TFCOAL=87.79 
&END 
&DATA NAME='TEXACO Z-IO',TA=481o33,TSTEAH=708oOO,TOXY=278oO, 
YOXY=°O213949rYH=OoO69624,YC=O.BS396,YS=OoOI68,YN=O°O078568, 
Y~SH=.I727,XMOIS=O.OO2,FOXY=O.B3457,FSTEAM=O.27b,TFCOAL=129.77 
~ENII 
~DATA NAME='TEXACO I-II'~TA=477.44,TSTEAM=677o441TOXY=298., 
YOXY=.O2142,YH=O.O71047YC=O.SB2246,YS=O.OI6943,YN=O.O079874, 
Y~SH=.I737,XMOIS=O.OO2,FOXY=O.B4843,FSTEAM=O.279,TFCOAL=132°7937 
~END 
S~ATA NAME='TEXACO HCOAL'rTA=503.,TSTEAH=714.7,TOXY=298. e 
YOXY=.OI6326,YH=OoO6122,YC=O.B87,YS=O.O2313,YN=O.012244, 
YASH=.2650,XMOZS=OoOO2,FOXY=O°72871,FSTEAM=O.3188,TFCOAL=127.37 
ZEN~f 
SDATA NAME='TEXACO SRCII'vTA=503.rTSTEAM=TI4.7~TOXY=2?B°, 
YOXY=.O2283,YH=O.O4902,YC=O.B7161,YS=O.O39753,YN=Oo0167B75, 
YASH=o2554,XMOIS=O,OO~FOXY=O.770,FSTEAM=O.300~TFCOAL=126.11 

.&END 
~DATA NAME='TEXACO EXXON',TA=503.~TSTEAH=714°7,TOXY=29~oe 
YOXY=.O4743,YH=O.O56076~YC=O.849423,YS=O.O329~YN=O°01417, 
YASH=.I672,XMOIS=O.OO,FOXY=O*79,FSTEAM=O.500,TFCOAL=I26.11 
~END 

~tU.S.GOVgItNMIINTRRINTINGOFFICE:1979.6k0.01~,/~6~9 REGIONNO.4 
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