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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.
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- I. Intzoduction

Entrained-bed gasifiers are co-current flow reactors in which
pulverized or atomized hydrocarbons rsact with oxygen and steam to
produce gaszous fuels of low to high heating range values. The
residence time in 2n entrained bed system is approximately fivé
seconds and is much shorter than in a fluidized bed or 2 fixed bed
system, To achieve 2 high conversion rate the reactor must either
have 2 recycling of unreacted hydrocarbons or a2 more substantial
amount of fezd oxygen to react with parts of the feed hydrocarbons
in order to provide z high temperature environment for promoting
gasification rates. Furthermore, most gasification reactions in the
reactor are endothermic and require 2 large amount of hezat which must
be provided either from combustion reactions or from outside heat
sources.

The Texaco Synthesis Gas Generation Process [1] containms 2 downflow
entrained-bad gasifier which was first designed to convert natural gas
to synthesis gas (CO+Hp). Further developments enzble the use of light
¢ils, asphalts and coal-water slurries as fesdstocks. Recently Texaco
demonstrated that it is possible to gasify molten cozl liguefaction
residues into synthesis gas (CO-H;) by an entrained bed gasifier. Most
of the iiquefaction processes currently being developed require hydrogen
or synthesis gas (a2 mixture of hydrogen and carbon monoxide) to solubilize
the coal. This entrained bed system is zble to produce the neaded
hydrogen or synthesis gas for liquefaction processes primarily from the
?on-liguefied fraction of the coal with very high carbon conversions

91~83%). .

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

i1, =2bility to utilize any fype of coal or coal residues
irrespective of swelling and caking including fines;

2. high coal throughput capacity particularly at high pressure;
3. product gas free of tars and phenols;
4. high carbon utilization‘due'to'high reaction rates.

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

1. difficulty in the selection of refractories and comstruction
material in the combustion zone;

2, problem of sensible heat recovery in order to efficiently
utilize the high temperature outlet gas;

3. large zmounts of oxygen needed te maintain such a high
temperature opsrating condition.




This paper reports on the development of a steady state model for
the non-recycling entrained-bed gasifiers. The results reported here
will compare with the pilot plant results of the Texaco Synthesis Gas
Generator which use several kinds of coal liquefaction residues and
coal-water slurries as feedstocks. This model also assesses the
importance of each input parameter and provides criteria for scale-up
purposes.

1.1 Texaco Entrained-Bed Pilot Plant Gasifier

The Texaco pilot plant gasifier shown schematically in Figure 1
is described in detail in a report by Texaco's Montebello Research
Laboratory [1]. The 5 ft. fiameter by 20 ft. long steel vessel is
dived internally into two sections. The top section is lined with a
special refractory material specifically designed to withstand the
severe operating environment expected. In this section, combustion and
gasification reactions take place. The lower section is a quench vessel.
A reservoir of water is maintained in the bottom of this vessel at all
times by continuous injection of cooling water. Syngas leaving the top
section of the gasifier passes through a water cooled dip tube into the
water reservoir in the quench vessel. Slag, most of the soot, and
unreacted hydrocarbon carried with the syngas remain in the water and
are then removed. The saturated syngas is removed from the gas space
above the water.

The pulverized coal liquefaction residue is made pumpable by melting
the residue which is kept at 400°F-500°F and then blended with 2-7%
aromatic solvent. The molten residue, oxygen and steam are fed through a
Proprietary Texaco Burner into the top of the pilot plant gasifier. All
of the experimental runs with coal liquefaction residues were conducted at
a pressure of 24 atmospheres.

For coal-water slurry runs, the coal is mixed with water and preheated
to a temperature below saturation point so that water in the slurry enters
the reactor as a liquid. It has been reported that the slurry can be mixed
and pumped at solid loading as high as 70%, i.e., at a water/coal ratio of
0.4 {74]. The operating pressure for coal-water slurry runs is about 21 atm.

1.2 Raw Material Properties

Table I lists the ultimate analysis and some physical properties of
the two coal liquefaction residues as received at the Montebello
Research Laboratory [1]. The Wyodak coal residue, on the average, was
much more viscous than the Illinois No. 6 coal residue at the operating
temperatures. It is therefore expected that the particle size of Wyodak
coal residue after being sprayed through the inlet nozzle is larger than
that of Illinois No. 6 residue.

Appendix 3 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 [1]

Ultimate Analysis Illinois No. 6 Wyodak
Wt. Pct.

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

cl 0.21 0.03

0 (by diff.) 2,70 4.75

Typical Viscosity

CP @ 177°C (350°F) 1,700 eeee-
CP @ 204°C (400°F) - 440 5,900
CP @ 232°C (450°F) 150 2,000

Specific Gravity
@ 232°C (450°F) 1.18 1.01

Gross Heating Value

Cal/gm 7,333 7,722
BTU/1b 13,200 13,900



II. Reactions in an Entrained-Bed Gasifier

In an entrained-bed gasifier, oxygen (or air), steam and hydro-
carbons are introduced simultaneously either from the top or from the
bottom of the reactor and travel in the same direction. Extremely high
temperature is to bes expected in the gas phase near the fuel due to
the inlet combination of a high oxygen concentration and the subsequent
combustion of volatiles produced by rapid pyrolysis which is enhanced
by such 2 high temperature environment. ' This phenomena is very -
similer to that which occurs near the inlet of a coal combustor or a
utility boiler. The heat produced by combustion will thereafter suppert
the endothermic gasification reactioms. )

Fuel traveling along the reactor is successively devolatiiized,
burned and gasified. The gasifier can be conceptually divided inte
three zones:

1, Pyrolysis and Volatile Combustion Zone
2. Combustion and Gasification Zone
3. Gasification Zone '

2.1 Pyrolysis and Volatile Combustion Zone

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

C HON S A——=>CHONSA + Volatiles (CO + Hy, + COy
a By, 6§ €, aByéde

iii i i

(Raw Fuel) (Chaz) + CHy + HpS + Nz + Tar) (1)

Since oxygen is rich in the pyrolysis zone, the burning of combustible
volatiles (CO, Hy, CHy, tar and hydrocarbons etc.) can be assumed -
complete. A large amount of heat is thus produced in the gas phase
which heats the solid fuel rapidly to the pyrolysis temperature.

2.2 Codbustion and Gasification Zone

In the Combustion and Gasification Zone, the devolatilized char
reacts with the remaining oxygen to produce €0/COz, and with steam and
COz to produce CO and Hy. The combustible gases, CO and Hp, in turn
react in the gas phase with oxygen to produce more heat, The following
reactions are considered in this second zone.

() Char-Oxygen Reaction: | .

CHO NS A + (75 -3 > - )0, =

21 - Eaa Co + 63'- 1)a CO,p + (.in €)H,0 + eHyS + Ehz +AASh 2)




(ii) Char-Steam Reaction:

CoHgO NS A & (u = Y)H)0 s

& CO + (a~y + -’23- - €)H, + €H)S + -25-N2 + Ash (3)
(iii) Char-CO, Reaction:
CoHg0 NS A + aCO, —_—
2 0.CO+L 10 + (-‘2’- - &=y JH, + €HS + %\xz + Ash (4)
(av) H, + %02 ~ H0 (5)
(v) COp+ %02 + €0, (6)

2.3 Gasification Zone

- The combustion gas flows into the Gasification Zone where further
heterogeneous reactions occur along with the water-gas-shift resaction.
Methane is produced by hydrogasification of char but is raduced by the
methane-steam reforming reaction. Therefore, in the Gasification Zone,
three more reactions occur in addition to the char-steam reaction
and char-C0, reaction (Eq. 3 and Eq. 4):

(vi) Char-HZ Reaction

_ B
Cu}IBOYNGSeA * (20 + vy + ¢ -2-)H2 ——

o CHy + y ;0 + eHyS + 2Np + Ash (7)
(vii) CO + Hy0 —> CO + Hp (8)
(viii) CH, * H)0 =—> CO + 3 H, (9

The finel products leaving the gasifier are mainly CO, Hy and
CO,. Since volatiles are burned in the oxygen-rich zones, no tar appears
in"the product. HjS and N,, which originate from the sulfur and
nitrogen respectively in tﬁe raw fuel, together with CHs, constitute
the minor species of the gas product.



ITI. Coal Gasification Reaction Kinetics

Major solid-gas reactions involved in coal gasification are
pyrolysis, char-steam, char-carbon dioxide, char-oxygen and char-
hydrogen reactions. Pyrolysis reaction which releases the moisture
and volatile matter in the raw fuel, is usudlly the first to occur
and the fastest among these reactions. In addition to major chemical
changes, .there is a substantial change in the physical characteristics
of the fuel particle during the rapid stage of pyrolysis. The yields
of volatiles and their composition depend not only upon the volatile
matter content of the raw fuel but alsc on the temperature, pressure and
rate of heating during pyrolysis.. For temperatures below 1000°C, char-
steam, char-carbon d10x1de and char-hydrogen reactions are usually siow
and take place according to the volumetric reactioms. However, at
temperatures above 1200°C, the rates of these reactions, perhaps except
for that of the char-hydrogen reaction, are controlied by gas film
diffusion and dsh layer diffusion. In an entrained bed reactor, the
operating temperatures are usually much higher than 1000°C, and therefore
diffusion through the gas-film and ash laysr is the controlling factor
in the gasification. Since the particle loading in an entrained bad
gasifier is small (less than 1% of reactor volume), particle collisions
ZTE unl*“nlf to be frequent and the ash laysr formed can be assumed to
remain on the fuel particle during the reaction. It is thus reascnrable to
zssume that the reaction rates may be estimated by the Unreacted-Core
Shrinking Model [18] for an entrained-bed gasifier. The kinetics of .
each individuzl reaction are discussed in the following sections.

3.1 Pyrolysis

Cozl, when heated to high temperatures, decomposes producing
volatiles which consist of a mixture of combustible gases, carbon
dioxide, water vzpor and tar. The degree of coal devolatilization
depends not only on the type of coal, but also on the operating condi~
tions such as hezting rate, tempsrature and pressure. Rates of coal
pyrolysis in an inert atmosphere have been imvestigated by many re-
searchers. Equations of Badzioch and Hawksley [3], Anthony and
Howard [4] and Wen et al. [5] are based essentially on the concept
that the rate of pyrolyszs is proportional to the amount of volatlle
content remaining-in the coal:

=k -v) a0

vhere
k = koexp (-E/RT)

For Badzioch and Hawksley[3] and for Wen et al. [5], the activation




energy, E, is a constant. Following the idea of Pitt [6], Anthony

and Howard [4] introduced Gaussian distribution of activation energy,

E, with a mean value of E; and a standard deviation of o. Suuberg

et al. [9] applied this model to simulate their experimental results of
product distribution and kinetics of lignite pyrolysis. Since this
nodel 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 [3] 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, k,, are
selected according to Badzioch and Hawksley [3]. Eq. (10) is re-written
as:

$o= 1.14 x 10° exp (-8900/Tg) + (V* - V) (11)

Badzioch and Hawksley's equation [Eq. (11)] predicts a higher pyrolysis
rate than nost other existing data which has been summarized 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, Eq. (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 of reactive volatile species
during the pyrolysis process. Their expression is shown as follows:

V¥ = Vpo* o+ Vo*%/ (1 + 0.56 P,) (12)

where Vo..* is the potential ultimate yield of volatiles at very high
pressure (greater than 100 atm), and V ** is the portion of volatile
yield that exceeds V_.* at very low pressure (less than 0.001 atm.).
However, Vp.* 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 atm. 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;



Ve = V% (at 1 atm.) * (1 -2 lnP) . - @9

where a is calculated to be approximately 0.066 for bituminous coals.
This expression can be used to estimate the total yield of volatiles,
if the total pressure in the gasifier is between 0.1 atm. and 50 atms.
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 done 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; and H20/C02 obtained from Fig. 2, together with the material
bzalance on elements, C, H, 0, N, S, one can roughly estimate the pro-
duct distribution for a pyrolysis process.

3.2 Voplatile Combustion

Volatiles produced on pyrolysis burn with oxygen elther immediately
as the volatiles leave the particles or after the volatile jets.break
through & 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 ard Essenhigh [22] assumed
that the burning of volatiles occurs both in the interior of the solid
as well as within the laminar layer of gas surrcunding the particles.
Field et zl. [10], on the other hand, assumed that because volatiles
mix with oxygen at the particle surface and the burning rate is
extremely fast, the overall rate is likely to be controlied 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 Hy0 with the subsequent
€0 oxidation as the rate determining step. According to Hottel et al.
[23], the following equation can be used to calculate CO oxidation rate:

SO g - oy O 0.5 ' T Q4
where the concentration_ terms are expressed in g mole/cm3 and the value
of A ranges from 3 x 1010 to 18 x 1010, At combustlon temperature of
about 1500 C, CO combustion rate is about 10° times greater than the
subsequent burnlng 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: (1) the reaction temperature in the combustion zone is
very high (> 1500°C); (2) both oxygen concentration and steam concen- °
tration are high in the combustion zome especially when operating at
high pressures. In the model development, Eq. (5) and Eq. (6) are
thus assumed complete as long as oxygen -exists. Comparisor has been
made against the above assumption by iising Eq.. (14) to calculate CO
combustion rate in the model. However, rio significant difference in
results has been found. ' ‘

3.3 Char-Gas Reactions

The char formed as the result of the first stage reaction, namely
pyrolysis and volatile combustions, is very different from its parent
coal in size, shape and pore structure. The char-gas reactions are
heterogeneous reactions and can be classified into two distinct modes
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
slower 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 penstrate into the interior of the solid particles but
is confined at the surface of the "shrinking core of unreacted solid"
[11]. Generally, the surface reaction occurs when the chemical reac-
tion is very fast, 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 1000°C). Since the solid loading in an entrained bed gasifier
is very small, the particle colliisions are unlikely to be frequent and
therefore the ash layer formed can be assumed to vemain on the fuel
parulcle durlng the reaction. The Unreacted-Core Shrinking Model [11]
is applied in this study to estimate the heterogenecus solid-gas re-
zction 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, accordzng to thls model, can be expressed as
follows: : ..

Rate = e (Pyo= P3)  (15)
1 1Yy, b g

+- ~ — -
Kag  Kgash Y2 kg

wherse
e

Y= R
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rc 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
kg is the surface reaction constant
and kdash is the ash diffusion constant.
The ash diffusion rate constant, kj,c, depends both on the gas dif-

fusity and the voidage of the ash layer. Here, kj,qn is roughly
estimated by the following correlation [11]:

2«3
kdash & kqg * € (16)

where € is the voidage of the ash layer.
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°9K 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 100 microns) combustion is
diffusion controlled. Mulcahy and Smith [26] reported that the burning
rate at temperatures higher than 1200°K and for particles larger than
100 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:

c*+—%—02-—,2(1-—é—)c0+(—f)—-1)<302 (17)

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-0; reaction
and a value of 1 when CO, is the direct product. Arthur [27] presented
an empirical correlation for CO to CO2 ratio as follows:



gg = 1054 . exp (-12400/RT), T in °K ' a8
2 )

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

The burning mechanism of char and the product gas concentration
distributions around the buriiing char are very complex, and nany
researchers have proposad different models [20]. When the combustion
is controlled by diffusion alone, Borghi et al. [28] suggested that
for large particles it is possible for the rate of the reaction
2 CO + 0, > 2 CO., to be fast enough to consume all the oxygen before
it reaches the carbon surface. The CO then is supplied by the re-
action €03 + C + 2 CO.. If the reaction is kinetically controlled,
the atmosphere surrounding the particle will be approximately uniform,

and CO; and Oy will have equal opportunity to veach the surface. The .

C + €Oz reaction then is too slow to compete with the oxidation by O,.

Wicke and Wurzbache [29] measured the concentration profiles of
C0, CO; and O, in the thin film surreundlng a burning carbon rod and
found evidence of the existence of z maximuwn in the concentration of
CO;. Defraaf [30] and Kish- [31] found a temperature maxime of gas
surrounding the particle which is several hundred decrees above the
solid surfzce temperatuze.

On the other hand, Avedesian and Davidson [32] suggestsd that O,
and CO burn rapidly in 2 very thin reaction zone surrounding the
particle. Carbon monoxide produced at the surface diffuses out toward
the reaction zone while O; from the main stream diffuses in and burms

a diffusion flame to produce COz as shown in Fig. 3. According to
thelr model, no CO appears in the main stream when there is an abunr
dant supply of 0O,.

Essenhigh [33] presented a physical model as shown in Fig. 3.
Gzses diffuse through the boundary layer and penstrate into the porous

solid. C-CO, and C-CO0, reactions occur heterogeneously at all available

surfaces, exterior and interior. In his model the CO/COZ ratic rises
with temperature, and CO becomes the principal product at about 1000°C
and zbove (Arthur [27]). The CO also reacts in the gas phase with _
oxygen to produce €05, partly in the particle pores and partly in the -
boundax»y lzyer of the char. As the oxygen concentration in the main
stream is enriched, there is more CO burn-up inside the solid.

Caram and Amundson [34] suggested that large particles (> 2 mm)
burn according to the double £ilm theory [35] shown in Fig. 3, whereas
snall particles (< 100 microns) burm according to the single film
model. In analyzing the homogensous combustion of CO and the hetero-

geneous reaction of carbon with oxygen and with carbon dioxide according

to double film models, they concluded that large particles (5 mm) tend
to reach an upper steady state in which the particle is surrounded by
2 CO flame., For very small particles (< 50 microns) such a flame does

13
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not develop. Thus, it is evident that the char-oxygen reaction’
occurs in the interior surface of smaller particles at Iow.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], COp 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 mechanism factor, ¢, by a linear inter-
poration between small particle sizes and large partlcle sizes. This
correlation is shown below:

¢=(2z+2)/ (z+2) ford, < 0.005cm
¢ = [(2z +2) - z (4 -0.005)/0.095] /(z + 2) for |
0.005 cm < d, < 0.lcm (19)
and
¢ = 1.0 for dP > 0.1 cm
where z = 2500 exp (-6249/T,)

and Ty = (Tg + Tg) / 2 in 9K

The above equatlons become Arthur's correlaLlon, [Eq. (18)], when
the particle size is smaller than 50 microms.

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

kg = 8710 exp (-17967/Tg) gm/cm - sec + atm. (20)
kdg - 0 292 3] . (21)
dp Ty
where D = diffusivity of oxygen in the gas film
_ 1.75 '
= 4.26 (1800] G (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 fact, 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
clearly understood. This is primarily due to the difficulty in
experimental evaluation of the particle temperature and the measurss
ment of changes in physical properties of coal during the course of
combustion. A :

By applyingz Eq. (16) - Eq. (19) in tne Unreacted-Core Shrlnkzne'n
Model, the rate of char-oxygen reaction 'is shown graphically for
dp 350 microns and p, = 24 atms. in Fig. 10 in Appendix 2.

3.5 Char-Steam Reaction

Char-steam reaction is one of the most important reactions in
industrial practice for generation of CO and H,, Most of the eariier
investigators, {39, 40] used Langmuir-type. adsorption equations to
express the rate of this reaction. This reaction is apparently
controlled by chemical reaction between 1000°C and 1200°C for particles
smalier than 500 microns and is affected by diffusion through the pors
in the char above 1200°C [41, 42, 43].

While most literature trezted the carbon-steam reaction as a
volumetric rezction, Riede and Hanesian [44] found that the graphite-
stezm reaction is surface reaction controlling between 500°C and 900°C
and the gas film diffusion becomes gradually important above 700°C.

The datz cobtzined by Grzy and Kimber [45] of BCURA represents the only
set of kinetic mezsurements made on the gasification of pulverized :
chzr et flame temperature. They estimated the surface reaction constant
at 2300°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 [15] proposed a rate expression for both carbon-steam and carbon-
cerbon dioxide rezctionr in the temperaturs range of an entrained béd
gesifier as shown below:

Kg = 247 - exp (-21060/Tg); g/em? * sec * atm. - ,;(23)

Fig, 11 in Appendix 2 shows the calculated overzll rate constants
based on the zbove kg and the Unreacted-Core Shrinking Model.

In the low temperature range, the apparent activation energy has
been reported to vary from 35-45 Keal/mole [16] tc 60-80 Keal/mole
[42, 46, 47]. Fig. 5 shows the volumetric reaction coastant, X,, for
various types of coal and char. Depending on the type of coal, the
volumetric reaction rate constant, kg, can vary almost three orders of
magnitude at temperatures below 1200°C. Since adeguate data are not
eavailable to estimate the reaction rate constants for the char-steam
rezction and the char-C0, reaction at temperatures higher than 1200°C
it is difficult to postulate the accuracy any proposed rate expression
used in modeling an entrained bed gasifier.

17
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TABIE I1 IEGEND TO FIGURE 5.

Investigators (Year)

Jolly & Pohl (1953) [6€3]
Gadsby et al, (1946) [40]

Long & Sykes (1948) [64]

Feldkirchner &
Linden (1963) [65]

Feldkirchner &
Huebler (1965) [66]

Johnstone et a1,
(i952) [67] .

Blacksrood &
MeGrory (1958) [68]
Johnson (1874) [56]

Jenszn (19?5)7[413

Coke

Nut char
cozl char

Coconut shell '_

chareoal

Low temperature
bituminous cozal
coal

Low temperature
bituninous coal
char

Cylindrical

porous graphite

rod .

Coconut carbon

Air=pretrezted
HVak Pittsbuzgh
No, 8

Co2l minerals
from Kentucky
NQQ 9

Total
Pressure
“(Atms,)

. 1.0
1.0

0.2 1.0
104
70
1.0

i, 50,

35.0




3.6 Char-Carbon Dioxide Reaction

The rate of char-C0, reaction is relatively slow and is com-
parable with that of char-steam reaction. Dutta et al. [48]
measured the rate of char-CO, reaction and concluded that for par-
ticles smaller than 300 microns and when the temperature is lower than
1000°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
12009C 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 2800°K 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.

kg = 247 éxp (-21060/Tg), g/cm2 « sec * atm. (24)

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

5.7 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).

=X -k (-x) (Prt, =/ Pry / Keg) (25)

X -
vher X =
where x T T F

X is the carbon conversion and f is the fraction of carbon that can be
converted in the first (pyrolysis) stage.

and is the carbon conversion in the second stage,
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Line No.
1

2

10

11

TABLE III LEGEND TO FIGURE 6

Investigators Year

Yoshida and Kunii[69] (1969)

Ergun[70] (1956)
—do-

~do-

Turkdogan and (1969)
Vinters{71]

—do-

Austin and Walker. {(1963)
[72] '

Dutta et al.[48] (1977)
Fuchs and YQVOrskj (1975)
[73]

~do~

Type, Size and Shape of Carbon

Graphite Sphere, 1.5 cm. Dia,

Ceylon Graphite, -10+200 mesh

Activated Graphite, -10+200 mesh
Activated Carbon, —10+200 mesh

Electrode Graphite Particles,
~10+40 mesh

Coconut charcoal particles,
~10+40 mesh

Graphitized Carbon cylinder,
5.1 em. long and 1.27 cm, dia.

- Illinois Coal #6

- Synthane Char #122
- Hydrane Char #49

IGT Char #HT155

- Hydrane Char #150

~ Pittsburgh HVab Coal
all of size -35+60 mesh

X»Papeo
]

Hydrane Char from Pittsburgh
Coal, -60+100 mesh

Synthane Char from Illinois
Coal #6, -60+100 mesh

Remarks

Initial Rates

Initial Rate in a
fluidized bed.

~do-—-
—do-

Initial Rates
Initial Rates

Calculated initial
Rates

Rates at 207
conversion level

Average Rate in a
fluidized bed at 16-32
atm. partial pressure

of CO, with He as diluent

Average Rate in a
fluidized bed at 32 atm.
partial pressure of CO,

‘with He as diluent

44
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Fig. 7 [19] shows the reported volumetric reaction Tate constant
based on this expression. The apparent activation emergy 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 ky to kg is made so that the overall rate can be
calculated by the Unreacted-Core Shrinking Model. Since the char-
hydrogen reaction is mostly in the chemical reaction regime (kg< kdg, kgash)s
'based on the Unreacted-Core Shrinking Model, the rate can be éxpressed as
follows:

“Rate = k

6
over * (4 "dp) * Peff (26)

where

k = - @n
over 1 ] 1 L 1 - Ea :
kag  ks¥4  kgaep Y

T kY2 2

_ Tea2 : 3
- ks ('R—'-) = ks (1 - x}

X - f
1-f

as defined before,

P.cf=PHZ—VPCi.I4/Keq

€

and

However, based on the volumetric rate expression;

Rate = k, (1 - X) Pggs (28)
From Eq. (26), (27) and (28), kg can be approximated from ky by:
1 -
3 P .
ks = ky (1 - x)° (5D (29)

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

ke = 0.12 exp (-17921 /Ts) (30)

Fig. 13 in Appendix 2 shows the overall reaction rate constant based
on the zbove equation and the Unreacted-Core Shrinking Model.
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3.8 Water-Gazs 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. Most water-gas -
shift reactors employed an iron-base or chromium-base catalyst to pro-
duce hydrogen from CO and Hz0. 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 of catelyst, and H,S content in the reacting gases on a cata-
lyst (72% Fezo - 8% C,20z). By certain modification this equation can

be used to estimate fhe 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 Fg0z and other mineral materials that
may act as the catalyst of water-gas Shlft reaction is found in coal
ash.

By assuming a correction factor, F,,» vhich represents the reactivity

of ash in the char zs a catalyst, the rate of water-gas shift can be
given by [177:

- P P
_ 5. 1 C02 Hz 27760
Rete = Fy; + (2.877 x 107} » 5~ (Pp - W) p.(- T o577
Pg * R,(T) g mole/sec + (g ash) : (31)

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

Pg = Pt(O.S - P¢/250) is the pressure correcting factor, Pp is
the total pressure in atm;
5553

Ra(T) = exp (- 8.81 =+ )}, is the temperature correcting factor,

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

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

3.9 Methane-Stean Reformiqg;Reaction

The methane-steam reforming reaction is the reverse reaction of the
methanation reaction and is believed to be catalyzed by the minerals
present in the cozl, The exact nature of the methane destructiom is
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Ash Composition
(ASTM D-2795)
Wet. Pct.

Si0p
A1203
Feq04q

TiOg

P205

cao

Mg0

Na,s0

Ko0

B203

S04
Unaccounted for

Ash Fusion

(ASTM D-1857)
Reducing Atmosphere

IT
ST
HT
FT

TABLE IV

"Illinois No.

46.90
.30
.90
.91
.15
.33
.16
.29
.98
.15
.67
.26

ol o
0 O

WO PO O

'1077°C (1971°F)
- 1110°C (2030°F)

1176°C (2149°F)
1235°C (2255 °F)

Typical Ash Analysis of H-Coal Liquefaction Residues [1]

Wyodak

31.40
15.80
5.83
0.86
1.63
23.83
5.75
2.26
0.27
0.13
7.38
4.82

1160°C (2120°F)
1188°C (2170°F)
1195°C (2183°F)
1210°C (2210°F)



not clear. Allen et al. [62]'proposed a complicated model for nickle-
catelyzed methane-steam reaction based on the assumption that the
desorptzon of products is the coritrolling step. However, their rate
expre551on consists of at least five parameters that depend on the
operating temperature and the type of catalysts used. Zahradnik and
Grace [18] proposed the follow1ng expression for Pittsburgh seam cozl:

d CCH4 _ : : .
where
k = 512 exp (- 30,000/RT) in sec”* and T in OK

The fraction of methane decomposed in a stlrred tank reactor, y, can
be czlculated zs
yél-e'k'ﬁt’ : ' (33)

where At is the residence time of gas in sec.

27




28

1Vv. Model Development

A successful development of an entrained bed gasification model
will require a good understanding of both chemical kinetics and
nydrodynamics. 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 [10]. 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 MHD 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. The purpose of this model is to obtain
temperature and concentration profiles for both solid phase and gas
phase along the reactor.



4,2 ‘Heat znd Mass Balances

'The basic assumptions used in the model development gre summarzzed
below:

1, Gas phase is completely mixed in the pyrolysis and volatile
combustion zone followed by & region approximating plug flow
in the later.section.” This is accomplished by the compartment-
in-series approach which employs & large first compariment
and smaller size for each of the following compariments.

2. Solid phase is plug-£flow throughout the reactor.

3. The gasxfzer is conceptually divided into three reaction
zones: pyrolysis and volatile combustion zone, combustion
and gasification zone, and the gasification zone.

4., This is a steady state process.

Based on the sbove assumptions, heat and mass balance equations can be
set up for each compartment as shown below by referrlnc to Figure 8,

GGzs Phase

N

T) - ZCWg_ C T ) = - (A a’ Az)[a Fq (z
i

4
pz ‘g’ z+az Pg; g2 z'e

p (W

o Eg Ts') + hc(Tg - Tl + i (-AHyYr A, " Az -\_2_11':
4 o 4 L i . ; ' ' '
l;&_. [GngcséTg - ag gy Ty) + Bey(Tg ?WJ] bz | (31)
H, .. V. ?
ioss.g-w ;
¥ - ¥ = A ‘Az * T v T . 35
£isz4p7 gi,z t Tk ik *x - (35)

Solid Phzse

dv.Cc_T.)
S'ps's’ _ 4 4 . '
—_— = A.c [cPsa(sg . eg €5 Tg ') *+ thTg - Ts) +
; A
(a-Ap) B(-8H;)0ys - (1 - ap) oFgleg T% - ey 7,4 - (36)
d : - :
v
Hioss.s-v
dvl
A | - (%)
W

vhere a = =T ———), is the contact area betwsen gas and solid per
vspd.P

unit volums of reactor (cmZ/cms), Az is the compartment size (cn) R
and hc is the convection and conduction heat transfer coefflc;ent
which can be obtained approximately by h. = ZKg/dP. j and k are the
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reactions in solid and gas phase respectively and are described im
Appendix 1 for ezch reaction zone.

By substituting the relations:

W
s e ,
Gg = €g =&, Fgg = F, g = 1, and Hioss,s-y << a"“t [ngg(eg T84

c gssTs4) + kb (Tg ~ Tg)1, into Equation (36) the following equetion is

cbteined.

Ss -6 _ [ePo(r i-T 4+ by (T § ] )

dat p scpsdp g S 34°3
By nmodZfying Equation (36) and adding to Equats.on (34), the following
heat balance egquation can be cbteained:

(z Vg, Cpg Tg * WelpeTadzeas - (% ¥y Cpg Ty *+ WeCpsTs);

= L a(-aH;)7; (Agdz)+ z (-8H )7y (Aphz)- Hypeo oy (39)
i

Tne above equation can also be obtained from a totzl heat balance
on both solid phase and gas phase in each compariment:

(Tota enthalpy cutput) - (Total enthalpy input)

= (Totzl heat generated by reactions) - (Heat loss through the (4ﬁ3
reactor wall)

Exparimanial data on hezt exchange between the gas and the
reactor wz2ll ars difficult to obtzin. In this study, the follom.nv
assucptions ere made in order to sccount for the heat loss:

(1) In the combustion zones, 30% of the total hazat generated
by reactions is transferred from gas phase to the reactor
wall, which is sbout 7%-10% of the heating value of the
ray fuel.

(2) In the zones following ths combustion zomes whare oxXygen
is exhausted, the rate of hest exchangs per unit azzz of
rezctor wall betwasn the gas and the reactor wall is calcu-
lated by Uo{Tg-Ty). The valus of Uo is selected 0 be ghout
25 BTU/hr £i45F which is within the rsportsd rangs of tha
overzll heat transfer coefficient for & gas hazt exch.nwar
[75, 76]. Since no measurement of ths wall temperaturs “has
besn reported, a linear correlatiom of the wall temperatuzs
is assumzd for the simulztion. Foz exzmple, in 2ll of ths
zuns with cozl liquefection residuss, the reactor wall
,tem'cerature is assumsd to bz Tw = 2100 - 600 (Z,'L*t)in ©z.

Since solid loadinc in th2 entrained gasifier is gensrally igz3 than
1% of the rezctor volums, the fusl particles can bz aszunsd o b2 oIz
pletely surrounded by the ges. Tharefors, the viewing faezc:', F, for




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. IcAdams [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 P;jL (atm-ft),
where Pji 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 ¥ P; 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 solid residence time, At, in each compartment can be obtained
by momentum balance. Since the solid particle size employed in an
entrained bed system is generally very small,it is assumed that Stoke's
Law applies for solid flow in this system. The solid entraining ve-
locity can be calculated by the following formula:

a) Downflow:

_ -bAt -bAt
v =V © + (vg + vt)(l - e ) (41)
b) Upflow:
_ -bAt | -bAt
Vg = vsi e + (vg vt)(l € ) (42)
where
b = 18u2
p d
- Ps%
v = (ps-pg)dng
t 18 u
vsi = initial solid velocity (cm/sec)
and At = solid residence time in this compartment (sec).

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

Az = fo vy dt | (43)
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__ The above three equations can be solved simultaneously by.
applying the Newton-Raphson method to obtain the solid re51dence
time, At, in each compartment.. . :

The simplest way to solve the above equatlons for each compart-
ment is listed below: : _ . :

1) Assume a T% value for this compartment whzch has been assumed

2)

3)
4)

to be completely mixed for the gas phase.

Obtain the solid temperature proflle from Eq (38) by

‘Runge-Kutta-Gill method.

Do material balances

Check total heat balance by Eq. (40). If the total heat
balance meets the required error criteria, start the cal-
culations of the next compartment. If the total heat.
balance does not meet, use root-search methods such as
Regula-Falsi or Wegstein method to help searching for a

‘better value of Tg and repeat the procedure again. -

Figure S shows the computer flow diééram of the calculation |
procedures. The computer program simulating the Texaco Pilot Plant
Entrained-Bed Gasifier is shown in the Appendix 8.
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A

Assume a Tg value for the first
compartment
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(i) Use Runge-Kutta-Gill method to
solve the solid temperature
profile in this compartment

(iii) Calculate gas flow rate from
material balance

Reassume a Tg
value for the next

compartment and
go to further
calculations

Figure 9. Computer Flow Diagram for the Model
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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
runs using coal-water slurries as feedstock (see Appendix 6). Good
agreement between the computed and the experimental data in the
major product (CO, Hy and CO2) gas distribution is seen. Temperature
and concentration profiles obtained by the proposed model for seven
typical runs are shovm in-Agpendix 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/fusl ratios feeding the H-coazl residue from
Illinois No. 6 coal into the Texaco Pilot Plant Gasifier. - Fig. 22 shows
the effect of steam/fuel ratio on carbon.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 2 short residence-time device like zn 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 Pilot Plant
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 ratic 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-
tzined 91-99.7% carbon conversions for their coal liquefaction residus
-Tuns. 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-steam reaction, the optimal steam/fuel ratio exists because of
the following two disadvantages: (1) the char-steam reaction is highly
endothermic and would lower the reaction temperature which in turn will
lower 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
steam/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 steam/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 Wyodak coal [1]. However, they obtained high carbon
conversions (99%) for later tests [2] using smaller oxygen/fuel ratio
(0.77-0.79) and higher steam/fuel ratio (0.3-0.5).




Fig. 31 shows the effect of water/coal ratio 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 optimum feeding ratio
of water/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 15 shown in Fig. 23-Fig. 26. As the steam/
fuel ratio increases, the fraction of CO in the product gas decreases
while those of Hy and CO7 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, first decreases and then increases.
These concentration variations are due to the competition between char-
oxygen, char-COj, 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. 32-Fig. 36 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. 34.
Increasing the pressure will slightly increase CO and H2 concentrations
while decreasing the CO; concentration in the product gas at oxygen/
fuel ratios less than 0.8.

The 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 are closely related to the partlcle size. Large particles
have greater terminal velocities and thus travel at higher partlcle '
velocities and shorter residence time than small particles in the reactor
as shown in Fig. 37.—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 glve lower conversion

for large partlcles compared to small partlcles

In 51mu1at1ng Texaco's pilot plant. operatlon, howevez, the fuel
particle size and the initial partlcle velocity are not known after
being sprayed from the nozzle in the veactor. 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 the simulation.
The fuel particle size was selected to be around 350 um for most of the
cases except that 400 ym was used for cases with Wyodak coal liquefac-
tion residue. It was reported [1] that Wyodak coal residue is much more
viscous than the Illinois No. 6 coal residue. Under these assumptionms,
the fuel residence time in the pilot plant reactor is calculated to be
between five to eight seconds.
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VI. Conclusion and Recommendation

The Texaco Downflow Entrained-Bed Gasifier has demonstrated the
ability to gasify coal liquefaction residues, light oil and coal-water
slurries into synthesis gas. This process can provide the required
hydrogen or synthesis gas for coal liquefaction processes or for fuels
and chemical feedstocks. This study provides an insight into the
importance of the operating parameters on the reactor performance and
furnishes a procedure for gasifier scale-up.

In this study a mathematical model was developed to simulate the
performance of entrained bed gasifiers. A major effort has been focused
on simulating the experimental results from Texaco Downflow Entrained-
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 order to better understand the operation of the entrained -
gasifier, the model is used to simulate the performance under various
operating conditions. The following conclusions are obtained:

(1) 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.

(2) For a given oxygen/fuel ratio, there is an optimal ratio of
steam/fuel which maximizes the carbon conversion for systems
utilizing steam rather than water. Such an optimum condi-
tion is more pronounced when the oxygen/fuel ratio is low.

(3) An increase in the steam/fuel ratio increases the Hy and CO,
concentration but decreases the CO concentration in the
product gas.

(4) 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.

(5) An increase in the operating pressure in an entrained bed
gasifier can increase the carbon conversion. This effect
is particularly significant at high steam/fuel ratios and
when oxygen/fuel ratios are below 0.8.

(6) 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 provide some insight into the
nixing 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 profiles

for different types of coals are aisc. needed to verify and refine the
entrained gasifier model developed. . -




Cpg’cps

Hloss,g-w
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VII. Notation

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

We 6
= 5 (—)
Apve psdp >

(cm2/cm3)

the cross-sectional area of the reactor, (cmz)

specific heats of gas and solid Trespectively, (cal/g®k)
thé particle size, (cm)

emissivity of gas

the convection heat transfer coefficient between gas and
solid, (cal/cm2°K)

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/cmzsec)
the reaction rate of k-th gas-involved reaction, (g/cm3sec)
temperatures oflgas and solid respectively, (%K)

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

flow rate of solid and the i-th component gas respectively,
(g/sec)

densities of solid and gas respectively, (g/cms)
gas viscosity, (poise)

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

differential solid residence time (sec)
differential reactor length, dz - v dt, (cm)
carbon conversion, %

total effective reactor length, (cm)
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Subscripts:
i

i>k
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outside radius of an unreacted-core-shrinking particle, (cm)

radius of the unreacted core of an unreacted-core-shrlnklng
particle, (cm) :

ratio of r /R in an unreacted-core- shrlnklng partlcle,
(dlnen51onfess) ’

distance from the top of the reactor, (cm)

gaseous component

reactions in solid and gas phase respectlvely, see
definition in Appendix 1 :
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Appendix 1

Reaction species in each zone:

The definition of reaction number for j and k used in Eq

Eq. (6) is given below:

(I) Reactions in the solid phase:

. (1)~

i

name of reaction

1

pyrolysis, Eq. (5)

char-oxygen reaction, Eq. (6)
char-steam reaction, Eq. (7)
char-carbon dioxide, Eq. (8)
char-hydrogen reaction, Eq. (11)

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

methane-steam reforming reaction (catalyzed
by the mineral materials.in char), Eq. (13)

(II) Reactions in the gas phase

k name of reaction
H2 + 1/2-02 -+ HZO
2 o + 1/2:0, > (0,
3 CH4 + 2 02 -+ CO2 + 2 HZO
4 C6H6 + 15/2-02 + 6 COz + 3 HZO
5 0+ HO ¥ 00, H,
6 G, + H,0 £ €O + 3 H,
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* The first four k's reactions are assumed to be simultaneous
and, therefore, the reaction rates are controlled by the formation
of Hz, Co, CHa, and Cél-l6 in solid-involved reactiomns.

Specific reactions in the three conceptual zones:

Name of the veaction zodne ' J 1k
Pyrolysis and Velatile Combustion Zone 1 1 1,2,3,4

Combustion and Gasification Zone 2,3,4 1,2,3

Gasification Zone 3,4,5,6,7 5,6




Appendix 2

Rate Expressions

(1) Surface Reaction Type: Unreacted-Core Shrinking Model [11]

*
Rate = - (Pi - Pi ) g/cmzatm sec
1 1 1
=l e e — -1
Kaige  kY*  Kdash Y
where
T 1 - x 41/3
Y=g~ =§G-F)
f = conversion when pyrolysis is finished, based on original
d.m.m.f coal
x = conversion at any time after pyrolysis is compieted, based

on original d.m.m.f coal
kdiff = gas film diffusion constant, g/cmzatm sec

'ks = ash film diffusion constant, g/cm?atm sec

kda.sh = ash film diffusion constant, g/cmzatm sec

3

voidage in the ash layer

. 2.
2 ki (€

(4]
]

o
n

partial pressure of i-component gas

*
P, - Pi = effective partial pressure of i-component taking

1 account of the reverse reaction effect
. . 1 1 2
(i) Char-O2 Reaction, [C + ;-02 +2 (1- ipco + Gg - 1)002] [10]

= . - 3 ©
kg = B710-exp(-17967/Tg), Tg in °K

T
) 4.26, . Tg .1.75
Kgipe = 0-292 ¢ ( T, AT ARA L

¢ = the mechanism factor based on the stoichiometric relation

of CO and CO2 , ¢ can be roughly estimated by the following equations:[19

¢ = (22 +2)/(Z +2) for dp < 0.005 em
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¢ = [(22 + 2) - Z(dp - 0;0053/0.0951/(2 + 2)

for 0.005cm g dp < 0..1_ cm |
and
$ = 1.0 for dp > 0.1 cm
vhere

2500 exp(-6249/T) .

Z = [C0]/[00,]

dﬁ in cm and T = (Tg* Tg)/? in °K

{ii) Char-Steam Reaction, (for temperature 'greafter than 13.00°'C) [15]
- A - : H, T .
ks | 2‘,7 exp ‘( ,210.50/.18)‘
o -4 T .0.75,,.
Kagge = 10X 107 Gogp) T/ (P )

k__ = exp [I7.644 - 30260/(1.8 - T.)]

eq S
. PH2 Peo

P, - P, =P - ————

i i H20 _ keq

(iii) Char-coz Rezction, (for temperature greater than ‘1100°C) ' T16]

kg = 247 exp (-21060/T)

_ _ 4. T .0.75,,.
Ldiff = 7.45 x 10 (—2—00—0) » /(P_t dp)

(iv) Char-Hydrogen Reaction

This reaction is still in chemical reaction regime even at..high
temperature (1600"‘}{3 ; . because it‘ has io;v intrir:sic reactioﬁ réte but "
high diffusion characvteristirc’s”.ﬁ For the simplicity of calculation, the
same expression as that of the Unreac_téd—Coz.'e Shrinking Mo-del’_i_s useé by

changing Kv into Ks according to _emerimehtal conditions as follows:




d
3 P

kg = k, (X913 (2B
kS = 0.12 exp(—17921/TS) . g/cmzatm sec [16]

_ 3 T .,0.75
kgige = 133 107 G55~ /(4 Py

0.175
keq ='a471" exp [18400/(1.8 TS)]
P, - P, =P P, /K
i~ " TH, CH,' “eq

(1I) Catalytic Reactions

(i) Water-Gas-Shift Reaction [17]

27760 )P (O.S-PtIZSO)

Rate = E,(2.77 x 10°) (xg - X)exp(- o

exp(-8.91 + 5?53 ) g mole/[sec(g ash)]

The adjustable parameter, F,,which represents the relative catalytic
reactivity of ash to that of iron-base catalyst, is selected to be 0.2 in

the model developﬁent.

XCO = PCO/p;
P P
X = A P_ffz__fz_
co Pt keq PH20
k. = exp (-3.6893 + 7234/(1.8 T)]

eq

P, 1is the total pressure

(ii) Methane-Steam Reforming Reaction ‘ 118]

Rate = 312 exp [-30,000/(1.987 T)] 1/sec

Fig. 10-Fig. 13 show the calculated overall rate constants for
char-oxygen, char-steam, char-carbon dioxide and char-hydrogen

reactions respectively.

50



531

1072 oo —
. py
"

CHAR- OXYGEN_REACTION

| ] L3S

Q
w

M X

, (G/ SEC-CM?3 ATM)

RATE CONSTANT

F KL = 8710-expl- 17967/ T)Y2
Kaa= €2 Kagf/ (1)

L 691x10 4 &(1/1800 577
'KCQ' ~ Redp

| b=(272)-Z (dp-50)/950)/ (Z+2) -
Z =2500-expl-6249/T)

1 o ' { _t ! | 1 { "
05 06 07 o0& . o0¢ 10 11

1000/ T, (°K)

FIGURE 10. CALCULATED QVERALL CONSTANTS FOR CHAR-OXYGEN REACTION BASED ON THE
UNREACTED-CORE SHRINKING MODEL . .




103 }

3
b
e
o

, (G/SEC-CMZATM)
Q
AN

l1lllll

RATE CONSTANT

-

1076

B%JAET = 1 1 1

#.  CHAR-STEAM REACTION
g
a* “
G\ :
/& \\ Q'O -
R o O .@ d

G, Y- 08

- th =
N\ VAT

SN\

Qo

s

[ Ke =247exp-21060/T)Y2

-4 75
100x10*4(1/ 2000
-Kag=-

Rdp

Ky 2 €2 -Kdg-(Y/"(T-Y)) A

1

( )

+ o+
Ks Kdg Kda

Y= 06 —

N

gl

FIGURE 11.

04 05 06 07 _ 08 09
| 1000/ T, (°K™")

CALCULATED QOVERALL CONSTANTS FOR CHAR-STEAM REACTION BASED ON THE
UNREACTED~CORE SHRINKING MODEL '



53

10

RATE CONSTANT, (G/SEC-CM2ATM)
O

-3

K =247 expl- 21060/ T) Y2

745x107 (T/2CJOO)O75 :

2

-Kea® & Kdg LY/a-v) -
u . 1 -

KCVGT: 1 1 1

-6 (—— . + — )
10k Rs Ky Kea =
04 05 08 0'7 o8 05
1000/ T, (K1)

FIGURE 12. CALCULATED QVERALL CONSTANTS FOR CHAR-CARBON DIQXIDE R_ACTION BASED

ON THE UNREACTED-CORE SHRINKING MODEL




RATE CONSTANT, (GM/SEC-CM?ATM) _
9 Q.
~ O

%

CHAR-HYDROGEN REACTION
Ke' = 012+ exp(-17821 / Tg ) Y2

_ 133x10°3(1/2000°7°
% ' Pt‘ dp

o
1 O-0.5

FIGURE 13.

56 o7 08 09 10
1000/ T, (K1)

CALCULATED OVERALL CONSTANTS FOR CHAR-HYDROGEN REACTION
BASED ON THE UNREACTED-CORE SHRINKING MODEL



Appendix 3: Typical ultimate analyéis for the feedstock used in
Texaco's pilot plant tests. ' .

[1,2]

55

;Feedstock Source and

Dry Fuel Analysis (wt. §

|Run Number C H N s o | Ash c1

!H~Coal residue from _ _

Illinois No., 6 coal 74.05 6.25 0.71 1.77 1.32 15.53 0.37

{for Run I-1 1]

H-coal residue from . )

‘Illinois No. 6 coal 73.04 5.82 0.73 1.37 1.70 16.83 0.48

for Run I-2 [1]

H-coal residue from :

‘hvodak coal for 78.37 5.79 0.92 0.07 3.70 11.05 0.08

Run W-1 [1] '

fSRC II Vacuum X )

iFlash Drum Bottoms - 64.90 3.65 1.25 2.96 1.70 25.54 . -
[21

Exxon DSP Vacuum )

Taower Bottoms 70.74 4,67 1,18 2.74 3.95 16.72 -

|

i [2]

i

Western Coal used :

tin Coal-Water Slurry | 74.56 5.31 0.99 0.46 11.47 7.20 -

Runs | 1 | .

‘Eastern Coal used in

Coal-Water Slurry 72.72 5.03 .1.40 2.99 8.13 8.73 -

Runs




Appendix 4:

pilot plant tests.

Operating conditions for seven typical runs of Texaco's

Feed Rate Feed Temperature (°K)
E;eds;ocges;urce Fuel Rate H..0 0., Fuel Steam Oxygen
un fumber (g/sec) Flel Fug 1

H-coal residue from 76.66 0.241 | 0.866 | 505.22{696.67 | 298
Illinois No. 6 coal
(Run I-1) [1]
H-coal residue from
I1linois No. 6 coal 81.18 0.314 | 0.76821 496.33] 676.33 298
(Run I-2) [1]
H-coal residue from . _
I1linois No. 6 coal 86.0 0.318 { 0.90 513.55{ 692.44 298
(Run W-1) 1]
SRC II Vacuum
Flash Drum Bottoms 126.11 0.30 0.77 505.22 1 696.67 298

[2]
Exxon DSP Vacuum
Tower Bottoms [2] 126.11 0.50 0.79 505.22 | 696.67 298
vestern Coal used :
in coal-water 186.78 0.52 0.91 400 400 600
slurry runs [74]
Eastern Coal used
in coal-water 133.5 . 0.79 0.87 400 400 600
slurry runs [74] ]
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Appendix 5: xyplcal Temperature and Concentration Profiles in the
Texaco Downflow Entrained-Bed Gasifier
Compzrison of the computatioral results f:om the froposed model
and the experimental results frcn the Texaco Pilot Planu Entrained-
Bed Gasifier has been carried on for twenty-nlne frum as shown in
Appendix 6. Temperature and concentratlon profiles calculated from

the model for five typzcal Tuns are show1 in the following flgures.

The fuel analysis and operatzng conditions for tnese'typlcal Tans

ere shown respectively in Appendix 3 and 4.
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PROFILE IN TEXACO PILOT PLANT GASIFIER FOR I-2 RWN



VOL.°b,(WET BASIS)

100 Dried Product Composition 100
SO} - - -~ Model EXxp. 490
cof P T BE e
70t CO» 3.80 515 170
GO5 | .' 160 |
50 CO 150
40 Ho 140
30 130 .
207 | 120 )
10 H>0O o
0.25° = COo #0.25
0.20t 2> 1020
015 1015
010y 1010
003 1005
o) o -

DISTANCE FROM TOP (CM)

O 60 120 180 240 300
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BASIS) IN TEXACO PILOT PLANT GASIFIER FOR I-2 RUN

61




©® PILOT PLANT DATA

e
O

.
O

-
O
CARBON CONVERSION, %o

oL
O

FUEL RATE = 86.0 G/SEC
 STEAM/FUEL = 0.318 |
Oo/FUEL = 0.90 |

1000. —
o 60 120 180 240 300
DISTANCE FROM TOP (CM)

FIGURE 16(A) CALCULATED TEMPERATURE PROFILES AND CARBON CONVERSION
PROFILE IN TEXACO PILOT PLANT GASIFIER FOR W-1 RUN




63

. '. 1
100 DRIED PRODUCT COMPOSITION OO |
a0t | - Model EXD. - 190
CcO 56.70 6.6 :
80¢ Hy 3776 3804 |0
70t COs 518 4.84 170
&IQGSC)‘ . ESC)
§5o~ 150
—40 140
L) 50
020; 120
Q
_j10i 110
Qos 205
04 104
0.3 [\2 | ; 22
O.;2 ! | d
0.1 S H4 0.1
© ) 60 . 120 180 240 300

DISTANCE FROM TOP (CM).

FIGURE 16(B) CALCULATED PRODUCT GAS COMPOSITION PROFILES (WET
BASIS) IN TEXACO PILOT PLANT GASIFIER FOR W-1 RUN




® PILOT PLANT DATA | °

2000 |- 180z
1803

— 2]
® 1 O
= J70%
: I
= Is z
1500 L leoR
o

<

O

FUEL RATE =126.11 G/SEC ‘
STEAM/ FUEL = 0.30 '
O,/ FUEL= Q.77

o)
O

O 680 120 180 20 300
DISTANCE FROM TOP (CM)
FIGURE TZ(A) CALCULATED TEMPERATURE PROFILES AND CARBON CONVERSION

PROFILE IN TEXACO PILOT PLANT GASIFIER USING SRC II
VACUUM FLASH DRUM BOTTOMS AS FEEDSTOCK



100

100 .
ool - PILOT PLANT DATA e
- §:CO. -

80t I§= l;l}go 80
veo N A~ -
70 A CO 170 ‘
_CO 10

~Y50

*%55;3c)

20

HoO 410

CO2 20.6
H25 105 .

| 104

3} No lo3
02 o 102
01t _CHa o lor

O / 3 - . . .
0 60 120 180

240 300
DISTANCE FROM TOP (CM)

FIGURE 17(8) CALCULATED PRODUCT GAS COMPOSITION PROFILES (WET
BASIS) IN TEXACO PILOT PLANT GASIFIER USING SRC II

VACUUM FLASH DRUM BOTTOMS AS FEEDSTOCK

65




N
O
Q
O
T

1000

@
o

CARBON CONVERSION, ®f

g @ PILOT PLANT DATA

.1....\.‘..
3 o

O
O

FUEL RATE =126.11 G/SEC ]
STEAM/ FUEL = 0.50
O,/ FUEL = 0.79

I &

80 120 180 240 300
DISTANCE FROM TOP (CM)

FIGURE 18(A) CALCULATED TEMPERATURE PROFILES AND CARBON CONVERSION

PROFILE IN TEXACO PILOT PLANT GASIFIER USING EXXON
DSP VACUUM TOWER BOTTOMS AS FEEDSTOCK.



cof ~ PLLOT PLANT DATA:

O 60 _ 120 180 _ 240
DISTANCE FROM TOP ey

FIGURE 18(B) CALCULATED PRODUCT GAS COMPOSITION PROFILES (WET

BASIS) IN TEXACO PILOT PLANT GASIFIER USING EXXDN :
Dsp VACUUM TONER BOTTOMS AS FEEDSTOCK




WATER /COAL =052 GM/GM
OXYGEN/COAL =091 GM/GM
®
90
2000} l80 =
e prd
: o |G
®: exp. data
& 170 [
> 2
T 5
o Q
%1500- {60,
: :
503
1000 40

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

FIGURE 19(A) CALCULATED TEMPERATURE AND CARBON CONVERSION PROFILES
IN TEXACO's PILOT PLANT GASIFIER USING WESTERN COAL AS

FEEDSTOCK IN COAL-WATER SLURRY RUNS.
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Appendix 6 Comparison of compututionni results from the model with experimental results

from Texaco Entrained Bed Pilot Plant Gasifier.

(A) Using II-Coul residues from Illinois No. 6 coal as feedstock: [1]
Input Condition Dry o "2 COZ (“4 “ZS wg_
Product {Flow Ratec |Flow Rate]Flow Rate{Flow Rate [Flow Rate] Flow Rate| Carbon
Run | Fuel Rate] O Steam ‘gas glsec g/sec g/sec g/sec g/sec g/scc Conversion
No. (g/sec) e Fuel  {Source\ {(Vol. %) [(Vol. %) |(vol. %) |(Vol. %) |[(Vol. %) |(Vol. %) %
» . 123.77 6.01 9.985 0.15 0.133 0.53 98.64
i1 176,66 lo.sec 0,241 12" (57.57)  [(39.13) |(2.95) {(0.12) __ |(0.06) ] (0.12) :
Model 123.94 6.23 10.04 0.20 0.726 0.454 98. 88
(56.60) [(39.84) |(2.92) (0.16) 0.27) (0.208)
E 112,52 6.211 17.2 0.56 0.59 0.1513 90.66
1-2 | 81.18 0.768 | 0.314 xP- (53.06) {41.00) (5.15) (0.46) (0.21) (0.07) i
Model  |119.78  ]6.54 13.54 0.242 0.57 0. 451 93. 29
54.11) (41.39) | (3.89) (0.193) (0.212) (0.204) )
Exp. 121.5 . |6.24 19.26 0.114 0.67 0.133 98.28
I-3 82.202 0.813 | 0. 309 {54.66) (39.31) {5.51) {0.08) (0.26) {(0.11)
ﬂhbdel 126.4 6.36 14.56 0.17 0.77 0.496 9975
! (55.89) |(39.39) |(4.10) (0.131) }(0.28) (0.22)
E 116.0 5.78 16.74 - 10.15 0.32 0.0124 97.24
1-aal 79.456 0.807 | 0.323 xp- (55.70) {38.90) (5.11) {(0.12) (0.11) (0.00) 3
. Model 119.96 6.16 15.73 0.148 0.526 0.437 99.76
(55.18) {39.69) (4.60) (0.12) (0.20) (0.201)
Exp 119.54 6.107 18.14 0.185 0.70 0.24 97.34
r-a81 81.846 lo.797 | 0.310 © . l(54.90) | (39.26) | (5.30) (0.14) (0.23) (0.11)
Model 125.09 6.36 14.37 0.170 0.538 0.449 99.75
i (55.71) (39.68) (4.07) (0.132) {(0.197) (0.20) )
E 103.32 5.30 . |19.972 0.0852 0.57 0.428 98. 875
r-sal 71.64 0.3263] 0. 352 xp- (54.02) |(38.78) ] (6.64) (0.07) (0.21) (0.22) )
Model 106.37 5.39 16.824 0.112 0.68 0.421 99.77
(54.89) (38.98) {(5.525) (0.101) (0.29) (0.217)
Exp 92.3 5.007 19.987 0.086 J0.73 0.0034 98. 868
rsel es.0 0.817 | 0.392 . (52.48) | (39.85) |(7.22) (0.08) (0.31) (0.00)
del 95.45 5.08 16.58 0.100 10.62 0.386 99 . 75
Mode (53.56) (39.92) (5.92) (0.098) (0.29) (0.217) :
Exp. 81.853 4.53 20.61 0.0434 H0.8035 0.0734 08 . 885
r-sclse.26a  lo.832 o.429 (51.39) ] (39.83) |(8.23) | (0.04) (0.41) (0.04)
Model 81.186 4.38 16. 4061 0.074 0.546 0.335 09 . 76
(52.75) |(39.84) |(6.81) (0.084) l(0.29) (0.218)

ZL



Input Condi tion Dry co 1, co, aly 11,5 N,
Product {Flow Rate jFlow Rate [Flow Rate !Flow Rate [Flow Rate |Flow Rate [Carbon
Run | Fuel Rate 0, Steam gas f/sec p/sec ¢/ sec g/sec g/sec g#/sec  [Conversion
No . {g/sec) Fuel Yuel Sourcc\ (Vol. %) |(Vol. %) [(Vol. %) |j(Vol. %) |[(Vol. %) |[(Vol. %) %
Exp. 125.2 6.41 17.93 0.27 0.3 0. 301 97 122
6 |a7.73 0.774 | 0.201 (55.03) [(39.43) |(5.01) (0.20) (0.10) (0.17)
‘odel 129,34 [6.54  |14.38 0.187 0.89 0.53 97 898
(55.85)  [(39.52) |(3.94) (0.142) _ {(0.32) (0.23) .
. 130.3 6.67 17.1 0.27 0.292 0.213
caalo0.074 | o.7757 0. 282 Exp. (55.33) |(39.62) |(4.62) |[(0.200 . |co.08). |co.09) [?6-82%6
: : . Modol  |133-58  [6.85 14.30 0.202 10.798 0.555 97 . 735
(55.63) | (39.96) |(3.764) |(0.147) |(0.274) |(0,231) |°"°
Exp 139.75 | 6.975. 17.3 0.197 [0.866 »  [0.610 96. 992
78 1o5.302 | 0.782 |0.267 . (55.87) 1(39.03) |(4.40) - | (0.13) (0. 26) (0.25) .
: : : ,Model 141.11 | 7.08 14.29 0,22 0.829 0.583 55,735
(56.223) | (39.50) |(3.622) | (0.153) |(0.272) |(0.232) -|”°:
Exp 140..7 6.732 14.27 0.13 (0.91 0.102 08641
h-sa l02.13 0.797 0.247 [l—n (57.38) | (38.43) | (3.70) (0.09) (0. 30) (0.04) »
. . . odel  |140-09  [6.735 12.77 0.213 0.797 0.502 97.744
. (57.39) | (38.63) | (3.50): | (0.15) (0.27) (0.230) .
. 145.8 6.913 14.4 0.058 .  |0.80 0.204 98.663
en | o507 0.8016) 0230 e 1(57.67) |(38.28) |(3.62) |(0.03) |(0.25) |(0.08) .
. : : Model  |143-8 7.853 13.43 0.22 0.82 0.576 97.233
(57.56) - | (38.37) | (3.42) . | (0.152) |(0.27) (0.23) .
‘ Texp 141.073 [v.785 15.28 0.071 1.18 0.46 o8 605
r-ac | 92.86 0.200 |0.246 ' (57.02) | (38.39). | (3.93) (0.04) (0.37) (0,18) 79
. Rl ey todel | 141.709 [6.43 12.81 0.213 0.81 0.57 " [og 220
(57.46) | (38.58) | (3.3 (0.15) (0.27) (0.23) PO
e 1125.3 5.966 12.89 0.006  |0.80 0,148 I
-0 |87.79 0.787 |0.268 Xp. (57.49) | (38.29) | (3.76) 0.07)  {(0.26) (0.06) .
. . . Model | 151.20 [6.43 13.88 0.189 0.65 10529 197 6o
(56.70) | (38.885) | (3.82) (0.143) [(0.23) (0.23) L
. 201.16 | 10.22 26.92 0.15 0.58 1.73
110 |120.77 * | 0. 8346l 0.276 Exp.  |(s55.18) | (39.24) | (4.69) | (0.26)  |c0.10)  |co.amy | 9°-158
. . & odol- | 195.918 [9.59 24,76 0.284 0.94 0.672 96 .01
(55.42) | (39.56) | (4.46) (0.140) }(0.22) | (0.190) '
5 204.16 | 10.57 20.06 | 0.193 0.68 0.2 95,187
*p. (54.79) | (39.72) | (5.11) (0.09) (0.12) (0.11) &
[-11 1132.79 1 0.548410.279 199.72 [ 10.30 | 27.50 | 0.278 _ [0.977  [0.697 oo .
' Model - | 54 o5y | (39.60) | (4.82) | (0.139) |(0.22) | (0.19) .

O3




(B) Using ll-coal residues from Wyodak coal as feedstock: [1]
Input Condition l Dry @ Il2 i COZ f’_”d ”25 ) N?.___‘ —l
] Product | Flow Rate|Flow Rate|low Ratd Flow Rate {Flow Rate Flow Rate]Carbon
Run | Fuel Rate| O, Stcan gas g/sec g/scce ~ g/scc g/secc g/sec g/sec | Conversion
No. (g/sec) Fucl | Tuel j|Source (vol. %) j(Vol. %) {(Vol. %) | (Vol. %) {(Vol. %) |(Vol. %) %
Exp 143.2 6.8325 19.15 0.0517 0.00 0.19 . 98.98
W-1 86.0 0.90 10.318 ) (56.96) (38.04) {4.84) (0.03) (0.00) (0.(}7) i
Model 144.1 6.88 17.98 0.58 0.032 0.57 99.75
(56.85) |(38.00) |(4.51) |(0.401) |(0.010) |(0.224) :
Exp. 146.25 6.865 17.1 0.0898 0.0325 0.078 99.17
w2 1 87.231 lo.sso |o.286 (57.67) |(37.90) |[(4.29) (0.06) 0.00) (0.03)
' Model 148.44 6.741 13,40 0.656 0.028 0.547 99. 65
(s8.65 |(37.30) {(3.370 | (0.453) {(0.009) |(0.216) .
. 212.71 9.85 25.66 0.22 0.00 0.553
w-al 128.40  |o.844 10253 Exp. (57.80) |37.47) |(4.43) |(0.10) (0.00) }(0.15) 99.393
Model 212.77 9.45 19,51 ‘0.558 10.088 0.91 97.90
(59.20) (36.81) (3.454) {0.272). (0.020) (0.251) :
E 208.2 10.0S 34.016 0.129 0.103 0.68 99. 395
wossl 128,67 lo.se |0.264 xp- (56.02) |(37.02) |(5.82) (0.06) (0.01) (0.18) .
Model 214.8 10.85 21.38 0.303 0.089 0.96 98.85
(58.97) |(36.86) | (3.75) (0.146) |(0.020) ](0.262)
E 211.44 10,06 23.77 0.28 0.00 1.20 98.765
wea 112566 lo.ss710.273 *P- (57.61) |(37.71) |(4.12) (0.13) (0.00) (0.32) .
, Model 210.58 9.56 20, 22 4.215 0.0066 0. /,69 98.215
' (58. 46) (37.16) (3.57) (0.59) (0.002) (0.213
Exp 215.34 10.343 25.45 0.34 0.032 0.734 98.211
W-5 129.826 0.854 | 0.263 i (57.00) |(38.32) (4.28) (0.15) (0.00) (0.19_)
' * Model 21.4.78 10.08 21.09 1.32 10.0615 0.837 97. 66
(57.99 (37.56)° | (3.62) (0.625) (0.014) (0.227) i
E 215.07 10.97 33.84 0.41 0.00 0.706 97.900
voo | 132,82 lo.sss | o318 loon (54.91) [(39.20) |(5.49) ](0.18) 1(0.00) {(0.18) :
) * ' Mode 1 217.46 10.60 27.65 1.60 0.042 0.837 98.283
(56.17) | (38.34) | (4.55) (0.762) {(0.009) 1(0.236) .
E 220.02 11.00 48.576 0.00 0.00 0.477 99.676
w-7 1 13566 lo.04 |o.310 XP- (54.24) |(37.98) [(7.62) |(0.00) _ |(0.00) (0.11) :
‘ : ) Model 228.74 10.50 31.12 0.234 .0072 0.917 99.628
(57.23) | (37.01) [(5.43) (0.105) _J(0.001) |(0.229)

vL




(€Y Using SRE 1T Gieeon Flash Prum Bottoms as Peedstock:s [2]

>———~*En1ut b;;di;i;n et co I Co HO . cit 5 "«»uﬁ-—~—--«——~«w_—un-—
: roduct 2 ‘ 2 2 4 2 2
Fuel Rate 02 Steam Gas Flow Rate] Flow Ratef Plow Hate Flow Ratel Flow Ratd Flow Ratel Flow Rate| Carbon
(g/sec) ool Fuel g/sec g/sec |- g/sec g/sec | g/sec g/sec g/sec | Conversion
o Source (Vol. %) (Vol. %) | (Vol. %) | (Vol. %) | (Vol. %) | {Vol. %) | (Vol. %) %
B 167.584 6.936 32.98 14.50 0.00 4.1 | 1.566 99
126.11 0.77 10.30 =XP e (53.5) (31.0) (6.7) (7.2) {0.00) (1.04) {0.50)
- ' ) Model 171.48 7.178 29.54 15.19 0.151 2.016 1.146 99.77
(54.01) (31.65) (5.9) (7.44) (0.083) { (0.52) (0.361) i

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

176.98 9.37 45.87 29.69 0.00 3.81 1.475

126,11 o.70 |o.50 |_Ee .| (45.6) (33.8) | (7.52) | @19 | (0.000 |(0.78) | 0.3 | %°
] e : * ‘ " Model 175.36 1 9.57 147.82 29.14 0.173 1.857 1.089 99.00
- (44.87) (34.99) (7.74) (11.6) (0.077) (0.39) (0.279) *

(E} Coal-Water Slurry Runs:

Input Conditions Dry o Hy €Oy _CHy HoS ‘No
Coal Coal Ratej O, |Water Product : o : . T Carbon :
Type 1 (g/sec) 'CB—;—l' Coal Gas Vol. % | “Vol. &% | Vol. % Vol: % | Vol. % ; Vol. % |[Conversion
, - | : - y .
Source , : 5
' : | S ' ‘35,79 | 13.14 .09 | 0.03 0.24 | 92.7
Nestern [186.78 | 0.91/0.51 |—EXRr. . 50.71 | 55.79 | 15.14 9.2 =
Model 147,86 | _37.30 14,45 0,055 |- 0,074 0.26 . 94,87
Rastern |133.5 0.87/0.79 | BB _4L.55 56.15 | 20.64 |'0.40- | 0.85 0.38 85.8
» Model | 43.27 36,91 18.91 0.036__ |- 0.50 0.373 84.66

=74




Apvendix 7. Parameter studies of the reactor performance at various
operation conditions.

 Figure 19-Figure 28 show the effects of feeding ratios, oxygen/fuel
and steam/fuel, on the carbon conversion and the major product gas
composition in the Texaco Downflow Entrained Bed Pilot Plant Gasifier.
Figure 29-Figure 33 show the effects of total pressure on the carbon
conversion and the major product gas composition in the Texaco Downflow
Entrained Bed Pilot Plant Gasifier. |
Figure 34 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 Computer Program 94

(A) Compiling Program

//ENGRTZCH JOR (CEOéO"ééy****)y’LHAUNG’;TIME 2sREGION=140K
/¥ JOBFARM I=9sL=4

/XROUTE XEQ CFUZ

/XROUTE FRINT RMT3

//8TEF1 EXEC FGM=IEFBR14

//0L0 DU DSN=CEQ460266.CHAUNG » VOL=SER=0TISKOOy
A/ UNIT=3330~1,L1SF=(0OLLyDELETE)

Vg

//8TEF2 EXEC FORTGCL

//FORT SYSIN DI x|

SIMULATION OF TEXACO FROCESS
COMFARTMENT-IN-SERIES MOUEL

¥xk SHRINKING-CORE MODEL %ok

¥%XTO SPECIFY THE FLOW DIRECTION.

FOR UFWARD FLOWs "DIRECT"=1.0

FOR LOWNWARD FLOWy *DIRECT"=-1.0

REAL KSyKVsKDIFFyKQVER

REAL N2FsNIF2yN2P3yN2FS

REAL N2MOL

LOGICALX1 NAMEC(LD)

DIMENSION HT(20) yHTUF(30)yCP(30)»DTH(D)

oogoOoOoaa

DIMENSION TGAS(Z)yFTG(4)sHEL(4)» TSOLIR(S) yFTS(S)sIFTS(3) yRK(S)

DIMENSION X1(120,2),Y10120,2) yNFTL1(2)»IC1{2)

DIMENSINN X2(12054)9Y2(120,4) yNFT2(4),1IC2(4)

DIMENSION X3(120y3)sY3(120s3)sNPTI(3)rIC3(3)

DIMENSION X4(120+1)sY4(120y1)NFTAC(1)sICA(L)

DIMENSION XS(120¢2)yYS5(120,2)sNPTS(2)ICS(2)

COMMON /81/ FCOALsFOXYsFSTEAM/S2/ TGsTS» DENSsDENG,CFS,PT
COMMON 783/ TFCOAL »XMOIS

COMMON /A1/ YCsYOXYrYHyYSs»YNyYCRy YOXYRsYHRs YSRy YNR

COMMON /A2/ XH2yXCOr»XCO2)XH25sXH20r XN2y XCH4 ¢ XTAR

COMMON /A3/ GOXY»GSTEAMyBCO2»GCOrGH2,BH28yBN2sGCH4

oo

DATA NAME/” Y/

DATA HL/30./

OATA AsEYCyQ/4.92E5,8900.70.1491.25/

OATA VISsAT/6.E-4,18241.5/

TATS NPTLsIC1/1209120r /66667y kXK /

DATA NFT2,IC2/12071205120,120, 711117 ,7222279/33337 1774444/
[ATA NPT3IsIC3/120r1209120y /55557 9766667977777/

DATA NFTA»ICA/L200 " RAUL /

DATA NFTSICS/120120y BEGGE7» 88857/

NOMELLST/DATA/NAME s TAY TSTEAMY TOXY r
~ YOXY s YHs YU YSy YN YASH» XMU
S - FOXY FSTEAM» TFCOAL

10 REALNG,DETA)

L

HRITE(&y L) (NAMECG) 7 =1y 13)
FORMATC L s TAOY L2011y /)

1=

ARITZ(6DaTA)

¥k¥THE DEFINITION OF "DIRECT® GIVEN IN SUBROUTINE VSOLID IS USED
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%% FC IS THE FIXEL CARBON IN DHHF EASIS kg
—FE=85+0——

~ TDENSI=1:18

RI=1,75E-2 .
CPE=0,45 - -

CFROXY=8,724
-CFETM=11.34
CrCO2=13,8317%
CPE0=8.,4765 -
CFCH4=20.,772
CPH2=7.73
CFH28=4.77
CFN2=8.,3%375

FT=24.,
FCOAL=TFCOALX (1. ~YASH) ¥ (1.,~-¥N018)
FCOAL IS THE FEED RATE OF COAL IN DMMF BQSIS

KRERTOHUF 18 CQL/G oMMF COAL FEED

¥kFCOALRTOHUF IS CAL FLOW THROUGH THIS CUﬁFﬁﬁThENT!SEC )
*kkkSUBNKL I8 ¢ COal. CONSUMED IN THIS COMPARTMENT/G DMMF COAL
¥35RFCOALRSUBDHL/L100, IS G COAL CONBUMED IM THIE COMRE./BEC
E¥XXRHEATL IS CAL PRODUCED IN THIS CP./03 LiMF COAL ‘
KXIKRHEATINFCOAL I8 CAL PRODUCED IN THIS COMP./BEC

RERRCWL’S ARE G CARBON CONSUMET IMN THIS COMPART./G DMMF CUAL
K¥kXRHEAT I8 CAL GENERATED IN THIS COMP./B8 DMMF COAL FEED
RENYRHEATRFCOAL I8 CAL GENERATED IN THIS COMPART./SEC

¥%% FGS IS THE FRACTION OF HEAT BENERATELD BY CD AND H2 COMBUSTIOH
k%k THAT BACK RAUIATED TO THE SOLID SURFACE FROM THE FRAME FRONT
x IN ADDITIGN TO THUSE FROM THE BULK GRS PHASEa :

FGS=0,28

SWELL=1.0

EF=0,9 .

8IGMA=1,305E~-12

Fagk= YéSH/(io—YﬁSH)

¥k RE IS THE FRQCTIUN OF COAL SULPHUR THAT DULS NOT REACTED

k¥% INTO GASECUS PRODUCT BUT DEPOSITED TOBETHER WITH ASH &%

%%%x RN IS THE FRACTION OF COAL NITROGEN THAT DOES NOT REACTED
ek INTO GASEOUS PRODUCT BUT HEPQSITEB 1OGEIHER WITH ASH xikx

RE=QL.E

Y8=Y&%(i.,~R8)

RN=0,3

CYNTYNSCL~RN)

KxKE 'FHEE’ IL THE FR ﬁCTLON OF HEAT RELEASED BY WATER-GAB~EHIFT
¥ 433 ’HﬁT I8 AUSORFED BY THE SOLID FPHABE.
FUGEE=1,
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CALL VOLATL(YC»YBXYrYHr YNy YSsYASHyFCrFOrFHYFNsFSyVH2 K11 R25 UMD)
UMD=Vi0%(1.-0,088%ALCG(FT))
SWL=RXxVMOX(1.-C)

YCR=YC—(VHO/100 ) KCXCOX12, /728, +XCO2X12. /44 .+ XCHAX12, /16 . +XTARRT2,

i/78.)

TDXYRﬂYUKY—UMD*(gCOB*BQ./Jd.+XCU$16./28.+XH20*16./18.)/100.
THR=YH=-UMOK(AH24HXH25%2, /34, +XH20%2,. /18, +XCHAX4 . /16 . +XTARXS,/78.)

17100,

YER=YS5-XH28XVMO%32,/(34.%X100,)
YNR=YN=-XN2XVMU/100.

FLOXY=YOXYR/YCR

FLH=YHR/YCR

FLN=YNR/YCR

FL8=YSR/YCR

ALFPHA=YCR/12,

RETA=YHR/1.

GAaMA=YOXYR/16.

HELTA=YNR/14.

EFSN=YSR/32.
WRITE(6r547)ALFHASBETA»GAMA» DELTAYEPSN
FORMAT(//2Xs ' ALPHA= yF13. 552Xy 'BETA="yF13.5,2Xy 'BAMA='yF135.5,2Xy

FUELTA= »F LS5, 8,2X s "ERSN="yF 10, 0)

LENSF=DENSIN(1.+FASH-SWL/100.)/{(1.+FASH) XSWELL)
RFE=RI&(SWELLX%0,333)

GOXYIN=FOXYXTFCOAL

CH20IN=(FSTEAM+XMOIS) XTFCOAL

¥k ENTHIN IS THE TOTAL IMNLET ENTHALFY -

CALL HEATUF(LlsTDXYs298.sHTUFyCF)

CALL HEATUF(2yTSTEAMs298.yHTUFP»CF)

ENTHG=HTUF (1) XBOXYIN/3Z2, +HTUF (D) XTFCOALRFSTEAM/18,

CALL HEATUF{2,TAY298. 7y HTUFYCF)

ENTHS=CPSKFCOALX (L, +FASH) ¥X{TA-298, )+ TFCOALKXXMOISK(HTUF (2)-105.40.)

1718,

ENTHIM=ENTHGH+ENTHS

Fkkk NC IS THE NUMBER OF STEFR SIZES IN EACH BAS COMFARTMENT
NC=3

TMOLE=GOXYIN/2Z.+GH20IN/18.

FOXRYIN=FTRGOXYLIM/ (32, %THOLE)

FHIOIMN=FTRGH20IN/ (18, X TMOLE?

SCO2IN=0.
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GCAAIN=0,
FCHAIN=0,

TSI=TA

TIMEIN=0.

HEIN=0.

WLIN=O,

LSTIM=300,

GTARIN=0, -

TEAS{1)=2800,

TEAS(2)=3900,

WLCF=54] , , .
TO1=(BOXYIMXCFDXYXTOXY/ 32, +GHEUINKCFETHXTETEAM/ 18, ) / {BOXYINRLFOXY
1732, +BHR0INXCFSTM/18.) ' : T
A1{1:1)=0,

X1¢1l:2)=0,

YiC1s1)=TB1

Yi{1yZ1=TaA

;\.x..\i!i)—‘Oy

X2{ir2)=0,

,\-(17\3) 00

¥alls4)=0.

Y2(1s1)=(BHIZOIN/18. Y/THOLE

Y2123 =0,

Y3 (Lrad)=0,

X3{1:1)=0,

X3(is2)=0,

XK3{1s3)=0,

¥E{i71)=0,

¥ILLy8)=0.

Y3(1s3)=0.

X4¢121)=0,

Y4(1rl)=0s. - | . o
X5{1r1)=0. ST
XS{1s2)=0, o L -
YS(1e 1) =THOLEGR, 0S¥ TEL/ CATRFT)
Y17 2)=USIN : . , .

T enE=1
F'- l:‘ 112 +
AS-HWALL HEAT TRANSFER kx®

IS THE OVERALL HEAT TRAMBFER CUEFF. BETWEEN GAS AND Wal

o DM MO
'[:!L'.‘.lD_u -i-

A BASIFICS TIUH .f..UIH: "a.[l’i”LﬁTE A8 & HEAT EXUHANGER: CaL/SEC
R GASIFICATION ZONE SINMULATED AS A HEAT EXTCHAMNGERs
ILII(S::[ L”-\Ll vl .)
4E-3
N



”13.
214,

215,
214,
217.
218.
219,
220.

21

njn

e e tie &
223,
224,

225,

226,
227,
224,
227,
230,
231,
232,
233.
234,
233,
236,
237,
238,
239,
240.
241,
242,
243.
244,
245,
244,
247,
248,
249,
250,
asl.
252,
233,
n-J Ty
3&5.
235

257,

5
2-".’#

ST
.
&

-
-
v

288,

~a%,

GO

30Q

140

1id

TG=TGAS(I1)
IF(TG.LE.300.)TG=TS54+100.
TIME=TIMEIN
HS=HSIN
USI=USIN
WL=WLIN
T8=TSIN
BOXY=6OXYIN
GSTEAM=GH20IN
GC02=6CO2IN
GCO=GCOIN
GH2=GH2IN
GH28=GH2SIN
GN2=GN2IN
GCH4=GCHA4IN
FOXY=FOXYIN
FSTEAM=FH20IN
FCO2=PCO2IN
FCO=PCOIN
H2=FH2IN
FH28=PH2SIN
FiNZ=FN2IN
FCHA=FCH4IN
GTAR=GTARIN
=1 .
TMOLE=GOXY/32.+GSTEAM/18.+GC02/44,+GC0O/28.46H2/2.+6H25/34.+6N2/28
1+GCH4/16.
GSUM= GOXY+GSTEAM+GCD°+GCO+GH°+GH"S+GN°+GCH4
RHEAT1=0,
RHEAT2=0.
RHEAT3=0.
RHTS=0.
SURDWL=0, -
RHT=0,
RK(3)=0.
TWL=(8WL=-WL) 78WL
IF(IWL.LE.0.0B) GO TO 500

IF(TS.GT.600.) R=RF

IF=2.%R

DENS=LENSIX(1,+FASH~WL/100.)/¢(1,+FASH)XSWELL)

CALL VSOLIDC(LELHyUSI s TMOLE yGESUMYDFsTGsF Ty ATSVISsDENSYLELTIM»US UG
usIi=us

CONDUT= (7 ZE~2)X((TE+TS) %%0,73)

CT=-(3, /(UhNS*CF>*&))*(LONUUT/R+Er*aIGMh¥1.*Tu**:)%UhLTlM
IFCARSICT) BT, 28,) G0 TO 20

ECT=EXHCCT)

GO 10 30
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404

-
el

ECT=1,0E~132

DELTS=¢ TB~(TB~TE) KECT) ~T8 ,

TSM=TS+0ELTS/2, . , .
TS=TS+IELTS A
IF{TSM,BT,1250,) T8M=1250,

TIME=TIME+DELTIM

HS=HS+IELH

ABUL=-E/TSH

IF(ABRS{(ABGUL) WLEW25,) GO TO 12
EABUL=0., ’

GO TO i3~

EAGUL=EXF{(AGUL)

AR=AXEAGUL

ABUR=~-AKXOELTINM

IF(ABRS{AGUR)Y ,LE.25,) BO TO 15
EAGU2=0.

GO TO 1é

EAGUZ=EXF (ABU2)
DELWL=(SW.~(SWlL~ JL)*EAGU“>~NL
W=l FREL WL

WRITE(S123) TIﬁE!TS?NLVHS?TG?UELWL :

FORMAT(///72Xs ' TIME=' sF15,88Xs ' T8="yF1l8. 5y 85Xy ‘' WL=" sFiE Sr2XsHE="
1Fi5,5: 2%y ' TG=" sFiu.usEX;’DELwL ‘3F1lG.8) : . )
SUBIMWL=SUERTHLIIELWL :

LEME=NENSI®{L + +HFASH~ UL/lOO.)/((i +FQSH)*SMELL) S _ ’
Ll = {SWL~-KWL) /BUL :

IF(IL . LE+ 0,08} WLOP=UL

IF(K.GE.NC) B0 TO 400

K=K+ 1

GO TO 110

400 YCR=YC—(ULCF/100.)*(XBD*iE./QB.+XCGQ$12./44.+XCH4*1 0/16»+XTAh#7ho

177840

L3 404 N=1s4

Call. HEAT(NsTGsHT)

CONTINUE

CalL FYRULY(SUBHNL:bML:GDYYyRHEﬁTirBDKYvUéThﬁPyLG°P:P”SP3N°P:LDP?
LHEF s CHAF Y TARE)

CUXYEX=QEOXY-DOXYXFCOAL

IF(GOXYEX.LT.0.) GO TO 424

GUXT=GUXYEX

GO TO 428

GOXY=0,



(3]

| @]

426

433

(RRYRS

435
437
420

410

GSTEAM=GSTEAM+WATERFXFCOAL

-GC02=GCO2+CO2PXFCOAL

GH2S=GH25+H25PXFCOAL

GN2=GN2+N2ZFPXFCOAL

GCO=GCO+COPXFCOAL

GH2=GH2+H2F XFCOAL

GCH4=GCH4+CH4PXFCOAL

GTAR=GTAR+TARFXFCOAL

GSUM=GOXY+GSTEAM+GCO2+6H25+GN2+GC0+6H2+BCH4
TMOLE=GOXY/32.+GSTEAM/18.4+GC02/44,4GC0/28.+GH2/2.46GH25/34.,.+GN2/28.,
1+GCHA4/16.,
XCARB=100.%(BCO/28.,+GC02/44.+GCHA/16 . +GTARXS./78.)%12,/(FCOALXYC)
-FOXY=PTX(GOXY/32.)/TMOLE . -

FSTEAM=FTX(GSTEAM/18.)/TMOLE

FCO2=FTX(GCO2/44.,)/TMOLE

FCO=FTX(GCO/28.)/TMOLE

FH2=FTX(GH2/2.)/TMOLE

FOHA=FTX(GCH4/16.)/TMOLE

FH28=FTX{(6H28/34.)/TMOLE

FNI=FPTX(GN2/28.)/TMOLE

IF(GAXY.BT.0.) GO TO 433
GOXYy=0.
FOXY=0.

CALL- ENTHAL(TG»TSyFCOALyFASHyWLyCFSYENTH)
TOHUF=(ENTH-ENTHIN) /FCDAL

IF(FOXYIN.GT.0.05) GO TO 434
TW=2100+,-600.%H8/330,
HLOSS=U0*3, 1 4%DTHFLOAT (NC) ¥DELHX(TG-TW)
GO TO 437
HLOSS=FCOALXABS(RHEAT1)XHL/100.
HTEXC=-RHEAT1-TOHUF~HLOSS/FCOAL

IO 410 N=1.8

CALL HEATUF(NsTG,298. yHTUFsCF)

CONTINUE

— LELTG=(HTEXCXFCOAL)/(GOXYXCF(1)/32.+GSTEAMXCF(2)/18.,+GCO2%CP(3)

1744, +GCOXCP(4) /28 +BH2XCF(A) /2. +GH2SXCP (7)) /34 . +GN2XCF(B8) /28,
ERRTG=LELTE/TG

CHTEX=HTEXC/TOHUF

IF(ABS(ERRTG) .LE.O.02) GO TO 800

IFCARS{HTEXC)Y JLELS.0) GO TO 800

AFOABSCHHTEX) WLEL.O410) GO TO 8900



101

LHL=(SWL-WL) /SWL

IF(M.EQ+1) GO TO 302
IF{DWL + GE+0-0B)>—B0-T0-302—
IF(ITERG.GE.S) GO TO 416
ITERB=ITERB+1

GO TG 302

L, DELH=LELH/Z2,

o0

13

TGAS{L)=TBIN~30.
I=i
GO TO 300

USE OF WEBSTEIN METHOD FOR THE SEARCH OF CORRECT TG .
SEARCH FOR STABLE EALANCE OF HEAT GENERATION QNB HEAT REGUIREMENT
FTE(I)=TEAS(I)+LELTE i
HEL{D)=HTEXC -
IF(I.EG.2) BO TO 319 :

IF(I.EQ.3) BO TO 339

IF{M.EQ.,1) GO TO 311

TGAS{2)=TG+LELTG/2

IF(TGAS{2).GT, 4000 ) TGAS(”) =TH+LELTG/S.,

I-"J

G T4 300

TEAS(2)=TEAS(1)+100,

I=2

GO TOQ 300 )

CHECKG=HEL {1 33HEBL(2)

IF{CHECKG.BT.0,) GO TO 322

TEAS(I =(TEAS(1)XHBL{2)~TBAS{2)KHBL (1)) /{HEL(Z )—HBL(i))
i=3

GO TGO 300

IF{FOXY.LE.0.> B0 TO 322

IF(ABS(HPL(l))oGE»éBS(HPL(“?)) GG TU ¢21

FGAB(3)= TGéS(i) (TGAS(")—Tbﬁ;(&))

I=3

GO TO 300

TEAS(3)=TBABS(2)+{TBAS(L)~-TGAB(2))

I=3

GO 7O 300
TEAS{S)=(TCAS(L)RFTE{(2)-TGASI{2YEFTE{(L) X /{TBAB{11-TBAB(Z2)+FTG(2
1-FTG{1))

I=3

GO TO 300 ,

CHEChi‘HﬁL(i)KHBL(S)

IF(CHECKL LT.0,+) GO0 TO 342

GO TGO Z40 '

TGRS (Z)=TEAB(F?

FTGL{2)=FTB(3}

HRL{2)=AEL{3)

20 TG 319

TEasS{1)=TBAS{(Z)
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412,
413,
414,
415,

414,

417,
418,
41%,
420,
421,
422,
423,
424,
423,
424,
427,
428,
429,
430.
431,
432,
433,
434,
435,
434,
437,
438,
439,
440,
441,
442,
443,
444,
445,
4445,
447,
44E,
449,
450.
451,
452.
453.
454,
4353,
LT
a5/,
435z,
3T,
45,
482,

B4, .

oo

500

L] 0O goooonon

(g}

FTG(L)=FTG(2)

HBL (1)=HBL(2)
TGAS(2)=TBAS(I)
FTG(2)=FTG(3)
HEL(2)=HRL(3)

GO TO 319
TGAS(1)=TG+LELTG/3,
I=1

GO TO 300

RHTS=0.,

RHEAT2=0.

R=RF

OP=2.%R

IF{WL.GE.99.95) UL=9%.95

Ti=TS
DENS=DENSIX(1,+FASH-WL/100.)/¢ (1, +FASH)XBWELL)
Y=((1.,-WL/100,)/C¢L:~8WL/L00,))%%0,333

RC=RFxY

Call VSOLIDC(DELH,USIyTMOLEyGSUMYLF»TByFPTsATIVIS)DENS,DELTIM,US)
UsI=us

IF(GOXY.GT.0.) GO TO 50§

GaXy=0,
FOXY=0,
G0 TO 400

¥Rokkk WHEN OXYGEN IS STILL EXISTED XKk
IF OXYGEN IS STILL ENOUGH THE FARTIAL PRESSURE OF CO IS ALMOST
ZERD AND THE WATER-GAS-SHIFT REACTION CAN BE NEGLECTELD

TEOLID(1)=TS .

IF(WL.GE.?9.95) GO TO S0
IF{XCARE.GE.99.75) B0 TO 5S40

Y=((1.=WL/1004)/C¢L+~8WL/L1Q0 ) ) %%0, 333
RC=RFXY

R=Rf

DE=2 . %R

CALL HEAT(1yTGEsHT)

CALL HEAT(2,TGyHT)

X¥¥ RUNGE-RUTTA-GILL METHOD

LO 210 L=1r4

T8=TBOLID(L)

IF(TS.LE.Q.) GO TO 0S5

CaLll COMBUS(TEy TSy PTyREyFOXY s SWL s Y s DENSF o RATE s Clly FHI v QRH o F A%
Ly DELTING QLG
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CaLL CPSTH(HELTIH?PSTEAN’PHQVFCU!RP!FT!DENSP;TU!TS!SUL!Y!FQSP
1sRATEZ»CHLEyQCEM s L)

CaLL CELO”(PCDQ!BELTIﬁyULYbNL!EPfFT?DENQPsTU!TS?FQSHJY!RQTE3!CH’o
LsQCRCO2)

QUCHE=(RATEZ/12, )X (2 . ¥HT(2)+HT {1 )X ({BETA/R —Géﬁﬁ EFSNI /ALPHS)
BCSG= (RQTE°/129)*(HT(Q)*HTfi)*(ﬁLPHQ”GﬁﬁQ+PLTﬁ/ +—EPSN)/7ALPHA)
RCOME={RATE/12, 32, -2, /PHIYXHT (2} .. _ )
bﬂNﬂUT—(?o?E’?)*((Tb+TG)mm0 78

RRALY=(3: /{LUENSRCFSXR) ) X(CONIUTX{TE~ Tc)/ﬁ*EF*SILﬂﬁY(IG”W4-T5«uﬁl
LHORHYRATE~-BCSMRRATER/12 ., ~ACRCOR ¥RATEI/ 12, -FGSX { QCOMB+RCSGHRCCHE) )
GO TO 507

CONDUT=(7. 7E—7)*(TG**O rz2 2

RR(L)=(3./(DENSXCFS *E))*(CQVUUT*TE/R+EF¥SIbWé*(TC*X4))

IFC(L.EQ.1) GO TO 8071

IF(L.EQ.23) B0 TO 5072

IF(L.EQ.3) GO TO 5073

IF(L.EQ+4) GO TO 510 . :

TEOLIN2)= TSULIB(1)+(HELTIﬁ/ +« JERK (1)

G0 TO SiQ - )

TEOLIN(E) = TSGLID(1)+0;¢071*HELTIﬁ$RN(13%0.3?29$ﬂELTIﬁ$RN(2)

GO T 310

TEOLID(4)=T80LID(1)-0. 7071*ﬂELTIﬁ¢Rhf°)+1 7071$DELTINQRK(3)
CONTINUE

TS=TBOLID{L)+H(DELTIM &, )*(Rh(1)+0048478?nh(q)79’47%a”?\ﬁk3)*ﬁh(w)
Y={{1le=HL/100)/{1.—8UL/100,)3%%0.333

RC=RF¥Y

call CUﬁﬂUS(TG!TS!PT!RF’FBXY’SUL!Y!BENSP?RQTE?CHL!PHI9QRH9FHSH
LeDELTIM-QLl,Q2)

CALL CRSTM(UELTIMsFSTEAMSF ErPCUyﬁpspTFDENSP?TG!TS:SUL?Y!F@SH )

L RATER s CULZ2 yQCEMy WL) i ) - : )

CalLL CBCUE(PCUE?HELTIﬁ?UL!SUL!RP!PT!HENSP!TG;TS’FQSH?Y!RQTEE!CQL3
1,QCERCOZ)

YCR=YLCR~ (CULICUL2FCWLS)
UL=UL+(CwL+CML2+CUL3)$(1.+FLDXY+SLH+FLS+FLN)*100.

CHAR-OXYGEN REACTION , '
DOXYi={ALFHA+BETA/4.-EFSN/2. ~GANA/2. Y %32,
COoRF1=ALFHAR44, . . e
H2OFI=(BETA/2 +~EPSN)x18. ‘
N2Pi={(DELTA/2.)%28,

HESF1 =EPSN$34.

CHAR-STEAM REACTION FOLLOWED BY CD AN H_(PEDDUCT) CDHBUSTIDN
LOXY2=(ALPHA+BETA/ 4. ~GAMA/ 2+ ~EPSN/2, ) %32,

COZF2=ALFHA%R44,

H20F2=(BETA/Z2 ~EPSM)$18.

NI2P2=(RELTA/2. )28,

HEBFR=EFBN%XZ4,
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104

fHAR-COZ REACTION FOLLOWELD BY CO COMBUSTION
DOXY3I=(ALFHA+BETA/ 4., -GAMA/2.-EPSN/2,) %32,

£02 DECREASED BY ALPHA EUT INCREASEDl EY TWO ALFHAS
CO2F3=ALFHAX44,

H20P3=(BETA/2.-EFSN)X18.

N2P3=(DELTA/2.)%28,

H25P3=EPSN%34.

-FARTIAL -PRESSURE AND FLOW RATE CALCULATION
BOXYEX=GOXY~-FCOALX (CWLXDOXY L+CWL2XDOXY 24 CWLIXDIOXY3) /(12 XALFHA)
IF(GOXYEX.LT.0.,) GO TO 524

GOXY=GOXYEX

coP=0,

GCO=0.

FCO=0.

RHTL=0.

GO TO 524

GOXY=0,

COFP=ABRS(GOXYEX)%{(28./156.,)/FCOAL

COPMAX=(28, /12, )k (CUL%X(2.,-2,/FHI)+CWL2+CWL3)

IF(COF.LE.COFMAX) GO TO 3251

DELH=DELH/Z2.

GO TO 300

FHTO=COFXHT (2) /28,
GSTEAH=GSTEAM+FCUAL*(CUL*HEOPI+CUL2*H20P2+CUL3*H20P3)/(12.*ALPHj
GCO2=0CO2+FCOALX(CWLXCO2FL+CWLAXCO2P24+CWLIXCC2F3) /12, /ALFHA-FCO
IXCOPX(44,/28.) |
GN2=GN2+FCOALX(CWLEAN2FP1+CWL2XN2F2+CWIL3XN2M3) /1 2+ /ALFHA
GH2S=0H2S+FCOALX(CWLXH2ESF1+CWL2XH28F2+CWLIXH2BF3) /712, /ALPHA
GCO=0CO+FCOALXCOF
TMOLE=GOXY/32.+0STEAM/18.+06L02/44,+GN2/28,.,+4CH28/34,+GC0/28,
XCARB=100.,%(GC0O/28.,+6CA2/44 . +GCHA/L16 . +0TARXS /78, )%12./(FCOAL YL
FOXY=PTRGOXY/ {32, XTMOLE)

FESTEAM=FTXGSTEAM/ (18.%TMOLE)

PCO2=FTXEBCO2/ (44, XTMOLE)

PCO=FTXGCO/ (28, XTMOLE)

FN2=FTKON2/ (28 . XTMOLE)

FH25=FTXBH28/ (34, XxTMOLE)

BH2=0,

FH2=0,

GCH4=0 .

FLHA4=0,

TOTAL HEAT OF REACTION GENERATELD
COMRUSTION OF CO ANL HYDROGEN THAT PRUIUCED FROM CHAR-OXYBEN
REACTION, AHAR-STEAM REACTION» ANL CHAR-CO2 REACTION,
RETA=(QL/L2 +QRH) KCWL

LR 1000 N=il,2

Cal.l HEATINSTG/HT)

CONTINUE

RETR=HT (L) (ALFHA-GAMATRETA/2 .,
L¥GWLE/ 12,

IN THE GABEQUS PHASE=HEAT OF

~EFSNYRCWLA/ CALFHANL2 ) HHT 0L
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RHTC=HT{ LI {RETA/ 2, -BAMA-EF SN XCWLI/ (12 XALFHAY +2 o ¥HT {2 RCHL 3/ 12,
RHEAT2=RHEAT2+RHTA+RHTEBTRHTC~RHTI '
RHTS=RHTS+LULEERH-CUL2XQUEM/ 12 ~CHLIRACECO2/ 12,

G0 1O 700

IF(WLBE,99,95) UWL=99.95

IF{XCARR.GE.97.98) XCARBE=99.%35

IF(FOXY.BE.0.02) GO TO 8010 )

SONDUT=(7 . FE~7)R{TEFTE RN, 75) o :

CTe=={3+/ (OENBXCFBRR) R (CONDUT/RHEFRSIGMARA » X TERXI ) KDELTIN
IF(ARS(CT?.BGT.25.,) GO TO 542 .
ECT=EXF{QT) '

GO TO Sé4

ECT=1.,0E~12 . ‘ s -
T8=TE-(TG~-TSIXECT : , ’
CALL WESHIF(TSyFLOFETEAMPCO2yPH2 »RATES QW GO0 GBTEAM BGLO2 5y GH2
1y BELTIMNFCOALsFASH WBL»TEByFT) : ' '
UATER-GAB-B8HIFT REACTION

HO04=WBLXFOOALRIE,

LH204=WELXFCOALXLS,

CO2F4=WBLEFCOALN 44,

H2F4=WELEFCOALEKR,

CALL CH4REF(TSyGECHAs FOOAL y MELTIMs ICHAS » QHREF )

diw METHANE REFORMING REACTION dix
LH20&=ICH4ER1B . /16,
COF&=LCHASRAB /16,

HAFE=3 RUCHASK2 /16,

RHEATZ=RHEATZHFUMREFRDCHIS /18
RHEATI=RHEAT3+BUWERWEL -

BETEAM=BSTEAM-LH204~FCOALXDCHAS
BCO=EBLU-TCO4+FLOALECOMS
GHZ=EHR+HIFAFFCOALKM 2 S
COHA=GCHA-FEOALRICHAS
BLO2=6C02+C02M4
IF(EETEAMWLTO) BEBTEAM=O.
IF(BCU2+LE.Cs) BLA2=0.
IF{GCOLLT.0.) GLCOmO,
CIFCBHE LT 04 ) BHE=0,

BEUM=BOXY FESTEAM+ECO2+B00+BHE+BHASFENZ+ECH4

TMOLE=BOXY/ 32, +BESTEAM/ LB, +B002/ 44, +BLO/ LB  +EHR/ R+ +BH2E/ 34 » HONE/ 28
LHBCHA/ LS,

FETEAM=FTRESTEAM/ (LB XTMOLE)

FCO2=FTREOOZ/ (44 XTMOLE)

FOO=RTREC02 (E8 KTHOLE?

FME=RTREND/ CRE R TMOLED

PP TREHE/ (2 R TMOLE)

Fr2gar TREHIS/ {34 RTHOLE )

FLH A TRECHA (LS R TMOLEY




-629.—
621,
622,
6323,

424,

625.
625,
627,
623.
629,
&30,
431,
H32.
433,
634,
6335,
636,
637,
638,
639,
440,
&541.,
a42,
643
&4,
545,
G448,
647,
448.
549,
&30,
&51.
652,
453,
654,
605 .-
535
457 .
638.
9.
650,
541 .
642,
bG35,
859,
&8G -
asa.
S50,
538,

oo R P

aonnn

&R - LONTINCE — e

1

&00

RHTS=0. -
G0 TO 700

WHEN OXYGEN IS CONSUMED .

IF(WL.GE.99.95) GO TO 540
IF(XCAREL.GE.9??2.75) GO TO S&0

F=({1.,-WL/100Q.)/{1.~SWL/100.))%X%0,333

RLC=RF%Y

X¥ok RUNGE-RUTTA-GILL METHOD X*xX

TSOLIN(1)=TS

[0 610 L=1r4

TS=TS0LID(L)

IF(TS.LE.O.) GO TO 4606 .

CALL CBSTM{(DELTIMeFSTEAMyFH2yFCO»RFyPT»DENSF» TGy TSrSWLsYsFASH

1yRATE2yCWL2yQCSMrWL)

1.-QCEBCO2)

EALL CBCOZ(PCOQ:UELTIH!NL:SNL;RP;PT!DENSPvTGvTS:FASHyY)RATEB;CHL1

CALL WGSHIF(TSsFCOsFSTEAMyFCO2sFH2yRATE4y QUG GCO»GSTEAM BCO2,6H2

1yDELTIMyFCOALYFASH-WGL»TGYPT)

RATEW=WGLXRFXDENSF/(3.%(1 ., +tFASH-SWL/100. )XIELTIM)
Cabl CBHYM(PHI2yFCHAy DELTIMy WL vEWL y Yy RF > EENSFsFTy TG TS CWLS s RATES

1,QCRHY yFASH)

CWL’S ARE THE GM CARERON CONSUMED FER GM DMMF COAL FOR EACH
SFECIFIC REACTION IN EACH COMPARTMENT

WGL IS THE GMOLE CONVERSION FOR WATER-GAS-SHIFT REACTION IN EACH
COMPARTMENT FER GM IMMF COAL

CONDUT=(7 . 7E-7)%({TS+TG) XX0.75)

RKCL)I=(3 ., /{DENSKCFSXR) )X (CONDUTX(TG-T3) /R+EFXSIGMAX (TGkX4-TSXx4)

1+ (—QUWG) XRATEWXFWGS-RATE2XQCSM/ 12, ~RATESXQCRCO2/12.+(~QCBHY ) X
ZRATES/12,)

504

1Y
(]
NI

6071
5072

5073

IF(WL.GE.95. . ANII, AES(RK{L)) .GT.B8000.) BO-TO-4620

GO TO 607

CONDOUT=(7.7E-7)%{TGX%0.73)

RE(L)>=(3. /(DENSKCFSXR) IR (CONDUTXTE/RHFEF RS IGMAK(TEXXA) ) - — -
IF(L.EQ.1) GO TO 6071

IF{L.EG.2) GO TO 4072

IF{L.EQ.3) GO TO 6073

IF{(L.EQ.4) GO TO 410

TEOLID(2)=TSOLIL{1,+(DELTIM 2. )KRK(1)

GO TO 410
TIOLID(3)=TSOLIL(L)+0. 2071 %DELTIMARK(1)+0.27294LELTIM¥RK(2)
GO TO 610 '
TSOLIDC(A)=TSOLID{1) =0, 707 ALELTIMRRRN{2: 41 . 707 LXDELTIMERK(3) o
TE=TSOLIDCI)YHF(DELTIM S YK(RK{1) +0 . GBE73KRK {243, 41 A22¥RRI3)+RK (4.
GO TR &30
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T8=T1

CONOUT=(7 4 ZE~Z )X ((TEHTEI R%0 . 73) .

Clr=={3, /CDENEXOFEXRI DA (CONDUT/REEFRBIGHARS » R TERRZIXOELTIN
IF(ARB(CTY 6T.25,) GO TO 422

ECT=EXF(CT}

GO TO 424

ECT=1,.0E~12

TE=TE~(TG-TE I RECT

Y—\(1.~HL/100.)’(l.—qulloo ))*?0 333

RC=RF®Y A : s
CaLL CBbrﬁ(DELTIﬁaPSTEAMyFH&9PCDyRFyFT5DENSP:TG;TSvSNLerFﬁSH
IsRATEZ,CWLZ,QC8MsWL) . S ‘
Call CHCOR(PLOZ, LELTIM WL yBWLyRFsPTs DENSF s TBs TSsFASH Yy RATEZ » CWLZ
1sQCRCOZ) ‘ . , . '

CALL WBSHIFC(TSyFCO»PBTEAMPLOZ 9PH29RATE4;GHG;GCU;GSTEQH;GCDE;GHE
LsDELTIMsFCOAL s FASHs WELy TG FT) - .
RATEW=WBLRRFRIENSF/ {3 X (1L +FASH~ SUL/iOO PRNELTIMY .

Coll CEHYM(PH2yPCHAYDELTIMs WL BUWL Y sRPy DENSPPTsTEBs TErCULS RATES
Ly QCEHY s FASH) . o

Wh=WL+ (CHL2+CHLI+CULS IR +FLUXY+FLH+FLS N)%iOO»
YCR=YCR~(CWL2+CWLI+CHLE)

CHAR-BTEAM REACTION
DH202=(ALPHA-BAMA) X18,
COF2=ALFHAR2E, ‘

H2F 2= (ALPHA-BAMATRETA/ 2, -EFBN) X2}
N2P2=(DELTA/2.,) %28,
HESF2=EPSN*34.

CHAR~-CO2 REACGTION
DCOS3=ALPHAKRS4L,

COF3=2, XALFHAX28,
H20F3=0aMAR1E,
HEFS=(RETA/ 2 -GAMA-EFSN) %2,
N2F3=(LELTA/Z, %28, -
H2BF3=EFEN®34,

WATER~BAS-BHIFT REACTION
DC04=WELAFCOALX2S.,
[H204=WELXFCOALXLS.
COAPA=WELARFCOALRA4,
HaFA=WBLYFCOALRE,

Infe nBON ~HYUROGEN REACTION
BH2G=(2, SALFHATEAMA-EPSN-BETA/ 2, 1 %2
CHAFRI=ALFHARLS .

o A20FI=GAaMAKLIE,

NIAFI=(RETASZ. %28,

HRSFG=EFENE34,

Calll CHAREF (TS vBUMS» FOOSL s DELTIrM e GUHSS » BMRIEF )




N . SRENS
722,
723,
724,
725,
728,
727,
723,
729,
730
731,
732,
733,
734,
735,
734.
737,
738,
737,
740 .
741,
742,
743,
744,
745,
746,
747,
743.
749,
750
751,
7.}...o
753,
7394,
755,
754,
757,
758,
759.
7460,
761,
782,
7353,
764,
745
758,
757
745,
759,
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C m o e e

C

[y}

c
c

X%k METHANE REFORMING REACTION %x%x
[H206=DCHA46%18./16.,
COFS=0CH46%2B./14.,
HR2F&6=3 . X[ICH46%2. /164,

FARTIAL FRESSURE AND FLOW RATE CALCULATION-
GOXY=0,
FOXY=0,

GSTEAM=GSTEAM+FLOALX (CWL3XH20F 3~ CWL”*DH°O"+H”DP XCWLS)/(12,.%ALFHA
1-TH2Q4-FCOALXDCH44
GCO=GCO+FCOALX(CWL2XCOF2+CWLIXCOP3)/ (12, %XALPHA) ~DCO4+FCOALXCOPS
GH2=GH2+FCOALX (CWL2XH2F2+CWL3IXH2F3~-CWLS4DIH25) /(12 . %ALFHA ) +H2P4
L+FCOALXH2F S

GCH4=GCH4+FCOALXCWLSXCHAPS/ (12, %XALPHA) ~FCOALXDCH46
GCO2=GCO2~FCOALXCWL3IxDCO23/(12.XALFHA) +CO2P4

GN2=GN2+FCOALX (CUL2XNIP2+CWL IXAN2P3+CWLSKN2FT) /7 (12, %ALFHA) |
GH28=06HAS+FCOALK(CWL2XH2SF24+CWLIXH2SFI+CWLSKH2SPS) / (12, XALPHA)

IF(GSTEAM.LT.0.) GSTEAM=0,
IF(GCO2.LE.0.) BCO2=0,
IF(GCOOLE.O.) GCO=O.
IF(GH2.LE.0.) GH2=0,

TMOLE=GCO2/44.,+GSTEAM/18.+GC0/28.+6N2/28.+6H28/34,+6H2/2.+6CH4,'16
XCARE=100,%(GC0O/28.+GC02/44.+GCH4/16 . +GTARKS . /78.)%12,/(FCOALXYC)
FOTEAM=PTXGSTEAM/ (18, %TMOLE)

FCO2=PT¥GCO2/(44.,XxTMOLE)

FCO=FPTXGCO/(28.%TMOLE)

FN2=FT*GN2/(28.%TMOLE)

FH2=FTXGH2/(2.XTMOLE)

FH25=FTXGH28/ (34, XxTHMOLE)

FCH4=PTXGCH4/(15.XxTHMOLE)

RHEAT2=RHEAT2+QMREFXDOCH446/16.

RHEAT3=RHEAT3+GUWGXWGLX (1, ~FWES)

RHTS=RHTS+(-QWG) XWGLXFWGS~-CUWL2XACEM/ 12, -CWL3I¥QCRCO2/12, +CWLSX
1(~-QCEHY) /12,

700 GSUM=0GOXY+GSTEAM+GCO2+GCO+6GH2+GH2S+6N2+GCHA

TMOLE=G0OXY/32.+GSTEAM/18.+6C02/44,.+GLD/28,+GH2/2.+6H28/34,+6GN2/28
1+GCH4/16.

IF(WL.GE.99. 94) WL=99,95

IF(XCARR.GE+99.,23) XLCARR=2?9.95

TI=TS

R=Ri~

I =3, KR

DENS=DEMNSIXC(L s +FASH=-WL/1Q0 . )/ ({1, +FASZA) 4SWELL)

Yl (L =WL/ZL00.,) /(L =SWL/100.))%¥%D, 333

RAVES TSR A Y

Call VSOLID(DELH UST yTHUOLE - CBUM v I » TG R T e AT VIS LENE - ELTT
SEL=US

1

Mrids e
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TIME=TIME+DELTIN
HS=HS+RELH

IF(K.CE. NC) GO TU g1
K=i+1

IF(ESXY.GT.0.) B0 TO 505
BOXY=0, .
FORY=0.

50 TO &00

RHEAT=RHEAT1+RHEAT2+RHEATS+(~RHTS)

CALL EMTHAL(TGsTS,FCOALsFASHy WL sCFSsENTH)
TDHUF"(EN!H ENTHIN)/FCDQL

r\FDXYIN BT.0.,03) GD TU 738
TW=2100,~500,%H8/330,

HLOSS=U0%3Z, 14 OTKFLOAT (NCIRDELHX (TG-TH)
G0 TO 737 )
HLOSS=FCOALKXABS(RHEAT) ¥HL/100.
HTEXC= —RHEQT—TUHUP-HLUbb/rCGAL
Go TO 420 .

-CDr tLTIGN oF Tb BY HaALF DELTSE- -
TG=TG+DELTG/2.
IF(WL.BE.97.99) GO TO SOiO '

HE=HE~Z25,

IF{(ABS(OHES) .GT.10.) GO TO 804
WRITE{S»801) H. . o )

FORMAT(//7/2X s 7XEREKFOR . GASEQUS COMPARTMENT 2 I3y 7 KRNk ERKxkx )
WRITE(S»802)TG» TIME TSy GOXY yGESTEAM»BCOZ y BLO+BNR2 » GH2 » GRABFOXY ¢
1FSTEAMsFCO2sFCOyPN2yPHR s PHES y WLy HS s BGEHS 2 PCHS -

FORMATL(//7/2Xs “CORRECTEDL GAS TEMP=’9F15.5s//2Xs "TIHE='E1Q, F9 /7585,
178 OUTLET=’sFi0.4://2Xs OXYGEN FLOW RATE="yFi8.57 7GM/SED’ s //2X
27/ETEAM FLOW RéTE=’:FiS;5;'G/SEC*?//EXs'CUE FLOW RATE=’yFiB,5+’53
S/BECy 1 /72Xy L0 FLOW RATE='sFi19.5 "BM/BEL v/ /23X "2 FLUOW RATE='»
AFiS.5y 'OM/SEC s //2X5 ‘H2 FLOW RATE='sFiS:3r "BMA/SEC o /72Xy “HRE Fislig
SRATE='sFl5.5s 'GM/8EC’ » //2X» OXYGEN PRESBURE=’sF1G.52 AT’ 7//2%>
&°STEAM PRESSURE=‘sF15.35 'ATM~//23Xy 002 FRESSURE='sFi15.5: "ATH’ » / /%
7X37C0 PRESSURE=’¢F15.59’ATM’ +//2Xs N2 FRESSUR =’9F15.5y’ATH’9//BX'
8 ‘HYDROGEN FRESSURE=YsF15.5y ATH v //2Xs 'H25 PRESSURE=" yFlu.uv’ﬁTﬁ
Gr//23K *TOTAL WEIGHT LOSS="sFiS.599 4 s //2Xy PENTRAINED HEIGHT=" .
SFL5.5s 'CM* ¢ //72%y *B0HA=" 7 F15.5: 2Xs "FCHS=" sF15. 5 ‘A8TH")

WRITE(S5802) BTAR . '

FORMAT(//72Xs ' TAR YIELL="sFi15.% 7G/8EC )

ORYF=FT-FETEAM

COMOL={PCG/ORYFIXL00,

COSMOL=(FCOZ/ORYFIELO0,

A2 ={FRZ/URYPIXLDO,

CHAMSL={FCHS/ORY S IELOG,

N*ﬁGL“\E“Z/ﬂR (FYELQO,

AISHOL=(FAZSAORYFIRIO0.




WRITE(6,862) COMOL yH2MOL»CO2MOL yCHAMOL » N2MOL »H2SMOL
FORMAT(//2Xy’C0 MOL Z='9F7.3+2Xy H2 MOL %=7¢F7.322X»’C02 MOL %=’

1sF7:3+/2Xs’CHA MOL X=/9F7.392Xs N2 MOL

2F7¢3)

w gy F70392X9 H28 MOL %7y

WRITE(4rB0B) XCARE
FORMAT(/2XyCAREON CONVERSION='/sFLl0.4y2Xr’%Z")

IF=M+l
X1(IFr1)=HS
X1(IP,2)=HS
YL(IFr1)=TG
Yi(IP,2)=TS
X2(IPs»1)=HS
X2(IF2)=HS"
X2(IPy3)=HS
X2(IFr4)=HS

Y2(IFs1)=PSTEAM/FT
CY2CIF2)=PCO2/FT
Y2(IP»3)=PCO/FT
Y2CIFv4)=PHR/FT

X3(IPr1)=H8
X3(IPr2)=HS
X3(IF»3)=HS

Y3I(IFy L)=FN2/PT
Y3(IFy2)=FHRS/FT
Y3(IFs3)=PCH4/FT

X4(IPy1l)aHS

Y4 ¢IPr1)aXCARE

X5(IF¢1)=HS
XS(IPy2)=H3
YS(IPs1)=UG
YS¢IPy2)=US

IF(WL.CE.?9.99.ANLLPOXY.GE.Q,02) GO TO 900
IF(TG.LE.200.,) GO TO 900

IF(TS.LE.200.,) GO TO 900

IF{M.EQ.119) GO TO B40

M=M+1

COMFARTMENT SIZE ADJUSTMENT

DELH=1.0

IF(US.LE.100,) DELH=1.,0
IF(POXY.GT«0.01) DELH=0,35
IF(HS.LE.40,) DELH=0.3
WL = (SWL-WL) /8L
IF(DUL.GT.0.08)

TGIN=TG
TSIN=TS
ENTHUN=ENTH
W

ITERG=1
RheaTi=0.

DELH=0.5
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RHEATZ=0.
RHEAT3=0,
RHTS=0.
RHEAT=0.
SURIWL =0,
USIN=UE
GOXYIN=GOXY
GH2O0IN=GSTEAM
GO IN=03C02
GEOIN=5LO
GH2IN=0BH2
GCH4 IN=GCH4
GHESIN=BHZIE
GMEIM=GN2
FHIOIN=FS8TEAH
FOXYIN=FDXY
SCOZIN=FCOR
FEOIN=FCO
PHIIN=FHZ
FCHAIN=FCH4
FHM2IN=FN2
FHISIN=PH2S
GTARIN=GTAR
TIMEIN=TIME
HETN=H5
HLIM=Wi

IF(BUXY.LE.0,) GO TO 880
TGAS(L)=TBIN+30.
TEAS{2)=TEAS(1)+100,

GO TO 890
TGAS(L)=TBIN-10.
TEAS(ZI=TGAE(1)-10.,
I=1

G0 TO 300

CALl. FPELOT(XLs Y1 sNPFTL1IC1¢252120)
Call FPPLOT(XZ2:Y2sMPFTR2yILZs 41307
CALL FRPLOT(AZSsYINFTI3» L0393 1202
Call FPPLOT(XSwYaNPT4: 1047171207
CALL FPPLOT{XS» YIS NPTSs ICE»25120)
GO0 TO 10 ' '

STOR

END

SUBROUTIME VOLATLAYCyYOXYsYHr YN YSs

LFWEIdd

CHaR AFTER DEVOLATILIZATIONES

K%
Fo=5%,
FH=12.
Fa=50.
Fri=50,

YASH» FLeFOsFHyFNyFEs VHI s R1 yR2

COMNON /@27 XHEZeXCUsXCO2s KM28 7 XHE0 s N2 XCHE e XTAR ‘
FEDFHYFNSFE ARE THE % DF 02yH2yHZ,8 RESFECTIVELY REMAINER IN



P73,
774,
#7353
PP,
777
Yod.

IOy

]

C

100

G0

| 9

112

KKKUH2 LS THE AMOUNT OF H2 IN VOLATILE AS % OF DMMF COALs» WHICH
CAN BE ESTIMATED BY LOISON-CHAUVIN CORRELATIONX¥:

*%x R1=XCO/XCO2 _

Xk R2=XH20/XCO2y K1 AND K2 CAN BE ESTIMATED BY LOISON-CHAUVIN
CORRELATION FOR A GIVEN COALXXKX

Ri1i=2.0
R2 ’= 2667
VH2=1.0

B¥kk FC IS THE FIXED CAREON DF THE GIVEN DMMF COALsX XXX
VC=YCx100.~FC

- VH=YHX{100.~FH)

UN=YNX(100 . ~FN)

VE=YSX(100.-F8)

VO=YOXYX(100.-F0)

YCO2=V0/(32. /44, +R1X16. /28, +R2K16./18.)

OXYGEN BALANCE KX

VCO=R1¥VCO2

VH20=R2¥VC02

UH25=USX34./32.

UN2=UN

¥ HYDROGEN BALANCE AND CAREON BALANCE TO SOLVE VCH4 AND VTAR ik
H=UH-VH2=VH20X2, /18, -VH28%2. /34,

C=VC-UCOK12, /28, ~VCO2K12. /44,

VCHA= (12, KH=C) /(12 %44/16.~12,/164)
UTAR=(H=VCHAXA . /164)/7(b./78.)
VMO=VH2+VCO+VCO2+VHR0+VH2E+UN2 HUCHA+VT AR

XH2=VH2/VMO

XCO=VC0/VMO

XCO2=UC02/VMD

XH20=UH20/UMO

XH28=VH28/UMO

XN2:=UN2 /UMD

XCH4=UCH4/UMO

XTAR=UTAR/VMO

WRITE(69100)° XH2sXCO»XCO2yXH28 s XN29 XCH4 ¢ XTAR ¢ XH20» UMO
FORMAT(//2Xy *XH2m” yE10. 492Xy ' XCO 1EL0 492Xy ' XCO2% ' yEL0 49 2X
1y/XH2S=* sEL10+4y /2%y ' XN2u’ yELO, 492Xy’ XCHA=" 1E10, 472Xy ' XTAR=’ 9E10,4

22Xy ‘XH20=/yEL104,4/,2Xr ‘UMOm’ »F10.4)

RETURN
ENII

SUEROUTINE VSOLID(DELHyUST  TMOLE OSUMsDF s TSrFTy AT yVISy DENSy RIT IHE
LelUS,UG)

FOR UPWARD FLOW» *DIRECT"=1.0
FOR [OWNWARD FLOWr "DRIRECT“w~1,0



P72

780,
731,
932,
FES.
ge4,
-3,
°33.
’?5?’

733,

239, +

94 .

791,

ge2.
ge3.
2?74,
593,
A -1
¢P7.
P78
’?9? o
1'3{30 *
1Q0%.
1 002 *
L9903
FReIVE- N
1005,
L00a.
1007,
1003,

.LOO';» *

id10,
10LL.
1oL,
1013,
L0tls,
1018,
10i&.
1017,
1018,
1019,
1020,
L0Z1.
1022,
1023,
1934,
1035,
L1044,
L3z,
Lwids.
1027,
FANIN{VIN
NI

S e
w wo #

[ T o o]

oo

i0
20

- 30

o

R4

pat=

G
E

[OWNHART FLOW
DIRECT=—1,0

UB=( THOLE®82. 05X TE) /{ATXFT)
DENG=FTXGE5UM/ { THOLEXBR2,05%T6)
ALBNT=18,%VIB/{ LENSRIF%%2) -
UT={HENS-LENG) %980, *(UP**“)/(iS.$UIS}
IF{USI+ER.D.) GO TO 10
Ug=Us1
G0 TO 20
Us=uG- UT*BERECT
TIME=IELH/US :
BCONT=-ACONTXTIME :
IF(éEb(BCDNT) LE.25,.) 60 TO 22
ER=0,
B0 TO 28
EE=EXF{RBCONT)
FTIME= DELH*USI*(i.-EE)/HCDNT-(U& UT*BIRECT}$(TIHF—(l'—EE)/éCUNT)
ﬂFTIﬁE=—USI*EB-(UB~UT$DIRLCT)?(lo-LB)
OTIME=FTIME/OFTIME.
TIME=TIME-LTIME
IFC(ABSCUTIME) JLE.O, 0”) GU TO 34
GO TO 30
ROTIME=TIME -
UB==LFTIME
RETURN
END
SUERGUTINE HEQT(N!TLNP!HTJ X
DIMENSION HT(Z0) .
N=1 IS H2 COMBUSTIONy N=2 I8 CO COMBUSTIONs N=3 IS CH4 'COMBUSTION
N=& I8 CéH& COMBUSTION .
"THE UNIT OF HT IS CaAL/BMOLE
LUIMENSION HT298(20) DéLFHh(”O)! ﬂBhTﬂ(”O)f nGﬁHﬁK”G)
HT278(1)==577%8,
HT298{2)=~&4%11,6
HTZ98(3)=~191760,
HTZ98{4)==749420,
DALFHACL Y ==2, 785
DALFHA(R ) ==3 . 2B
DALFHA{Z)=8,049
DALFHA(4)=13,381

" DEETA{1)=0.947E~3

DHETA{2)=7.1BE~3

‘ﬂHETﬁ(B)ﬂm9o255E-3

DEETA{4)=-3+16L&E~

BGAHAfi)“”.éSéE—?

DEAMACE) =2, 8B785E~5

LEaMACS) =P 50LE-&

DOAMA (A =1, RPIE~G

HT M) =HT2 98(N)rﬂﬁLPHh(N)*(rLﬁP—°9H'7+HB ?Q(N)*(Thﬁrﬁn”-"ﬁomﬁﬁ)
L/72, FDEAMAIN Y R{TEMMENI-298 . %83) /3, :
RETURN : : :

Ei“.ﬂ:
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SUBROUTINE FYhOLY(vaSULvGDXY RHEAT1» LOXY s WATERF » CO2F y H2SF » N2F »

1COF P H2F » CHAF » TARF)

COMMON /S1/ FCUOALsFOXYsFSTEAM/S2/ TG»TSy LENSsDENGSCFS,FT

COMMON /A1/ YCsYOXYsYHyYSyYNsYCRe YOXYR s YHR» YSKy YNR

COMMON 7A2/ XH2,XCOyXCO2y XH2Sy XH20 » XNZ v XCH4 » XTAR

LIIMENSION HT(‘O)

REAL N2F

0o 402 N=1s4

CALL HEAT{Ns TGy HT)
W2 COMTINUE

]

IF(BOXY.BT.0.) GO TO 12
H2F=WLXXH2/100.,
CO2F=WLXXCOR2/100.,
COFP=WLXXC0O/100.
WATERF=WLXXH20/100.
H2SF=WLXXH28/100.
NZ2F=WLXXN2/100.

- CHA4P=WL¥*XCH4/100.
TARF=WLXXTAR/100.,
RHEAT1=0.

GO TO 130 .
1323 L0XY= UL*(XH”/4 +XCO/56 +XCHA/B .+ XTAR/10, 4)?(, v /7100.)
TARF
GUXYEX=GDXY—HDXY*FCOQL
TFOGOXYEX.LT.Ge) GO TO 124
COF=0.
CH4F=0.,
H2ZF=0,
GO TO 126 ‘
124 COP=(ABS{GOXYEX)/FCOAL)*(28,/16.)
COFMAX=WLXXC0/100.
IF(COFP.GT.COFMAX) GO TO 123
H2F=0,
CH4F=0.
GO TO 125
CHAF=(COF~COFMAXIX{16./(4,%28,))
COF=COFMAX
CHAFMX=WLXXCH4/100,.
IF(CH4F.GT.CHAFMX)Y GO TO 128

Gl

=
| o}
[}

H2F=0.
GO TO 128

128 H2P=(CHAF-CHAFMX)¥(4.%2,/16.)
CH4F=CH4FNMX

H2FMAX=WLXXHZ/100,

[og
>

107 IF(H2PGT  HZFMAX) H2F=H2FMAX

1077, 126 COZFP=WLX(XCOZ/44,4+XCU/28.+XCHA/18.+XTAR/13.0%(44,/100,)-COFXx( 44,
1050, LZ28 ) -CHAFPX{44,/15.)

19S . WATERF=WLX(XH2/2,+XH20-18,+XCHA/ B +ATAR/ 26X (13, /100 Y~HZF¥183,
M- 172, -CHAF¥346. /16,

10z H28P=XH2G8% (WL 100.)

1224 MN2E=XMIxWL/LG0 )

1o8s HHLnnl WL CXHZKHT (L) /20 +XCOHHT ,’23,+XCH4KHT(3;/1£.

LT KT HT ) A78) 2100 -L0PeHT (2 /28, ~ChofP¥HT (8 ) A&, ~RIrwNT i,
Y 130 TR

Loz, Eiea



i1s

L35, SUBROUTINE HEATUR(Ns TEHFsTIsHTURSCR)Y .
1090, - LIMENSION MTUF(30)sALFHALS0) yBETAC30) rGAMACZ0) s CF(30)
L171, c N=1 I8 OXYBEN, N=2 I8 STEAMs N=3 IS CO2y N=418 £Oy
1092, c =5 I8 DH4» N=6 I8 M2 -
1093, c N=E IS CH4s N=& 18 H2y N=7 I8 H2Sy N=8 IS N2
1094, c THE UNIT OF TEMP IS K THE UNIT OF HTUF IS CAL/GHMOLE
1095, ALFHACL) =6, 148 '
1094, ALFHA(R) =7, 254
1397, ALFHA(S) =8, 214
1099, ALFHA(4) =4, 42
1099, ALFHA(S) =3, 381
1100, ALFHA(G)=4,947
1101, ALFHA(7) =6, 662
1102, ALFHA(B)=4,524
1103, EETA(1)=3, 102E~3
1104, EETA(2)=2,298E-3
1105, EETA(3)=1,0394E~2
1104, BETAC4)=1,445E~3
1107, EETA(S)=1,8044E-2
1103, BETA(S)==0, 2E~3
10%, EETA(7)=5, 134E~3
L110, BETA(B8)=1,25E~3
Lill, BAMA(L)==0, $2IE~5
1112, BAMA(R) =0, REBE~6
V1L, BAMALZ ) =~3, GATE-
1ild. BAMA(4)=~0, LPEE~6
1115, BAMA(S Y ==4 , BE~4
1114, GAMA (&) =0,481E~64
1117, BAMAL7) =m0, BEAE 6 - -
1118, GAMA(E)==0,001E~4
1119, CF (N =ALPHA (N +EETA (N) XTEMP-HGAMA (N) % { TEMPRk2 :
1120, HTUR (N ) =ALFHA (N ) ¥ { TEME - TI)+B&TA(V)%(TLWF$W°—TI%R”)/
1121, LHBANA (N)¥ (TENFHKE-TIHHS) /3,
1122, RETURN

1133, ENI
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SUHBROUTLNE ENTHAL(TG»TSsFCOALsFASHYWLsCFS,ENTH)
LIMENSION HTUF{30)sALFHA(30) s BETA(30) s GAMA(30) yCP(30)
COMMON /AZ3/ GOXY rGSTEAMyGLU2,GCLOsGH2yGH2S y GN2 y GCH4

[ S0 N=1,8

CALL HEATUP(NyTGr298.sHTUF,CF)

CONTINUE

ENTHG=HTUF (1) XGOXY/32.+HTUF(2)XG3TEAM/18 . +HTUF (3)XGC02/44 . +HTUP (4
1¥GCO/28 .. +HTUP (5)XGCH4/ 146 . +HTUF (6) ¥GH2/2, +HTUF (7)) XGHAS/34 . +HTUP(8)
2¥%GN2/28.

ENTHS=CFSXFCOALX (1., +FASH-WL/L00.) X (TE8-298.)
ENTH=ENTHG+ENTHS

RETURN

END

SUBROUTINE COMBUS(TGrTSsyPTsRFyPOXYrSWLyY DENSFYRATE,CWL yPHI»QRH
1sFASH,DELTIM,Q1,Q2)

REAL KSsKDIFF,KDASH»KOVER

DRE=2,%RF

VoID=0.73

TM=(TS+TG) /2.
Q1=—94051.,~3.264%X(TS-298,)+(3,077E-3)%{(TSXTE-298,.%298.)
1-(0sB74E-8) X (TSX%k3-298.%%3)
A2=-25414,-0,684%(TS-298,)-(0.5132-3) X (TSkTS-298.%298.)
1+(8.B3E-8)K(TSk*3-298,%%3)

Z2=2500,%EXP(-6249,.,/TM)

IF(DF.LE.5.0E-3) GO TO 10

IF(LP.LELOWL) GO TO 20

Gg TO 30

FHI=(2.%Z+2,)/(Z+2.)

CO TO 40

FHI=((2,%Z4+2,)-Z%(0F=-0.005)/0.093)/(Z+2,)

GO TO 490

FHI=1.0

QRH=-(Q1/12.0%{2./FHI-1.)~-(Q2/12.,)%(2,-2./FHI)
IF(POXY.LE.O.) GO TO 35

IF(TS,.,LT.273.) GO TO TS

ATS=-179&7./TS

IF(ARS{ATS).GT,.4%.) GO TG 33

EATS=EXF{(ATS)

GO TO 44

EATE=1,E~15

KS=8710.¥EATS

LDIFF=(4.26/FTIX(TG/1800.)%%1.73
KIUIFF=(FHI%0,292%DIFF) /(DFXTH)

IF(Y.GE.0.23) GO TO 4S5

KDASH=RLDIFF¥(VOIDk2.5)

KOVER=1./01 . /KOLFF+1./YRKYXRS)I+ (1. /RKDASH)Y X (L, /Y~1,).

GO TO S50

FOVER=1./{1./K0IFF+1./K8)

RATE=KOVERXFOXY

CUL=RATEXZ X (1, +FASH-SWL 100, y¥DELTIM/ {BENSF¥YRF)

30 TO &&

rRATE=Q,

ZElL=0.
TURN

ZhE
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1183;
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1185,
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1187.
1188e,
1187,
1190,
1191,

1172,

1195,

1194,
11953,
1175,
1197,
1195,
1199,
1 :'j(.J x
1201,
1202,
1203,
1204,
1205,
12906,
1207,
1208,
1209,
1210,
1211,
1212,
1213,
1214,
12 15.
1 4

1z i/,

SUBRDUTINE LBbTﬁ(ﬂELTIM9FbTEQWvPHQyFLD?RP;FIyﬂEN“ )TvaﬂLy.
1:FASHyRATEZyCWL2 s BCSMy WL)

REAL RKSsRKDIFFyRKIASH» KOVER

VOIn=0.75

-~ BF=2LR%RP - e -

O

f
<

Ir(‘bTEéH LT V8 OOlJ £18] TD LO
IF(WL.BE.?9,%9) B0 TO 10

IF(PH2.LE.0.,) GO TO 5

IF(PCO.LE.O.) GO TO B
CT8=17,644~30240./(T5%1,8)

IF{ARS(CTE) .BT,14.) GB. TO 10
CSEQR=EXF(LCTS)

IF{CBERK.BT.10000.) G0 TO 5

FEXC=FSTEAM~F 2$PLD/CSEQh

GO TO &6 -

FEXC=FSTEAM .

IF(FEXC.LE.0.) GO TO 10

G4 70O 20

CHL2=0,

RATEZ2=0, ) -
QACEM=0,

30 70 30

TH={TS+TGI 2.,

IF{TH.LE.+200,) GO°TO 10

ATS=-21080,/T8

IF(ARE(ATS).BT.25.) B0 TO 10
EATS=EXF(ATS)

KE=247 ., XEATS

RUIFF=(10.E-4)%(TH/ 2000, yX%D. 75/(DP¥PT)
IF(Y.GE.0.95) B0 TO 45
RIASH=ROIFFR(VOIDN®2.5)

ROVER=1 /(1. /KOIFF+1 /7 {YRYERSI+{ 1, /KDABHIRE L, -1 e)3
B0 TGO 80

ROVER=1,.,/(KIIFF+1./KS)

RAETEZ=KOVER®FEXC

CHLI=RATE2XI k(L1 +FASH~SWL/100. Y EXOELTIM/ ( IENSFYRE)

QUEM=31382.+2, 0L LR (TE-298,) ~{0, 733E-3 ) R{ TSKR2—-258, £%2) /2.,
RETURN
ENL




12182,
1219,
1220,
1221,
1'1ﬁﬂ

e he &
1223,
1224,
1225,
1234,
1227

popvy
122€.,
1229,
1233,
1224,

1232.

1233,
1234,
233,
1234,
1237,
1233,
12327,
12490,
1241,
1242,
1243,
1244,
1243,
1323¢,
1247,
124R.

10

10390

45
S0

150

200

1yRATE3CWL3»QCBCO2Z)

REAL KSsKLIFF,KIASHsKAQVER
OF=2.%RF

VOID=0.75

IF(TS.LE.E50.) GO TO 10
IF(FCO2.LE.0.) 60 TO 10
IF(WL.GE.?9.9) GO TO 10
GO TO 100

CWL3=0.

RATE3=0,

GCECO2=0,

GO TO 200

TH=(T3+TG) /2,
IF(TH.LE.200.) GO TO 10
ETS=-21060./T8

IF (ARS(EBTS).GT.25.) B0 TO 10
EBRTS=EXF(RBTS)
K8=247 . %ERTS

KDIFF=(7.45E-4)X(TM/2000.)%%0,75/(OFXFT)

IF(Y.GE.0.%5) GO TO 435
KOASH=KDIFF*(VOIDk%2,3)

KOVER=1,/¢1./KDIFF+1./{YXKY¥RS)+(1./KIASH)X(1./Y~1,))

GO TO 50
KOVER=1./(1,/KIIFF+L./K5)
RATE3=RKOVERXFCOZ

CWUL3=RATE3X3.%{1.+FASH-SWL/100,)%DELTIM/ (DENSFXKF)

118

. SUBROUTINE CRCO2(PCO2+yDELTIMyWLySWLRPsFTyDENSFyTG»TSsFASH,

ACRCO2=41220.+2, 256X (T8=298,)=(7 . 048E-3) X (THKX2-298 ., %%2) /2,

$4+(3,152E-6)K(TSkX3I-298.%%3) /3.

RETURN
ENG




- -

1_49.- ~ - _SUBROUTINE WBEHEIF CTSsPCOsyPSTEANs FCOR2 s PH2 y RATES »QHE » GCO s BSTEAM, -

250, 1GCO2yGH2 yﬂELTIHvrCUﬁLyFéSH!MbL!Tb?PT)
1”31. C WATER-GAS-8HIFT REACTION
12..1... F"OO.—
1253, IF(TS.LE.,1000,) B0 TO 190
1254, v TH=(TG+TS) /2.
12335, CRUG=EXP(-3.6893+7234./(1.8%TM))
1284, ER=EXF{=27780./{1.987%T8)}
1237, EF=0,3-FT/250.,
238, FF=FTXXEF
1239, RAT=EXF(—-B.91+5553./T8)
1249, . GO TO 20
1261, 10 RATE4=0.
1282, QuG=0.
253, GO TO 30 o
1254, 20 FEXC=FCO-PLCO2XFHI/ (CRWBRFPSTEAM)
1245, RATE4=FR{(2,877ES ) RERRX{PEXC/PTYXFPFRRAT
125&. WEL=RATE4XDELTIMXFASH
1387, c THE UNIT OF RATE4 IS8 GﬁULE/cEC—GN grF ABH
1282, C
289 A= 1.-ChNB . '
1270, B=GL02/744,+6H2/72 ¢+CKUGR(GCU/”8,+GQTFQM/LS») .
1271, . C={GBLOZ/ 44, YR{BH2/2: )~ ChUGK\bCO/”S YR{GETEAM/1LE
1272, . U=HxE~-4, XA%0C
1273 ' IF{I.LT0,) B0 TO 10
1274, IF{FERCLT.0.,) GO TO 25
1275, : X=(~B+SQRTITI )/ (2. %8),
1274, G0 TO 26
1277, X={~E-~SRRTCI) )/ (2. %A)

[ )
a-

1273, - WEBLMAX=X/FLOAL

127%. CHECR=WELAWELMAX

1280, IF(CHECK.LT.0+) GO TO 10

1281. IF(ARSIWGL) BT .. ARS(WELMAX)) BO TO 27

1282, G0 TO 28 ' ’

12832, © 27 BEL=UWGLMaX

1284, RATE4=WGL/(DELTIMXFASH) : . .
1288, 28 QUG=-P839.-0.518%(T8~298,)+(5,233E~3 1 X (TEHR2~29B 4 RE2) /2~ (X, L BLE-
1284, EIR(TERRI-298.%%3) /3,

1287, 39 RETURN

1288.  END
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comODe D HSNAMF"f“'“"
rh.bf‘ U\)) U!\“'f TG oU
T ﬂ(luﬁﬂy(’usiwxl)v,;,L’>Utm-d_nﬁlng RN

1287, SUBRDUTINE CBHYM(PHQyPCH4:DELTIMwa18wL;YrRP:DENSFyPTpTG,TSrCMLG
1290, 1yRATESsQCEHY yFASH)
1291, " REAL KVsRKERyKSyKDIFFyRDASH KOVER
1292, IF(TS.LE.1200.) GO T0 10
1293, IF(WL.GE.?92.9) GO TO 10
12394, IF(WL.LE,SWL) GO 70 10
1293. Y0In=0.75
12"?5 » DF'-'::.)'*RF'
1297, TH=(TG+TS)/2.
1273. IF(FH2.LE.0.00L) GO TO 10O
1299, IF(FCH4.LE+O,) GO T0O 9
130U, ATS8=18400,/(1.8%T8)
1301, IF(ARS(ATS) LGEL25,) GO TO S
1302, KEQ=(0,175/34713., )YXEXF(ATS)
13032, FEQ=FCH4/KER
1304, 4 FEQMAX=FH2XFH2
1303, IF(FEQ.GE.FEQMAX) GO TDO 10
1304, FEQMIN=FPEQMAX/10000.
1307, IF(FEQL.LE.FEQMIN) GO TO &
1302, GO TO &
1309. 3 FEXC=FHZI
1310, caQ 10 7
1311, & PEXC=FH2-SQRT(FER)
1312 7 IF(FEXC.LE,0,001) GO TO 10
1313, - BTS=~17921./78
1314, IF(AZS(RTS)GE.25,) GO TO 10
:Jish - O RE=QL120KEXF (BT .
1314, RODIFF=(1.33E- d)*(fﬁ/“OOO YXXKO PS5/ (DF%kFT)
1317. IF(Y.GE.0.95) 6D TO 20
131G, ROASH=KOIFFk(VOIDx%2,5)
1317, KOVER=1+/¢CL/KOIFF+1./(YXYXKS)+{1,/KDASH X (1./Y=-1,))
1320, GO TO 30
1321, 20 KOVER=1./(1«/KOIFF+1./K8)
1322. 30 RATES=KOQVERXPFPEXC
1323, CULS=RATES®*3 . X(1.,+FASH~-SWL/100.YXDELTIM/ (HENSF*RF)
1324, ACEBHY=-17889 ,~14,4613%(T5-298,1+(1.7424E-2)%(TSkTS-293,%X298.,)/2.
1225, 1~(5,25E-5) X (TSX%X3-298.%x%x3)/3,
1325, GO TO 100
1327, 10 RATES=0.
1328E. CWLI=0.
13279, QCEHY=0.
1330, 100 RETURN
1331, END
13322, SUERQUTINE CHAREF(TSyGCHA4rFCLALsDELTIM DCHA6y OMREF)
1322, : IFC(TS.LE.1000.,) GO TG 10
1X34. ER=312.%EXF{~30000./(1.287%TS))
133C. DEHAS=GCHAK L ~EXP{~ER¥DELTIM) ) AFCOAL
1334, AMREF=45126.554+18, 8244158~ (F SBREE~3)¥TSH IS4+ L 7348242 ¥{T5x%3)
1A5F 50 TO %0
5 10 LICHG =0
S3 QAHREF=0,
& it RETURN
Z ol
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{B) Exscuting Program

F/ENGRTZCH JOB {CEDSO2864 r XKD » “CHAUNG 7 y REGBION=192N s TIME=5
J¥FROUTE  XEQ Cru2 '
AXROUTE  FRINT LOCAL
JRIDEFARM I=18yL=15
Vs )
Z/7JUBLIE DO DEN=CEOS0288 « CHAUNG » VOL=8ER=DISKOOy
/7 UNIT=3330~1sDISP={DLIsKEEP) :
ISR .
J760 EXEC FBM=COAS
J/7FTOSFQOL OO0 DONAME=S8YSIM
/7FTQAFO0L of 8YSOUT=4
//78YSIN DO ¥ . " -
SLATA NAME='TEXACD I-17yTA=3035,223yTESTEAM=&96.47 v TOXY=R%8,
YOXY=,0158908s YH=, 07431837 ¥0=0,88028142Y5=0.0210464sYN=0.0084423,
YASH=,189sXM0IS=0.002sFORY=0,B45sFSTEAM=0.241 s TFCOAL=73,44
ZEHT
SHATA NAME=’TEX&CO I-2/sTA=498,33: TSTEAM=4E7%,33¢yTOXY=298.
YOXY=,0205587 s (1=, 0703835 YC=0,8833+Y8=, 018548y Yil=. 008828,
YASH=,1731 s XMOI8=, 002y FOXY=, 78818 FSTEAN=0, 314, TFCOAL=81.,18
SEND
EDATA NAME='TEXACO I-3/:Ta=501.3sTSTEAM=648, v TOXY=298.0¢
TOXY=, 024278 s YH=, 086F13yYO=0, 277834 YS=0, 08144, YN=( -00% 3453,
YASH=, L2385, XM0I8=0,002FOXY=0.813»FETEAM=0,30%» TFCO&L=82,2017
ZEND :
EIATA MAME='TEXACTO I-4A47,TA=S03.895, TETEAM=73L .89 TOXY=298,0¢
YORY=,03478 s YH=,067723rYL=0,8734887Y8=0,018228YN=0,0085427+
YASH=. 1223 XHMOI5=Q, 002y FOXY=0, 80713 FETEANM=0, 323y TFCOAL=79. 454
ZEND .
EOATA NAME=/TEXACO I-4R7yTA=500.22,TSTEAM=704.,89:TOXY=298,
YOXY=.0Z34827 s YH=0,08723y YC=0. 87455y Y8=0, 013085 YN=0,0084043 5
YAGH=, 1207 ¢ XMOIS=0.,. 002« FOXY=0,79729sFSTEAN=0.310+TFCOAL=81.844
EEND ‘ . : v '
EUATA MAME=TEXACO I-S5A7»Ta=503,0sTSTEAM=714,7yTOXY=298,90;
YOXY=.02468954¢ YH=, 0465374y Y0=,875847Y8=,022sYN=,009445&y
YAEH=, 1934y XMOIE=, 002 FOXY=,.B2&37FSTEAM=. 352 TFCOAL=71, 53
ZEMI S
E0ATA MAME='"TEXACO I-SB/¢Ta=500,787TSTEAM=713,78sTOXY=2%98.¢
YOXY=,0287345sYH=, 08885y Y0U=0,87441»Y8=0,0321347YN=0,.0Q095747 5
YASH=, 1958y XMOTIE=0,002yFOXY=Q.81712¢FBTEAM=0. 322y TFCOAL=£5.0
EEND ’ ’
TATE NAME='TEXACO I-5C/ sTA=497 .44 TESTEAM=714,87 s TOXY=32328.0%
YOXY=,0258824 s YH=0 , 0885837 s YC=0 /87405 L o YE=0, 323402y YN=0 . 0027075+
YaSH=, L1283y XMOIS=0,002 FOXY=0,832+FSTEAM=0 . 429y TFCOAL=86.244
SEMI
AaTA MNaME="TEXACO I-8 ‘¢TaA=504, 1+ TETEAM=SBL .82, TOXY=298,0>
YORY=,02534234yYH=. 0584825 YL=0 8738353 v ¥YE=0 Q2417327 s YN=0 . 0098953,
YASH=,2Q5E8 - XMBIE=0,002sFOXY=0, 77374 s FETEAM=0, 291« TFCOAL=B7 . 73L7F

e

EUATA NAME="TEXACD I-7a°yTa=304,67s TETEAM=585,8% s TOXY=293, »

YOXV=, CEP7LEE7 9 YH=, 088348y YU=0.87077, ¥Y8=, O208EL5 s YM=0, 00773,

(ASH=, 197 Ly XMOIS=,. 002y FOXY=, 77057 « FETEAM=0 . 282, TFCOAL=YQ . 0755
M ’

vy
o deves e
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&2,
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44,
45,
4b.,
47.
48,
49,
70.
71,
2.
73 ..
74,
75,
74,
77
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79,
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&DATA.NAHE=’TEXACO I-7E’ ¢y TA=509.67 TSTEAM=686.89 s TOXY=298.»
YOXY=,01970:YH=0.0472478,YC=0,.8727273,YS=0,020548+ YN=0,0097135,
YASH=,1970yXMDIS=0.002yFOXY=0.782yFSTEAM=0.247+TFCOAL=95.3917
&END

ZDATA NAME='TEXACD I-8A’sTA=506.,89 s TSTEAM=680,22,TOXY=298.0/ -
YOXY=.0315077sYH=0,06434yYL=0.87212,Y5=0,020065YN=0,009478>»
YASH=,1873 s XM0IS=0,002sFOXY=0,7977FSTEAM=0,247,TFCOAL=92.13
SEND '

$0ATA NAME=’TEXACO I-BER’yTA=510.22,TSTEAM=685.78sTOXY=298./
YOXY=,0313453r¥H=0.,08417466,Y0=0,8726937+YS=0,0200492,YN=0,009471 »-
YASH=.187¢XMDIS=0,002¢sFOXY=0.8016yFSTEAM=0,239 TFCOAL=95.0674

IDATA NAME=’/TEXACO I-BL’yTA=508.53,TSTEAM=684,67»TOXY=298.,,
YOXY=,0317947yYH=0,06655,YC=0.8717,Y5=0.,020212yYN=0,0094897
YASH=,1884,XM0IS=,002sFOXY=,80028,FSTEAM=0,246TFCOAL=92.86
SEN[I

20ATA NAME=‘TEXACO I-9 ‘sTA=501.33,TSTEAM=667,44sTOXY=298.y
YOXY=,03531sYH=0,065915/YC=0.87164,Y5=0,0172225yYN=0,00954
YASH=,1929yXMOIS=0,002sF0XY=0,78725,FSTEAM=0.268,TFCOAL=87,79

- REND

g0ATA NAME=’TEXACO 1—10’uTA=481.33;TSTEQM=708.00;TOXY=298.0;
YOXY=,02139492yYH=0,069624,YC=0.88396rY5=0,0148sYN=0.0078548,
YASH=,1727,XM0IS=0,002yFOXY=0,83457,FSTEAM=0.276s TFCOAL=129.,77
EEND

ADATA NAME='TEXACO I-11’'yTA=477.44yTSTEAM=677.44,TOXY=298.,/
YOXY=,02142sYH=0.07104sYC=0,882246+Y5=0,016943sYN=0.0079874,
YASH=,1737yXMOIS=0,.002,FDXY=0.84843,FSTEAM=0.279+TFCOAL=132,7937
SENI

A0ATA NAME="TEXACO HCOAL’rTA=S03.rTSTEAM=714.7,TOXY=298.,»
YOXY=.01463246yYH=0.,06122:YC=0.887yY8=0,02313YN=0,012244,
YASH=,2650,XM0I18=0.002yFOXY=0,72871yFSTEAM=0,3188,TFCOAL=127,37
&ENL :

R0ATA NAME='TEXACO SRCII’»TA=503.rTSTEAM=714,.7yTOXY=298,»
YOXY=,02283rYH=0,04902yYC=0,87161,Y8=0.039733rYN=0,0167873,
YASH=,2554,XM0I8=0,00sFOXY=0.770yFSTEAM=0.,300yTFCOAL=126.,11

- &END ' ‘

SIATA NAME=’TEXACO EXXON’»TA=503,sTSTEAM=714.7,TOXY=298,

YOXY=.,04742yYH=0,056074¢YC=0.849423,Y8=0,0329,YN=0,01417,

YASH=,1672yXM0OIS=0,00yFOXY=0,79,FSTEAM=0.500» TFCOAL=126.11
SENI

/%
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