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1. INTRODUCTION

This report describes the modeling of a fixed bed stirred
gasifier operated by the Morgantown Energy Research Center (MERC)
of the United States Department of Energy at Morgantown, West Vir-
ginia. This work was conducted in part under a MERC project en-
titled: "Advanced Gasification Concepts--Engineering Assessment'.
One objective of this project was to increase the fundamental un-
derstanding of existing gasification processes with mathematical
modeling, and thereby assist the Department of Energy in its overall
project planning.

Models are used for scale-up and optimization purposes and
also for extrapolation beyond the normal operating conditions. How-
ever, very often, due to the complexity of the real system and the
mathematical limitations, certain simplifying assumptions are made.
Therefore, before using any model, its assumptions and hence its
limitations should be examined and clearly understood. In this

report, the theory and the development of the model are described

in Sections 2 and 3. Results and conclusions are presented in
Sections 4 and 5. Background information about the MERC's gasifier

is provided in the following section.

1.1 MERC COAL GASIFIER

The recent energy crisis has given a great impetus to research
efforts, especially in the field of coal gasification. Coal can
be gasified to produce either pipeline quality gas (900-1000 BTU/SCF)

or low/medium BTU gas (100-400 BTU/SCF). Low BTU gas, is obtained by




gasifying coal with a mixture of air and steam. Although not

suitable for long distance transportation, low BTU gas has a great
potential when used near the source of production. This is especially
true with regard to power generation. Various gasifiers which are
currently available or being developed for the production of low or
medium BTU gas can be broadly classified into three categories de-

(3,4,16)

pending on the type of coal bed used. They are:

(1) Fixed bed gasifiers
(2) Fluidized bed gasifiers
(3) Entrained bed gasifiers

In fixed bed gasifiers, coal is charged from the top of the
gasifier through lock~hoppers, while air and steam are introduced
from the bottom of the reactor. Because of this countercurrent
flow, the sensible heat of the ash is recovered by the cold incoming
gas stream, and at the top of the bed, the sensible heat of the gas
is utilized to heat the coal feed. Generally, high conversion of
coal is obtained in the fixed bed gasifiers because of the long
residence time. Fines of coal, which tend to block the passage of
gas through the bed, cannot be used in fixed bed gasifiers. Caking
coals also cannot be gasified without pretreatment or without the
use of the stirrer to break up the agglomerated particles.

Entrained bed gasifiers use very small particles and can gasify
caking coals. Some of the coal particles are blown out of the
gasifier and carried in the gas stream. The residence time of
solids is very short. The flow of solid and gas can be either upward

or downward.

Solids are in motion continuously in the fluidized bed. Gas

-



flow rates are less than that used in the entrained bed so as to
prevent the excessive elutriation. The fluidized bed provides
excellent heat exchange and hence can be operated at lower tem-
peratures. However, caking coals cannot be gasified because of
agglomeration.

Fixed bed coal gasifiers commercially available today include
the Lurgi, the Wellman-Galusha and the Woodall~Duckham. MERC
(previously of the U.S. Bureau of Mines) constructed and began
testing a fixed bed gas producer pilot plant in 1968. The main
objective of this pilot plant was to demonstrate that highly ag-
glomerating coals could be gasified at high pressures if stirring
is provided in the bed where coal becomes plastic and fuses upon
completion of devolatilization. Results obtained from these tests
have been published in various reportsgs’g’lz’13’1417'181‘In this
section, Lurgi and Wellman-Galusha gasifiers, along with one being
developed by the General Electric Company are described and compared

with the MERC gasifier.

1.1.1 Description of the gasifier

MERC's high pressure gasification system is shown in Figure 1.
The gasifier used is similar to other commercial fixed bed producers
except for its smaller diameter (3;5 feet ID) and its provision for
stirring deeply within the fuel bed. ‘A schematic diagram of the
gasifier is shown in Figure 2. Air mixed with superheated steam is
introduced below the grate at 400-450°F (475-500°K) and flows up-

ward through the descending fuel. A stepped grate of 9.6 square
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feet (0.9 m2) area supports the fuel which can either rotate contin-
uously at a slow rate or operate on a time basis with a manual on-

off contral adjusted to match ash production. The frequency of ash
discharge is governed by the grate temperature which is maintained
below 700°F (650°K). Ash is removed through a lock hopper, then
weighed and sampled for analysis. Producer gas exits through an
offtake in the top cover. Pressure in the gasifier is developed by
resistance to gas flow through the offtake line which contains fixed
diameter orifices. Some of the dust in the gas is removed by a cyclone
separator, then discharged through a lock hopper and subsequently
weighed and sampled. A small gas flow is diverted from the main
stream, cooled and cleaned of dust, tar and water before it is analyzed

for CO, C02, HZ’ N2, 0 CH4 and HZS'

2?
The stirrer rotates at one-~half revolution per minute while
also moving vertically to about two feet. Continuous stirring of the
bed maintains a dense fuel bed providing better contact between gas
and solids, which yields a product gas of higher quality and com-
position. The stirrer arrangement is shown in Figure 3. Nuclear
density gauges indicate conditions inside the pressure vessel by
detecting bed levels and voids as shown in Figure 4.
The walls of the vessel are maintained at low temperature by
cooling water passing through the water jacket. Thirteen inch thick
refractory is used in the upper portion of the bed. The details

are shown in Figure 2.
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1.2 MEASUREMENT OF DATA

A data period commences when steady conditions are attained as
shown by a constant coal rate over several hours. Samples collected
during a data period include dust, tar, and water entrained in the
gas, cyclone dust and ash. Dust, tar, and water content of the
product gas are calculated based upon the weights collected from a
sample of measured volume (about 25 scfh) taken over a timed inter-
val. Direct measurement of gas production is impossible due to
metering devices becoming inoperative.as the result of rapid clogging
of tar and dust. Gas production is calculated by obtaining a pre-
liminary value from a mass balance in which gas output is taker as
the difference between the input (coal, air and steam) and the output
(bottom ash, tar and water). Gas composition is determined by an
on-line chromatograph which analyzes a gas sample for CO, COy, Hp,
N», and CH4 every seven minutes and then prints the data. Composite
samples are collected by continuous sampling and are analyzed on a
laboratory chromatograph which gives the contents of HpS, CyHg and
07 and other components. Final compositions are adjusted to an air
free basis and an average value 1s calculated for a data period using
all analyses recorded. The gas sampling system is presented in
Figure 5. Further details about MERC's pilot plant can be found in
the references listed at the end of this report.
1.3 COMPARISON OF MERC GASIFIER WITH ﬁ

OTHER FIXED BED GASIFIERS

In the following section, other currently available fixed bed

gasifiers, namely Lurgi, Wellman-Galusha and GEGAS-D are described

briefly. Performance of these gasifiers is compared with that of
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the MERC's gasifier.

1.3.1 Lurgi Gasifier

The Lurgi gasifier is a cylindrical vessel with a diameter of
12-13"' in which coal flows downward by gravity and steam and oxygen
stream flows upward as shown in Figure 6. Lurgi gasifiers, which
use non-caking coals only, have been widely used in South Africa
and Europe. Recently, tests were carried out successfully at West-
field, Scotland to gasify various American coals in the Lurgil
gasifier. A mechanical stirrer was used during these tests to pre-

(6)

vent the agglomeration of caking coals

1.3.2 Wellman-Galusha Gasifier

The Wellman-Galusha gasifier shown schematically in Figure 7 is
a self-contained unit and does not require a steam plant. Air pass-
ing through the water jacket becomes saturated with water, thus
supplying the steam required for gasification. Mild caking coals
can also be gasified in the producer using a stirrer. Wellman-
Galusha producers have been built in sizes ranging from 1.5 feet in
diameter to 10 ftﬁlsghe gasifying capacity varies from 7.5 to 99

lbs/ftz—hr.

1.3.3 General Electric Pressure Gasifier

The General Electric Company is presently operating a fixed
bed producer known as GEGAS-D gasifier. This gasifier is a vessel
with a diameter of 3 feet and is equipped with a stirrer as shown in

Figure 8. It was recently operated at 225 psig with a coal feed

11
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rate of 1000 1lb/hr. The gasifier is well insulated to operate at
low air to coal and steam to coal ratios. General Electric is also
developing a proprietary extrusion process to feed coal directly
into the gasifier at high pressures. Tar is used as a binding
material for coal fines. The final product obtained has a heating

value of about 160 BTU/SCF.

1.3.4 Comparison

In Table 1, characteristics of the various gasifiers are listed
for relative comparison. As previously stated, Lurgi gasifiers have
been used commercially for non-caking coals only, but recently tests

(6)

were performed at Westfield to gasify American coals with steam
and oxygen. Wellman-Galusha gasifiers are well suited for industries
with samll fuel requirements, such as space heating, steam generation,
et., because of the small gasifying capacity. Wellman-Galusha gasi-
fiers are operated at atmospheric pressure, requiring the compression
of the product gas if the product gas is to be used for power gen-
eration.

The General Electric Company's GEGAS-D gasifier is essentially
the same as MERC's gasifier except for the difference in the coal
feeding system. Results of the tests performed so far show that the
GEGAS-D gasifier's air requirement seems lower and thermal efficiency
seems higher compared to the MERC gasifier. The main reason is the
small heat loss in the GEGAS-D gasifier due to the heavy insulation

of the gasifier. Heat loss in MERC's pilot gasifier is about 10~

13% of the total heat input as compared to 3-4% loss in the GEGAS-D




TATLE 1

PERFORMANCE CHARACTERISTICS OF MOVING DED GASIFILDS

- . p
Gasifier Lurgi(G’za) Wellman—Galusha(ls) GEGAS-n (49) MERC‘13’14’17’18)
Jiameter, ft 12 10(0.D) 190 3 3.5
Height, ft NLUAL NLA 9 N.AL 6.5
Gasifying o
capacity,lb/hr £t~ 120-400 7.5-99 200. 100-200
Pressure, psig 300-450 350. atnospheric 200-300 15-225
Type of coal Pittsbargn Anthracite  Pittshurgh  Arkwright
#8 #8 nituminous
Coal couposition
C 57.12 74.46 LA 73.66 67.42 75.92
I: 3.93 5.1 2.25 4.98 5.70
3 $.27 4,36 6.93 7.39 4.92
It 0.83 1.45 0.66 1.35 1.38
S 4.45 2.30 0.56 3.82 2.71
Ash 13.3 7.50 0,55 15.02 8.25
“ioisture 12.1 4.75 6.4 2.53 1.12
Air/coal, 1b/1b . 3.4 L 2.63 2.5-3.67
JUxygen/coal 1b/1bL L 0.61 . .77 L
Stean: 1b/1b 3.10 0.4 1.4 0.45 0.5-0.74
Gas Coumposition
<0 14.54 17.5 26. 43.0 25.38 16.,-23.
€O 16.22 30.5 4.5 16.5 G.7 7.-12
N 2.85 2.4 52.0 1.5 45.2 48.-55.
iy 22.350 38.¢ 13.0 41,4 17.90 13.-17.
Chy 3.86 8.4 3.0 n.9 5.2 2.- 3.5
Cotig L 0.7 L . ___ 0.3
Cotla . 0.3 . . . e
58 0.7 0.5 . . 0.3-0.6
a5 “ __ . 0.1
L.V, of Gus BTU/SCF 58. 283, 2770, 169, 100.-180.
Stean Uecomposition % 1.1 VLA LA 54 30-70%
Thernal Efficiency MUA, 77.0 74 (3 -75%
iieat Loss; (% of
4 10 -17%

heating value of ccal)

O

O

91
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(26)

gasifier However, if the MERC's gasifier is scaled-up to the
commercial size, this heat loss will be expected to reduce consid-
erably. Further test results from the GEGAS-D gasifiex-will have
to be examined prior to making any quantitative comparison.

The model developed for MERC's gasifier in this report can be

used, with minor modifications, to predict the performances of the

Lurgi and GEGAS-D gasifiers.
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2. THEORY

REACTIONS IN A FIXED BED GASIFIER: Q

In a fixed bed gasifier, air (or oxygen) and steam are introduced
below the grate and travel upward in the dirction opposite to that of
the coal flow. Sensible heat of ash is used to preheat the air (or
oxygen) and the steam feeds. Coal moving downward is successively
dried, devolatilized, gasified and burned as the temperature increases
in the gasifier. The gasifier can be divided roughly into three main
zones:

(1) Combustion Zone

(2) Gasification Zone

(3) Devolatilization and Drying Zone

In the combustion zone, directly above the ash zone, the following
reactions take place:

c* + 1/2 02+ Co

Cx + 0, CO2

CO + 1/2 05 » €O,

H, + 1/2 O2 -> HZO

C* ir above reactions refers to carbon present in char rather than in
its pure form.

The combustion zone is relatively narrow and part of the heat
generated is absorbed by the endothermic reactions.

C* + HZO + CO + HZ

Cx + CO, = 2 CO
The combustion gas flows upward into the gasification zone where
further endothermic reations occur along with the water - gas shift ‘;;>

reaction.
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Depending upon the hydrogren pressure, methane is produced by the

hydrogasification reaction.

C* + 2H, ~ CH4
The gases then flow upward into the devolatilization zone near the top
of the bed where coal is devolatilized. Tar, higher hydrocarbons, CO,
COZ’ CH4 and H2 are produced in this zone, Coal, prior to devolatili-
zation, is dried and heated by the hot gases leaving the gasifier,

The zones and the temperature profile is shown in Figure 9, Reactions

taking place in each of the above zones are presented in Figure 10.

KINETICS

Major solid gas reactions involved in coal gasification are
pyrolysis, char-hydrogen, char-carbon dioxide, char-steam and char-
oxygen reaction. Pyrolysis of coal which releases the moisture and
volatile matter in coal, is usually the first to occur and the
fastest among these reactions, In addition to the major chemical
changes, there is a substantial change in the physical characteristics
of the solid during the rapid stage of pyrolysis. The yields of
volatiles and its composition are dependent not only on the volatile
matter content of coals but also on the temperature level and rate of
heating during pyrolysis. The char-hydrogen reaction becomes important
only at high pressures, Char-hydrogen, char-carbon dioxide and char-
steam reactions are usually much slower and these reactions can take
place with considerable gas penetration within the pores of the particles.
Volumetric reaction models are, therefore, a proper-represeﬁtation of
these reaction systems. The char-oxygen reaction is répid and takes

place at the external surface of the char particles. The rate is con-

trolled by gas film diffusion and/or ash layer diffusion. Unreacted core shrink-

ing model can be applied to the analysis of this reaction. The kinetics of
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these reactions will be considered in more detail following the dis-
cussion on the reactivity of coal.

REACTIVITY OF COAL

Most commonly, coal is classified into peat, lignite, sub-
bituminous, bituminous and anthracite. Lurgi uses a modified method
to determine the reactivity of coal (9). In this method, CO2 is
passed through a fixed bed of char produced by carbonization of coal
under pressure. This simulated gasification is carried out under
pressure and at 1470 °F in a small reactor. The reactivity of coal
is estimated by measuring the amount of CO produced as a result of
Co, decomposition. In Figure 11, reactivity of coal is plotted
against the heating value of coal (6). This figure clearly shows
that lignite and sub-bituminous coals are more reactive than
bituminous coal. High reactivity coals will react at lower tempera-
tures as compared to low reactivity coals. For example, the lowest

reaction temperatures at which the reaction rates approaches zero

are shown for different coals in the following:

Lignite 1200 °F (approximately)
Sub-bituminous 1350 °F
Semi-anthracite 1450 °F

Coke 1550 °F

Reactivity of a given coal not only depends on its rank, but
also on its oxygen content and the composition of mineral matter. It
has been demonstrated that a number of inorganic elements present in
ash act as catalysts for coal gasification reactions. For example,
Ca and Fe are catalysts for the char-carbon dioxide, and char-steam

reactions, (23)

-
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2,2.2. DEVOLATILIZATION:

Devolatilization or pyrolysis of coal is defined as a process by G;;>
which coal is thermally decomposed into char, gas and liquid products.
When coal is heated, most of the uncombined water is driven off below
105 °C. Remaining water (moisture) is removed when the temperaturc
reaches around 300 °C. As the temperature increases, coal particles
soften to form a metaplastic then depolymerizes to yield the primary
volatile products and semi-coke. These products further decompose
to form secondary and tertiary volatiles and coke. The suggested
mechanism for pyrolysis is as shown in Figure 12 (23). Devolatiliza-
tion is a complex phenomena not yet completely understood. Excellent
literature reviews can be found in reports by Anthony and tloward (1)
and by Dutta and Wen (23).

The composition of products depends on the type of coal, heating
rate, residence time of vapor and a host of other factors,

In a fixed bed gasifier, coal is heated slowly (<100 ° C/sec) and
hence, the time required for almost complete devolatilization is signifi-
cantly less than the time required for heating the particles to the final
temperature. Therefore, in fixed bed gasifiers, the ultimate yields and
the quality of volatiles and chars, rather than the rate of pyrolysis,
are important. Figure 13 shows a few typical volatile yields versus
temperature curves as observed in the Fischer-Assay of some coal samples.
The curves in this figure are calculated based on the equation of Gregory

and Littlejohn (1965) shown below (10):

v = W - R - W
R 10(11.47 - 3.961 logloT + 0,005 W)
W = 0.2 (W - 10.9)

where,
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WM = volatile matter, maf %
T = temperature in °C
V = yield of total volatiles, % maf coal

The above equation can be used to predict the total volatile yield.
However, estimation of volatile product composition is difficult. For a
few coals, the composition of pyrolysis products as a function of tempera-
ture is shown in Figure 14. However, the small amount of experimental data
availfblf could not be used since the data were obtained under varied condi-
23

tions. A simplified method was developed to roughly estimate the composi-

tion of devolatilization products and is presented in the Appendix.

CHAR-STEAM REACTION:

The char-steam reaction is rather slow when compared to other reactions
occurring in a gasifier. This endothermic reaction, along with the char-
carbon dioxide reaction, controls the maximum temperature. Therefore, the
kinetics of this reaction is very important. Unfortunately, available
data for this reaction widely differ as shown in Figure 15,

Most of the earlier investigators used Langmuir-type adsorption
equations to express the rate of this reaction. For example, the following
mechanism and rate expression was proposed by Walker et al (1959).

C, + HO0 (g

p 5 8 H, (g) + C (0

44 =

g

¢ © X0 co @

k LHZO)

1 + k (H,0) + kg (H.)
8 2 2
/k k
10 10

However, this type of expression requires the knowledge of at least three

parameters to include the effect of temperature on the rate.
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LEGEND TO FIGURE 15

Investigators (Year)

Jolly & Pohl (1953)

Gadsby et al (1946)

Long & Sykes (1948)
Feldkirchner &
Linden (1963)

Feldkirchner &
Huebler (1965)

Johnstone et al
(1952)

Blackwood &
McGrory (1958)

Johnson (1974)

Jensen (1975)

Material

Coke

Nut char
coal char

Coconut shell
charcoal

Low temperature
bituminous coal
char

Low temperature
bituminous coal
char

Cylindrical
porous graphite
rod

Coconut carbon

Air-pretreated
HVab Pittsburgh
No. 8

Coal minerals
from Kentucky
No. 9 coal

31

Total
Pressure

(Atms )
1.0

1.0

0.271.0

104

70

1.0

1.750.

35.0

1.0
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In this report, a simple rate expression proposed by Wen is used ‘;;}
(24 ):
&=k Cyo - % Ceo RT/K g ) (1-%)
where,
eq is the equilibrium constant of the reaction,
C's denote the concentration of HZO, H2 and CO respectively,
KV is the rate constant per unit volume.

In Figure 15, values of KV for various forms of chars are plotted
against temperatures. Identification of the different curves is pro-

vided on the preceeding page.

CHAR-CARBON DIOXIDE REACTION

The char-carbon dioxide reaction is a relatively slow reaction and
is similar to the char-steam reaction. At lower temperatures and for
smaller particles, this reaction is controlled by the chemical reaction
rate and occurs nearly uniformly throughout the interior surfaces of

the char particles. The reaction rate can be expressed as follows ( 5 ):

1

a X' cA”(l - x)

a¥ailab1e pore surface area per unit weight at any stage
a = OI conversion

initial available pore surface area per unit weight

C

A concentration of CO

2
0< n <1, n is order of the reaction with respect to CO2 concentration.
The rate of the char-carbon dioxide reaction, with respect to CO2
concentration, is first order up to atmospheric pressure but approaches
zeroth - order at high pressure (pressures above 15 atmospheres).
In the model developed, it was assumed that a = 1, n =1 and K' = @

2. x 10%? exp ('SQOOO/RTS)
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dx
In Figure 16, (Efg at X, = 0.2 is plotted versus reciprocal of
temperature (23). The Legends used are explained op page 35 . The value

of K' determined from Figure 16, is applicable only when the chemical
reaction controls the rate. At high temperatures, however, diffusion re-
sistance within the particle may become appreciable and, therefore, an
effectiveness factor which takes into account the effective diffusivity
must be used for such cases.

Then, the rate of gasification is expressed as:

dx
dt

where, n is the effectiveness factor.

= naKk' CA (1 - x)

WATER - GAS SHIFT REACTION:

Various rate expressions for the water-gas shift reaction have been
proposed. For example, the following correlation for catalytic reaction
was developed by Moe (24 )

R = P P -
ate K P H,0 co. 'H

where, PCO’ pHZO, PCO s PH2 are the partial pressures of carbon-monoxide,

steam, carbon dioxide and hydrogen respectively. ng is the equilibrium
constant for the shift reaction.

K, based upon the measurement of commercial iron catalyst, is expressed
as

K = ©3.586 10° exp (-4895/

T)

where, © is used as a factor representing the activity of ash relative to
the commercial catalyst (21 ). In this study, the value of 0.00005 was
used for O. |

CHAR-OXYGEN REACTION:

The burning of char is the fastest among the char gas reactions taking

place in a gasifier.
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11

Investigators

Yoshida and Kunii

Ergun

-do-
~do-
Turkdogan and
Vinters

~do-

Austin and Walker

Dutta et al

Fuchs and Yavorsky

LEGEND TO FIGURE 16

Year

(1969)

(1956)

(1969)

(1963)

(1977)

(1975)

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 cm. long and 1.27 cm. dia.

- Illinois Coal #6

- Synthane Char #122

- Hydrane Char #49

- IGT Char #HTLS55
Hydrane Char #150

- Pittsburgh HVab Coal
1 of size -35+60 mesh

ExbﬂDoo
1

Hydrane Char from Pittsburgh
Coal, ~-60+100 mesh

Synthane Chay 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 20%
conversion level

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

of €0y with He as diluent

Average Rate in a
fluidized bed at 32 atm.
partial pressure of €O,
with He as diluent.

ce
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C*+ a0, > (2-2a) CO+ (-1 +2a) CO

2 2

The stoichiometric coefficient "a'" in the char-oxygen reaction shown
above depends on the temperature as well as the type of coal. It has
been shown that when the temperature is low, the coefficient "a' is
approximately unity and carbon dioxide is the prominent product, On the
other hand, "a' decreases to 0.5 at high temperatures and carbon monoxide
is mostly produced. One such equation correlating the ratio of CO/CO2 to
the temperature is shown below ( 2 ).

co/ _ 103.4 o -12400/RT

CO2

where T is in °K

In most cases, this reaction takes place at the external surface of
the char particles and is controlled by ash layer diffusion. However,
vif the temperature and/or the particle size increases, the reaction may
proceed towards the gas film diffusion control regime.

For such conditions, the char-oxygen reaction rate developed by Field

et al ( 7) can be used

dx

== = P
dt 0)
1/ 1/
CoKg + " Kygieg)
where %%— = rate per unit area of external particle surface
PO = peartial pressure of oxygen in free stream
2
K,. .. = diffusional reaction rate coefficient
diff
Ks = surface reaction rate coefficient

The diffusional reaction rate coefficient can be approximately cal-

culated by using following formula ( 7 ).
K _ 0.292 ¢ D
diff d T
p m
Tm is the average of particle surface temperature and gas temperature

in °K.
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dp = particle diameter in cms
D = diffusion coefficient of oxygen
= 4.26 (1&_)1'75 1/p cmz/sec
1800
P = total pressure in atmospheres

where ¢ is the mechanism factor and takes a value of 2 when CO is the
direct product of char-oxygen reaction and a value of 1 when CO2 is the
direct product. Several investigations were made to determine the value
of ¢ as a function of temperature, particle size and carbon type. No
quantitative conclusions can be drawn from these studies. However,
value of 1.0 for ¢ is suggested if the particle diameter is greater
than 0.1 cm.

The surface reaction coefficient, Ks, can be calculated from the
following equation (7):

KS = KSo exp (-E /R TS)

The value of KSo varies with the type of coal or carbon. An approximate
value for Kso is 8710. gm/cm2 sec atm. cal/gmole. The value of 35.7
Kcal/gmole for the activation energy was reported by Field et al ( 7).

Recently, an activation energy of 27 KXcal/mole was reported by
Seargent and Smith ( 20) for particle sizes ranging from 0.18 to 0.7
cm for bituminous coal. In this model, this value of activation energy
was used for char—oxygeﬁ reaction.

In the combustion zone of the moving bed gasifier, char-oxygen
reaction, char-steam and char-carbon dioxide reactions are taking place
simultaneously. In other words, char-oxygen reaction would take place
on the outside surface of the particle reducing the diameter of the
unreacted core and at the same time steam and carbon dioxide will

penetrate into the particle also reducing the concentration of carbon.
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Thus, analysis of char particle in the combustion zone is complex. The 4;;;
particle size in the combustion zone depends on the initial size of the

coal feed. In one of MERC's gasifiers, the major fraction of the feed

was 3/4" (1.9 cm) in size. In this model, rates were calculated by

assuming that the average diameter of the particle is about 0.5 cm in

the combustion zone. This assumption, though not valid, simplifies the
calculations. The rates of solid gas reactions described above are

compared with each other in Figure 17 . Symbols are explained on the

page following this figure.
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LEGEND TO FIG. 17

Sample for the Arrhenius Lines (atmospheric pressure): Pittsburgh HVab
Coal (40.0)

Data points are for initial rates (unless otherwise mentioned) at super-
atmospheric pressures. The numbers on points indicate pressures in atm.

O A0 O: Char-H, Reaction

® & : Char-H,0 Reaction

® : Char—CO2 Reaction

® Illinois #6 Coal (32.8), Overall rates at 35 atm. (unless
‘D otherwise indicated); Fuchs and Yavorsky (1975).

O @ rPittsburgh HVab Coal (40.0), 35 atm.; Johmnson (1974).

O Concoal Char (19.1), 103 atm. (lower point) and 137 atm.
(upper point); Pyrcioch and Linden (1960).

Concoal Montour #10 Bit. Coal (37.0), 103 atm.;
Feldkirchner and Linden (1963).

A Wyo. HVcb Coal, 409 atm.; Hiteshue et al (1957).
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3. MODEL DEVELOPMENT
One of the reasons why modeling of fixed bed (or moving bed)
gasifiers is difficult is that the flows of solid and gas are
countercurrent. Complexity of the modeling is further compounded
by the complex structure of coal and by the lack of experimental

data on rates of gasification for various coals.

3.1 LITERATURE SURVEY

Very few studies on modeling of fixed bed gasifiers are
available in literature. An equilibrium model was developed by
Gumz in the early fifties A1), 1In this model it was assumed that
temperature of gas leaving was the same as the temperature of solids
entering the reduction zone. There were no further endothermic
reactions above this zone because of the low solids temperature.
Temperature at the end of the reduction zone was calculated by the
heat balance over the bottom half of the reactor for a specified
heat loss. It was further assumed that at this temperature, carbon-
steam and carbon-dioxide reactions were in equilibrium. In addition,
an approach fac;or (assumed equilibrium constant = approach factor x
theoretical equilibrium constant) of 0.25 was used for hydro-
gasification reaction for methane production. The effects of
devolatilization and the heafs required in the drying and devolati-
lization zone were not included in this model. Material balance
equations were solved by initially assuming the values of mole
fractions of carbon monoxide and hydrogen and then forcing the sum

of the mole fractions to be 1.0.

This model was used by Woodmansee @5) to estimate the composition
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and the temperature of the raw gas for Lurgi gasifier and the MERC's ‘;;>
gasifier. Products of devolatilization were not included in the

calculations of gas composition. The results were in fair agreement

with the experimental data; however, certain discrepancies were

found in the estimation of heat loss and the temperature of the

raw gas.

Recently, a steady state model for Lurgi reactor was developed
by Yoon, Wei, and Denn (27).  The main assumptions of this model
were as follows:

(1) Plug flow for solid phase and gas phase.
(2) Equal gas and solid phase temperatures.

In this model, the reactor was divided conceptually into two
regions, an adiabatic core occupying most of the reactor space and a
colder boundary layer occupying an annular portion of the coal bed
surrounding the adiabatic core. It was further assumed that the heat
loss affected the boundary layer only and that there was no heat
transfer between the adiabatic core and the boundary layer. The
model predictions were compared with the available plant data for
Lurgi reactors. The results seemed to be in good agreement. Some

of the conclusions listed in the report were as follows (27):

(1) The maximum temperature in the bed is determined largely
by the steam to oxygen ratio in the feed.

(2) The efficiency at a given steam to oxygen ratio is
determined by the carbon-oxygen feed ratio

(3) There is a critical steam and oxygen feed temperature,
dependent on the reactivity of coal, below which
efficient operation cannot be carried out because of
excessive carbon loss in the ash and insufficient
extent of gasification. Q
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The model had certain limitations. For instance, conclusion
number 3 was based on the assumption that

Tae 2=0=T
where

Tag 2 =0
is the temperature at the bottom of the gasifier (i.e. above the
grate level) and Tg is the feed gas temperature. From experimental
data it has been found that the temperature of the ash is always
greater than the temperature of the feed gas. This countercurrent
heat exchange between the cold feed gas and hot ash is cited as one
of the advantages of the moving bed gasifiers. It has also been
shown that during combustion, solid temperature can be higher than
the gas temperature by as much as 200-300°c. The rate of oxidation,
especially chemical reaction rate constant, is critically dependent
on the solid temperature. Therefore, onset of combustion méy not be

solely dependent on the feed gas temperature.

3.2 SCOPE OF WORK

The main objective of this project, sponsored by the Morgantown
Energy Research Center of Department of Energy was to develop a model
which can simulate mathematically the phenomena taking place in the
fixed bed gasifier. Experimental data covering 81 data periods for
three different coals, namely, Arkwright Bituminous, Upper Freeport

and Western Kentucky #9 were obtained from MERC,

The entire project was divided into the following three main

tasks:
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(1) Analysis of experimental data
(2) Development of equilibrium model
(3) Development of steady state model

3.2.1 ANALYSIS OF EXPERIMENTAL DATA

It was logical to analyze the data obtained from MERC gasifier
prior to the model development. Therefore, data were examined for
the effect of various operating variables, namely, pressure, steam/
coal ratio, type of coal, etc. The typical data for this gasifier
were then compared with the data obtained from other fixed bed
gasifiers. Result of the data analysis are presented in Section 4

of this report.

3.3 EQUILIBRIUM MODEL

In order to develop a comprehensive and realistic gasifier
model, it is necessary to start with a simple model to understand
and test the sensitivity and the number of the various parameters
needed in the model. One simple approach is to assume that all the
important reactions are in equilibrium. This simplification will
provide insight into the number of gasification reactions necessary
for consideration. Even in such approach, calculations are com-
plicated due to the large number of reactions and the gas components

involved.

In the equilibrium model developed in this study, the gasifier
was conceptually divided into three main zones, combustion zone,
gasification zone,and drying and devolatilizationzone. The schematic
diagram is shown in Figurel0 . In the ash zone, heat is transferred

from the hot ash leaving the combustion zone to steam and air streams.

-



In the combustion zone it was assumed that all the oxygen present

in the air reacts with carbon to form CO and CO2. Approach factor of
0.006 was used in this zone for carbon-steam reaction. Carbon is

further gasified by steam forming CO and Hjy in the gasification

zone. Other minor reactions in which N, S, and O from coal reacts

to form N2, H2S and Hy0 also takes place in this zone. The gas

composition is estimated by assuming that the water gas shift reaction

is in equilibrium. Approach factor of 0.2-0.5 was used for carbon-

steam reation.

In the devolatilization zone, CO, CO,, Hz, H-0 and CHyq along
with tar are produced from coal. The amounts of pyrolysis products
were estimated approximately for a given coal. In the computer
program developed, material balance and heat balance equations
were solved for each zone. This program calculates the composition
and temperature of the gas leaving the gasifier when coal composition,

air and steam feed rates are given.

This type of model can be used to predict the gas composition
as well as to predict the trends for changes in gas composition when
air/coal and steam/coal ratios are changed. However, the model
cannot be used for scale-up and optimization purposes and is useful
within a given range of the operating conditions only. In addition,
due to the lack of experimental data, estimation of pyrolysis products
is not accurate. It may be necessary to adjust the approach factors
if the program is to be used for different coals or different

gasifiers.
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3.4 STEADY STATE MODEL

The equilibrium model, as described previously, has limited
uses. Therefore, it is necessary to develop a steady state model
which can be used for optimization and scale-up purposes. In this
type of model, kinetics of various reactions as well as the dimensions
of the gasifier are taken into consideration. A good model can also
be used for interpolation and minor extrapolation beyond the normal
operating conditions. The effect of time variable, which is important

during the start-up, is not considered in the steady state model.

Assumptions made in this model were as follows:

(1) Plug flow in solid phase and gas phase,
(2) Steady state,

(3) Drying and devolatilization reactions are instanteneous
and devolatilization reactions are thermally neutral,

(4) Carbon-steam and carbon-carbon dioxide reactions are
volume reactions while carbon-oxygen reaction is a
surface reaction;

(5) The extent of hydrogasification reaction is negligible
because of low pressure and low concentration of
hydrogen,

(6) Temperature of bed at the bottom of the gasifier is
within the range defined by the feed gas temperature
and the ash temperature (500°k-650°k);

(7) Heat loss, which includes the heat recovered by

cooling water and unaccountable heat, is proportional
to the heat of generation.

Development of mathematical representation of gasifier

Material Balance

dF.
i

el
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where

F; = flow rate of i, gmole or gm/sec,

A = cross-sectional area, cm?'
r; =1 . . .
1 ¢ Vij Ry = net rate of formation of i per unit volume
j=1" of bed,

R = rate of reaction j, gmole/sec e

Vij = Stoichiometric coefficient of component i in reaction
j» it is positive if component i is generated,
negative if consumed, and is equal to zero for an inert,
F = positive for gas component,

F = negative for solid component,

Z = height, cms.

Heat Balance

For solid phase:

17 = -{ I (-AHjrj)A - UAa (Tg - Tp) - Hpg)
j=1
For gas phase:
d Wy Cpe T
g
—-—-g—a-z—p—g———= {UAa (Ts - Tg) - Hegl

where

Wg, Wg = flow rate of solids, gms/sec, and flow rate of gas

gmoles/sec,
Cps = specific heat of solid, cal/gm °k;
Cpg = specific heat of gas, cal/gmole OK;
T = temperature of solid in OK;
Tg = temperature of gas in ° y

Z = Height, cms,




AHj = heat of reaction j, cal/gmole;
r; = rate of reaction j, gmole/sec cm> )
Hgs = heat loss in solid phase cal/sec/cm,
“Rg = heat loss in gas phase cal/sec/cm;
U = overall heat transfer coefficient,
A = cross-sectional area of bed, cm?;
a = contact area/unit volume of bed,

=6 (1 - €),

D )

€ = void fraction,
dp = particle diameter cms.

Stoichiometry of Reactions:

Coal is a complex polymeric compound consisting of C, H, O, N, S

and ash. lHence, stoichiometry, assuming coal as graphite carbon, is

of little use, Therefore, the stoichiometry as shown below was used.

Here o, B, Y, 6 and £ are gm-atoms of carbon, hydrogen, oxygen,

nitrogen and sulfur present in the coal respectively.

1‘

char-oxygen reaction:
COLHBOYNGSE + (% +b+d+ E-L%—:—Y—JOZ > a CO + b 0Oy + CHO +
d S0, + eNO

char-steam reaction:

COHBOYN5SE + (o - 'Y)Hzo + o CO + ((X—Y-%—EZ)HZ + 52N2 + € HoS

water gas shift reaction:

CO + Hyo & COp + iy
ash
catalyst

co, + C+2Co
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Unfortunately, experimental data are not available for the
production of compounds mentioned above. In addition, composition
of char obtained after devolatilization is not known. Hence, it was
assumed that H, O, N and S reacting with oxygen or steam are pro-
portional to their amount present relative to the fraction of

carbon reacting. For example,

Hydrogen " Hydrogen
reacting = £ - [Ccl - gresgnt

where f is 0.5

S. Devolatilization:

C(IHBO'YNGSE - CU-'HB'O"{'NG'SE' + C(],"HB"OY"Ns"SE" + UCO+ v COZ +
(coal) (char) (tar)

Z CoHg + X CHy + t Hy0 + WHy

Method of solution:

Material balance equations were written for the following components:
Gas: CO, COp, Np, Hp, CHg, CH, HpS, Oz, Hz0, SOz, NO, NHj

Solids: C, H, O, N, S, Ash

Since it was assumed that temperatures of the solid and gas phases

were the same, the heat balance equations reduced to

dT _ :
a—z— = (HRA - ”L)/(Fgcpg- Fs Cps)
where
T = temperature, °x,
Z = height, cms.
Hp = total heat of reactions/unit volume.
Hg = heat loss (This heat loss includes unaccountable heat and
heat recovered by cooling water),
F, = flow rate of gas, gmole/sec.




F, = flow rate of solid, gm/sec.

In all, 19 equations were solved which consisted of 18 material

balance equations and one heat balance equation.

These 19 simultaneous first order non-linear differential equations
were solved using Runge~Kutta with fixed length integration scheme.
Initially, the value of carbon conversion is assumed and is used to
estimate the solids concentration at the bottom of the gasifier. The
integration is started at the point above the grate (Z = 0) using gas
and solid concentration as the initial values. The step size of 2 cms
is used (total number of steps = 100). The integration is continued
over the entire length of the 5ed. The value of carbon flow rate,
gﬁ/sec, at Z = L (where L = height of bed, cms) is compared with the
carbon feed rate. If the difference is found to be more than 1.0
gn/sec, the assumed carbon conversion is changed and the entire pro-
cedure is repeated. Generally, convergence was obtained within seven
to eight iterations. In these calculations, I, O, N, and S flow rates
were not compared.

Flow diagram of the model is shown in Figure 18.
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FIGURE 18
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4. Results

In this section, a discussion of the results and their significance
are presented in the following order:

(1) Results of data analysis

(2) Comparison of equilibrium model results with the experimental
data

(3) Results obtained from steady-statc wodel for
(a) air-steam system

and
(b) oxygen-steam systen

4.1 Analysis of Data.

Data obtained from MERC (Morgantown Energy Research Center)for
17 Runs (Run 57-£0) covering 81 data periods were analyzed. Coal
from three different scecams namely, Arkwright-Rituminous, Upper Freeport
and Western Xentucky #9 were gasified using air and steam at pressures
varying from 15 psig to 225 psig. The amount of steam fed per 1b of
coal ranged from 0.35 1bs to 0.75 1bs and the ratio of air to coal
was varied from 2.35 to 3.75. The typical compositions of gas obtained
from these three coals are shown in Table 2.

In the analysis of the runs, data periods with time'less than
10 hours were neglected because of the possibility that steady state
could not have been attained in such a short time.

In the following sections, effects of different operating Qariables

such as pressure, steam to coal ratio, type of coal etc., are discussed.

Effect of Pressure

The gas yield (SCF/1b) and the heating value (BTU/SCF) of the

product gas increases slightly with the increase in pressure as shown

52
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TABLE 2

Typical Range of Compositions of Coal and Product gas Covered
in Experiments

Type of Coal Arkwright Upper Western
Pittsburgh Freeport Kentucky #9
Ultimate Analysis

C 75.5 66.8 64.5

H 5.9 4.4 5.5

N 1.5 1.2 1.7

S 3.3 3.8 3.9

0 4.0 2.5 4.0

Moisture 1.2 1.0 5.0

Ash 8.7 20.3 15.4
lleating Value BTU/1b 13,860. 11,580. 11,450.
Air/coal, 1b/1b 2.5 - 3.75 2.6 - 3.55 2.5 - 2.87
Steam/coal, 1b/1b 0.5 - 0.74 0.35 - 0.48 0.39 - 0.5
Steam Temp., °F 990 - 1155 990 -~ 1115 950 - 1025
Air Temp., °F 88 - 245 206 - 267 220 - 260
Temperature of Gas, °F 722 - 1285 730 - 1050 839 - 1136
Gas Composition

Co 16. - 23. 18. - 22, 17. - 20.

CO2 7. - 12, 7. - 8.4 8. - 11.

Ny 48. - 55, 51. - 53. 50. - 55.

Hp 13. - 17. 13. - 15. 13.6 - 15.6

Cly 2. - 3.5 2.5 - 2.6 2.0 - 2.7

Collg 0.3 — 0.26 - 0.28

15,5 0.3 - 0.4 0.25 0.87 - 1.95

lleating Value of
gas, BTU/SCF 100 - 179 138 - 142 128 - 1438
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in Figures 19 and 20. [lowever, there is a slight increase in the awmount ‘;;}
of methane produced (SCF/1b maf coal) with an increase in pressure as
shown in Figure 21.
Pressure does not seem to affect the performance of the gasifier,
significantly. But more coal can be gasified per unit time at high
pressure because of higher air and steam flow rates. Coal feed rate

in 1b/hr is plotted against gasifier pressure in Figure 22.

I'ffect of Steam/Coal Ratio

Steam is added in excess not only to absorb heat but to prevent
the clinkering of ash particles. The reaction of steam with carbon
is endothernic

C + 108 €O + 11,
and hence helps to maintain the temperature in the combusti.n zone below
the fusion point of ash.

I'xcess stcam shifts the water gas equilibrium and thus increasecs
the percentage of hydrogen and carbon dinxide and reduces the percentage
of carbon monoxide in the product gas.

CO + 0= €Oy + 1o
This is shown in Figures 23, 24, and 25.

From gas analysis and weight balance, water-gas equilibrium
constant k is calculated for each data period and is plotted against
temperature (°F) of the gas in Figure 26.

where £ = (CO5) (1l)/ (CO) (11,0)

The graph shows that the gas composition in the water gas shift

cquilibriwm at teomperatures (ranging from 1400-1700 F) 1s higher than the



GAS YIELD, SCF/LB

90

80

70

60

coal: Arkwrigit Bituminous
Steam: 0.5-0.74 1b/1b of coal
air: 2.5-3.7% 1b/1b of coal

o
o)
o o -
o ~
////
oo -
O‘/’O// o) o)
o - 0
~°4
%6 o ’//// 0 o0 o
e
- o
o QL/’// o
c
% o
A
0
| | | 1 |
2 4 6 8 10 12
P, ATMS

Figure 19 Lffect of pressure on gas yleld




HEATING VALUE OF PRODUCT GAS , BTU/SCF

160

140

120

100

80

56

coal: Arkwright Bituminous
steam: 0.5-0.74 1b/1b of coal
air: 2.5-3.75 1b/1b of coal
- o
(o)
O —
b O o) ////
(o] -
//
~0 O
o ~—" 0 o]
o -0 /// O o
B o O
////// °
0o 9/
//
/s
e
O
e
| | | | I
2 4 6 8 10 12
P, ATMS

Figure 20 Effect of pressure on the gas heating value



CHy FORMATION, SCF/LB MAF COAL

No

p—

L
o ® Arkwm’ght Bituminous
°o—
/ ® ]
o ® ® Upper Freeport
e o 9 ©
® o©
W. KY #9
e @ o o
./1?‘ © D
TAY
—
i L ! i 1 l i
C 4 6 8 10 12 14 16
w
PRESSURE, ATMS ™
FIGURE 21 Effect of pressure on methane formation




Y)

COAL FEED RATE (OVERALL GASIFICATION CAPACIT

Ib/hr Ib/hr/ft?

58

— 220 Coal: Arkwright Bituminous
Steam: 0.5-0.74 1b/1b of coal
Aiy: 2.5-3.75 1b/1b of coal
2000 _ Product Gas Heating Value: 100-175 BTU/SCF
— 200
1800 7
— 180
1600
160
1400
—140
1200
—120
O
1000 o
— 0 0]
o © o °
O
s o
8001 /o o
600 | l | | |
@) 40 80 120 160 200

PRESSURE , PSIG

Figura 22 Fffect of Pressure on Coal Basification Rate.

-



Hy CONTENT, MOLE Z (DRY)

25
Arkwright Bituminous Coal
air/coal=2.5 - 3.75 1b/1b
Pressure=15 - 225 psig
Gas Temperature=7200-12850F
20
VAN
JAY JAY JAN
O b Ap A %A__.—___é_
15 | o — a8 & , A a
JA ot TAY
VAN Ja'a) A
a) /// A N
10
JAY
5|
0 i 1 1 L i I 1 I ]
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

STEAM/COAL, LB/LB

Figure 23 Effect of steam/coal on H2 content of gas

6S




CO, CONTENT, MOLE % (DRY)

30

25

20

15

10

Arkwright Bituminous Coal
Air/Coal = 2.5 - 3.75 1b/1b
Pressure = 15 - 225 psig

~ Gas Temperature = 720° - 1285°F

STEAM/COAL, LB/LB

Figure 24 Effect of steam/coal on CO2 content of gas

O
o © 0
o o o = — — 1
= ° — - - /O
. = o) ®) o

’ ,/flf//’O & g o> g © °e 8 9

- o o © o ©O

| L 'R [
TS O® om0 0.0 0.5 500,55

09



CO COWTENT, MOLE % (DRY)

30
25
-~ o
~.
o) o
N 6] &) © (o) o
o o - _ _©o Oo© o o
201 ° —o — _ -
O o (o] R —
o o
o o o
5r o) o)
l O
(0]
10}‘ Arkwright Bituminous Coal
| Air/Coal = 2.5 - 3.75 1b/1b
Pressure = 15 - 225 psig
Gas Temperature = 7200 - 1285°F
: l | ] L 1 |

I i L
8.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
STEAM/COAL, LB/LB

19

Figure 25 Effect of steam/coal on CO content of gas




- Keq = (CB2) (H3)
= T‘co%‘ﬁﬁ‘z’—r 20y
K_IT Run Nos.: 57.1-71.9
EQ-\-\ Arkwright Bituminous Coal
\
\

100\
-\
-\
— 0\

\
- \
B \
\
AN
\\

10 = ~
[ S
| ~
. \\\
— ~~—___  Theoretical Curve
[ \\\\\

) T
o ®
1 P e
— ® .. ¢ L ®
o ® oo ® o ©
R o Experimental
Points

- °

o) | | | 1 | |
600 700 800 900 1000 100 1200

TEMP, °F
Figure 26 Water gas shift equilibrium at the gasifier exit




exit gas temperatures. It is possible that water gas reaction would
not have taken place at low temperatures prevailing in the devolatilization
Zone.

Iifect of Type of Coal

[t has been shown that the reactivity of coal decreases with an
increasce in coal rank. Bituminous coals, e.g. Pittsburgh seanm coal,
are caking coals and tend to agglomerate on heating. Therefore, it
is difficult to gasify Pittsburgh seam coal and higher steam/coal
ratic (about 0.5) is required while low ranking coals, e.g. Western
Kentucky #9, can be easily gasified at low steam/coal ratio (0.35-0.4).
Gas yield is proportional to the carbon throughput which in trun
depends on the composition of coal.

An attempt was also made to correlate the amount of tar formed to
other variables like the temperature of product gas, coal feed rate,

gas flow rate, etc. However, no significant correlation was found.
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4.2 Comparison of Equilibrium Model Results with the Experimental Data ‘;;>
In Table 3, the results obtained from the equilibrium model are

compared with the experimental data Run 61 Period 4. As can be seen

from these tables, the equilibrium model predicts the gas composition

rather accurately. However, for reasons mentioned previously, the

equilibrium model has very limited use, and it is obvious that approach

factors have to be changed for different types of coal. It is nevertheless,

a way to begin to quantify the effects of various factors on gasifier

performance.



TABLE 3

COMPARISON OF EQUILIBRIUM MODEL RESULTS WITH
EXPERIMENTAL RESULTS FOR UPPER FREEPORT COAL

RUN 61 PERIOD 4

IExperimental
Air/coal, 1b/1Db 2.83
Steam/coal, 1b/1b 0.35
Air-steam temp., °F
Heat loss = % lleat loss 24.74
H.V. of coal in
Gas Composition, mole% (dry)
Co % 18.10
C()2 8.35
N, 53.24
H, 14.10
CHy 2.55
Cyllg 0.00
H)S 0.25
07 0.00
96.59
Temp. of Gas, °F 730.
.V. of Gas, BTU/SCF 130.0
Cold Gas Lfficiency,% -70%

Gas Yield, scf/1b coaﬂ

Steam Decomposition, ol

1
Based on overall mass balance

Equilibriunm
Model

2.83

0.35

21.29

8.35

13.23

2.33

0.8

100.00
1054
139

66%
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4.3 Results of Steady State Model

Results obtained from the steady state model corresponding to Runs
70 Period 6, 71 Period 5, 69 Period 2, and 76 Period 3 are compared with
the experimental data in Tables 4, 5, 6, and 7. This comparison
shows good agreement except for Run 76 Period 3. The difference in the
coal composition between the experimental data and the model results,
even though small, is due to the method used for simulation as discussed
in Section 3. In Tables 8 and 9, model results are compared to the experi-
mental results for upper Freeport and Western Kentucky coal. These

results show good agreement inspite of the fact that same rate constants

and similar devolatilization product distribution were used.

Comparison of results in this fashion has certain drawbacks
because the experimental data reported are the average values as described
in Chapter 1. For example, in one run for Arkwright Bituminous coal, the

following lowest and highest values were actually measured.

Lowest Highest
Pressure Psig, 85. 137.
Coal Feed
Rate 1bs/hr T729. 1432,
Co 16.4 23.1
A co2 6.0 9.3
% H, 11.8 14,7

In addition, for all the runs the output to input ratio for carbon,
hydrogen, and oxygen varied from 0.85 to 1.1. However, despite these
drawbacks, the comparison is necessary to check the validity of the model.
Tn this exercise, model results are compared with the values reported by

MERC without any adjustment.

-



TABLE 4

COMPARISON OF STEADY-STATE MODEL RESULTS TO
EXPERIMENTAL RESULTS FOR ARKWRIGHT-BITUMINOUS COAL
RUN No: 70 Period 6

- Experimental Model
Coal feed rate, 1lbs/hr 1218. 1234.
Composition %
C 75.92 74.81
1 5.7 5.24
0 4.92 6.22
N 1.38 1.54
S 2.71 2.93
Ash 8.25 -8.14
Moisture 1.12 1.12
Pressure, psig 90.
Steam, 1b/hr 576. 576.
Air, 1b/hr 3826 3326
Steam, temp.,°F 1072.0 —_
Air temp.,°F 99 —_—
Product gas
1bmoles/hr2 199.6 200.5
Gas Composition
Co 16.2 14.84
CO7 12.2 12.73
o) 52.5 52.24
tiy 15.7 15.54
Cily 3.6 3.34
Collg 0.36 0.27
178 0.58 0.45
02 0.1 —-
Steam Decomposition; %0 69.4 66.2
Gas Tewp.,°F _ 1253. 980.
1.V, Gas, BTU/SCF 146. 142.
Carbon Conversion® 0.872 0.864
fleat Loss, %(of heatingd
value of coal) 23.0 15.74
Maximum Temperature, °F,€ 1560.

a: Calculated from the reported value of gas yield, scfh

b: Calculated from amount of water reported in weight balance
¢: From material balance (nitrogen basis)

d: From reported heat balance (nitrogen basis)

e: It is the average temperature and not solid temperature




TABLE 5

COMPARISON OF STEADY STATE MODEL RESULTS TO
EXPERIMENTAL RESULTS FOR ARKWRIGHT BITUMINOUS COAL

Coal, 1bs/hr

Composition,%
C
BN
0
N
S
Ash

Moisture

Pressure, psig
Steam, 1lbs/hr
Air, 1lbs/hr
Steam temp., °F
Air temp., °F

Product gas, lbmoles/hr?

Gas Composition
co

Steam Decomposition, %D

H.V. of gas, BTU/SCF
Temperature of gas, °F
Carbon Conversion¢€
lleat Loss, %d

; e
Yaximum Temperature, °F

RUN No: 71

Experimental

.5

1097.

00BN

501.
4112.
1120.

240.

205

* a-.e Sec TABLE 4 for legend.

U1 L GO N L

.92

.38
.71
.25
.12

E=N

.955

Model
1098.

.59
.36
.57
.23
.25

— o= TR O
P

16.86
11.37
54.49
13.26
2.89
0.24
0.39

66.
135,
1110.
0.976
17.63
1574.
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TABLE 6

COMPARISON OF STEADY STATE MODEL RESULTS TO
EXPERIMENTAL RESULTS FOR ARKWRIGHT BITUMINOUS COAL

RUN No.

Coal, 1bs/hr
Composition, %
C
H
0
N
S
Ash
Moisture

Pressure,psig
Steam 1bs/hr
Air 1bs/hr
Stean temp., °F
Air temp., °F

Product gas, lbmoles/hr®

Gas Composition
co
€O,
N2
Ha
CHg
Colg
HyS
02

Steam Decomposition, %P
H.V. of gas BTU/SCF
Temperature of gas, °F
Carbon Conversion¢C

Heat Loss, %d .
Maximum temperature, °F¢

69.2 (Bed height = 61")

Experimental
925.

.92

.92
.38
.71
.25
.12

00N~ AUV

342,
2887.
1028.

187.

148.

*a-e See TABLE 4 for legend.

Hodql
943.0

.64
.32
.30
.56
.97
.10
.11

0N~ O\NUT A

342.
2887.

147.3

10.57
53.67
13.64
3.25
0.27
0.47

62.5
143.6
1106.0
0.844
14.7
1644.
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TABLE 7

COMPARISON OF STEADY STATE MODEL RESULTS TO
EXPERIMENTAL RESULTS FOR ARKWRIGHT BITUMINOUS COAL
RUN No. 76.3

Experimental Model
Coal feed rate, 1lbs/hr 1240. 1263.
Composition, %
C 76.8 74.48
H 5.7 5.38
0 4.77 6.34
N 1.19 1.58
S 2.50 2.99
Ash 8.32 8.10
Moisture 0.7 1.23
Pressure, nsig 141.
Steam, 1bs/hr 693. 693.
Air, 1lbs/hr 3756. 3756.
Steam temp. °F 1026
Air temp. °F 220.
Product gas, lbmoles/hr? 206. 200.
Gas Composition
co 21.3 13.11
CO2 8.9 13.94
Ny 49.4 51.39
Ho 16.9 16.82
CHg 2.6 3.38
C2C¢ 0.34 0.29
15S 0.43 0.46
0, — —_—
Steam Decompositionb 71.6 60.7
11.V. of gas, BTU/SCF 156 141.2
Temperature of gas, °F 1065 987.
Carbon Conversion,® 0.907 0.836
lleat Loss, %d 24.87 15.30
Maximum temperature, °F° 1550.

*a-¢ See TABLE 4 for legend.
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TABLE 8

COMPARISON OF STEADY STATE MODEL RESULTS TO
EXPERIMENTAL RESULTS FOR UPPER FREEPORT COAL

RUN 6

Coal, 1bs/hr
Composition, %
C
i1
0
N
S
Ash
Moisture

Pressure, psig

Steam, lbs/hr

Air, 1lbs/hr

Air temp., °F

Steam temp., °F

Product gas, lbmoles/hr?

Gas Composition, %
Co
€0
N2
Hy
Cliy
H»2S
02
Steam Decomposition, %b
Heating Value of Gas,BTU/SCF
Temperature of gas, °F
Carbon Conversion®
% Heat Loss (% of heating
value of coal)

*a-e See TABLE 4 for legend.

1 Period 6

Experimental

1371

O WMHEWAE
[N Be I SIS, B -ve)

Model
1391

.12
.12

5
4
4
1.38
4
9
1

17.67
54,38

3.97
0.33

0.81

63.9
147.
1210.
0.975

17.5
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TABLE 9

COMPARISON OF STEADY STATE MODEL RESULTS TO
EXPERIMENTAL RESULTS FOR WESTERN KENTUCKY COAL
RUN 65 Period 1

Experinental Model

Coal, 1lbs/hr 1402. 1422.
Composition, %

C 64.5 63.8

11 5.5 5.02

0 4.0 4.97

N 1.7 1.89

S 3.9 4,23

Ash 15.4 15.18
Moisture 5.0 4.91
Pressure, psig 139. 139.
Steam, 1lbs/hr 691. 691.
Air, 1bs/hr 4001. 4001.
Air temp., °F 231.
Steam temp., °F 1024.
Product gas, lbmoles/hra 200.7 215.
Gas Composition, %

Cco 18.6 14.55

Co, 9.2 12.61

Ny 54.3 50.93

H 14.3 15.86

CHy 2.11 4.06

CoHe 0.17 0.34

HpS 0.85 0.8

02 0.65 _
Steam Decomposition, 5D 65.4 60.9
lleating value of gas, BTU/SCF 131. 154.
Temperature of gas, °F 839. 1110.
Carbon Conversion® 0.843 0.955
lHeat Loss (% of heating

value of coal)d 23.53 16.7

*a-e See TABLE 4 for legend.



In Figure 27 +the bed temperature profile is shown as a function of
bed height. The maximum temperature is only about 1505°F(1125°K)
because of large heat loss. The temperature shown in Figure 27 is the
mean between gas and char. It has been demonstrated that in the
combustion zone; temperature of coal pafticles can be higher than ges
temperature by as much as (300-500°F) (200-300°C). In Figure 28
concentration profiles for CO, 002, Ho, HpO and Op with respect to bed
height are shown. The sudden changes in the value of the gas concentration
at the exit conditions are because of the assumption of instantaneous
devolatilization.

Effect of air/coal ratio on the carbon conversion (defined as fraction
of carbon in the feed converted to gas and tar) and the heating value of
the product gas are shown in Figure 29. Since the char-oxygen reaction is
very fast, and increase in oxygen (or air) increases the carbon conversion,
but simultaneously increases the fraction of inert nitrogen in the gas,
thereby reducing the heating: value of the product.

Effect of air/coal ratio on the product gas composition is shown

in Figure 30. The fact that concentration of CO increases while that of

Hpo and COo decreases as air/coal retio is increased is due to one, or a
combination of, the following factors.

1. Increase in nitrogen dilutes the concentration of CO and HQO

in the gas stream, thereby reducing the extent of water-gas
shift reaction.

2. Increase in oxygen increases the amount of CO and CO, formed.

3. Increase in oxygen also tends to decrease the char-steam reaction
resulting in the reduction of CO and H, formed.

Similarly, effects of steam/coal ratio on the carbon conversion and
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heating value of the product, and on gas composition are shown in Figures

31 and 32 respectively.

Excess steam lowers the temperature in the bed aﬁd hence reduces
~the extent of char-CO, and char-steam reaétions. Furthermore, the
heat produced by the oxidation reaction is converted to sensible heat
(in hebting up the excess of steam) rather than the chemical heat

(converting C to CO and Hp).

However, as watergas shift is comparatively fast even at low tem-

perature, excess steam converts CO to 002 and Ho as shown by the

following reaction:

CO + Hy0 pa CO2 + Hp

Effects of pressure on the carbon conversion and the gas composition

are presented in Figure 33 and Figure 34.

The rate of char-oxygen reaction is directly proportional to the
partial pressure of oxygen. Hence, at low pressures (1-3 atms),
oxidation starts late in the upper portion of the bed. This extends
the combustion zone, which results in the lower conversion and the extent
of shift conversion is also reduced. This can also be explained by the
plot of height versus the temperature of bed at different pressures shown
in Figure 35, However, higher pressures (5 atm and more) do not have any

gignificant effect on the gasifier performance.

In e fixed bed gasifier, the residence time of coal is long (1-2% hrs).

If the bed height is increased, it increases the height of the drying-
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Figure 33 Effect of pressure on carbon conversion
and the heating value of the product gas
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Figure 34 Effect of pressure on gas composition
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devolatilization zone. This cools down the outgoing gas and slightly
increases the extent of watergas shift reaction. ILffect of bed height
on gas composition and carbon conversion are shown in Figure3g and
Figure 37. 1In Table 10, temperatures at different heights are listed
for different total bed heights. The operating variables used are same

‘as that for Figﬁres 36 and 37 .

Heat loss in the MER(C's gasifier is significant because the surface
area per unit volume of the gasifier is high and also due to the use of
water Jacket. This highe: heat loss is compensated by the char oxidation
reaétion requiring more air. In Figure 38, heat loss is plotted as a
function of carbon conversion using air/coal ratio as a parameter. It
is interesting to note that by reducing the heat loss, the consumption of
air can be lowered considerably which is what is done in the GEGAS-D
gasifier. Reduced heat loss will not only inerease the thermal efficiency

but will increase the heating value of the product gas.

4.3.1 Results For Oxygen-Steam System

Results, similar to the air-steam system, are presented for the

oxygen-steam gasification system in this section.

In Table 11, compositioh and the heating value of the product gas
are listed for the following feed rates (since experimental data are

not available, coal feed rate was arbitrarily selected).

coal = 3000. 1bg/hr
Steam = 5250 lbs/hr
oxygen = 2250 lbs/hr

In Figure 40, concentration profiles for CO, COp,, Hp, HpO and Op

-
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Total bed
height ft.

Height ft.
0.

0.

1.

9.
9.

Exit Gas

0

5

0

0

5

TABLE 10

TEMPERATURES AS FUNCTION OF HEIGHT

FOR DIFFERENT TOTAL BED HEIGHTS

Temperature

5.5

620. (°F)
649.
1001.
1486.
1496.
1440.
1398.
1356.
1331.
1300.
1264.

1241.

1045.

Arkwright Bituminous Coal

Air/coal
Steam/coal

Pressure

3.2 1b/1b
0.5 1b/1b

9.5 atms

7.5

620. (°F)
665.
997,
1486.
1497.
1442.
1410.
1356.
1322.
1293.
1264.
1240.
1214.
1190.
1167.

1143.

950.

9.5

620. (°F)
667.
975.
1530.
1498,
1443,
1400.
1358.
1324.
1295.
1266.
1241.
1217.
1190.

1167.
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SIMULATION RESULTS OBTAINED FOR .
COAL GASIFICATION WITH STEAM AND OXYGEN

Coal Type

Feed Rate, 1lbs/hr

% Composition

C

H

0

N

S

Ash
Moisture

Steam, 1lbs/hr
Oxygen, 1lbs/hr
Steam-Oxygen temp., °F
Product gas,lbmoles/hr

Gas Composition
Co
€Oy
N2
H,
3V]
Collg
HoS

[

Steam decomposition, %
Heating value of gas BTU/SCF
Temperature of gas, °F
Carbon conversion

lieat loss, % (of coal
heating value)

TABLE 11

Arkwright
Bituminous

3000.

00N S~ UU
=N RO DY

5250.
2250.
620

299.

13.
34.

42.

35.
260.
995.

18.

67

.95

16

.05

.76

.929

Upper
Freeport

3000.

4500.
1600.

620

215.

11.
34.
.41
.61

39

29.
283.
964.
.779

16.

O RN
[ew BN FX oo B NS IR Fy I e .

63
79

.72
.76

37

89

Western
Kentucky

3000.

[T N7 VS R T
s e s s e s e
SO, O~JO VTN

4500.
1600.
620

231.

10.
32.

43.

29.
286.
980.

13.

71
61

.31

08

.07
.67
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are shown for the above conditions.

Effects of various factors are shown in Figures39 through46 .
Reasoning similar to what was discussed in connection with the air-stean
system can be used to explain these effects, and hence need not be

repeated.

The model developed in this study can be used to establish the oper-

ating variables.

From the Figures, it may be suggested that the following ranges
should be used for the operation of oxygen-steam system.

oxygen/coal 0.6 - 0.8 1b/1b

steam/coal 1.5 - 2.0 1b/1b

The information available for Lurgi gasifier shows that the gasifying

capacity (in 1bs/hr/ft°)increases 2 to 2.5 times when oxygen is used for

gasification in place of air.
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Figure 39 Temperature profile for oxygen-steam system
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Figure 43 Effect of steam/coal ratio on gas composition
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5. CONCLUSIONS AND DISCUSSION

5.1 Conclusions

The comparison of results presented in the previous sections
show that MERC's fixed bed gasifier has been nodeled successfully.

Following conclusions can be made from this study:

1. Large amount of air has to be supplied to the gasifier

because of the high heat loss.

2. The use of excess air reduces the heating value of the

product gas.

3. Excess air increases the percentage of CO and reduces the
percentage of COz and li, in the product gas.

4. T[xcess steam does not have a significant effect on carbon
conversion, however CO is shifted by the water gas

equilibrium to produce more hydrogen.

5. Pressure, (higher than 5 atms and less than 17 atms) does
not have a significant effect on the gasifier performance

except that more coal can be gasified per unit area.

6. Amount of methane formed is fairly constant and depends

mainly on the type of coal.

7. Height of the bed does not significantly affect the
carbon conversion or the gas composition. It lowers the

temperature of the outgoing gas.
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8. There is no apparent correlation between the amount of tar
produced and any of the operating variables. Q
9. This model can also be used to simulate an oxygen-steam
system.
10. The estimation of two separate temperature profiles for the

gas phase and the solid phase is necessary to predict the

actual maximum temperature,

5.2. Suggestions for Improving this Model:
The model developed in this study can be further improved

along the lines discussed below,

5.2.1, Temperatue Profile for Gas Phase and Solid Phase:

The initial value of temperature assumed at the bottom of the
gasifier (above the grate) in calculation of temperature profile
has a significant effect on the accuracy of the temperature
profile.. Therefore, it would be more useful if separate tempera-
ture profiles for both gas phase and the solid phase are estimated,
This calculation will be useful especially in the drying-devolatiliaza-

~ tion zone and the ash zone. It will also indicate the actual maximum
tempefature of the‘solid rather than the average temperature of the
bed. |
5.2,2, Heat Loss:

Heat loss in the MERC pilot plant gasifier is about 13 - 18 %
of the heating value of the coal. In this study, heat loss (which
includes unaccountable heat loss and the heat recovered by cooling
water) was assumed to be proportional to the fraction of heat
generated in the combustion zone. This assumption needs further
modification. Since the walls of the vessel are cooled by the water Q;;>

jacket, there is a temperature gradient in the radial direction, with
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that portion of the bed close to the wall being at a lower temperature.
It is possible therefore, that little reaction will occur in this
region. Heat loss is important in a MERC's gasifier but is expected

to be less significant in case of a larger gasifier.

Need of Further Information:

It has been mentioned at several places in this report, that
experimental data available on the kinetics of coals under varied
conditions are scarce. The need for these.data cannot be over
emphasized. Even the structure of coal is not yet understood com-
pletely and needs additional effort to clarify its effect on gasifica-
tion. In pyrolysis, total yield of volatiles can be estimafed with
a fair degree of accuracy. However, the composition of product gas
or the amount of tar cannot be determined with any certainty. Since
product distribution depends on a number of factors; for example,
type of coal, particle size, temperature, heating rate, etc., further
investigation is needed in this area. Similarly, the rate constants
reported by various investigators vary widely because of different
experimental conditions and techniques employed,

. Very little information is available on the stoichiometry of
char-oxygen or char-steam reactions, This type of data will also
help in determining the amounts of gasifier products like HCN, NHS’
SO2 and CcQ's which are present in small quantities.

The main products of the.char-oxygen reaction are carbon
monoxide and carbon dibxidé. Data availablé in the literature are
insufficient to estimate accurately the ratio of CO to o, formed
as a result of oxidation. Part of the CO formed may react with the
oxygen in the gas phase producing additional carbon dioxide. This

may be significant in the estimation of a gas temperature profile.
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Furthermore, the extent of methane formation as a result of gas phase
reaction ( CO + 3H2 - CH4 + HZO), or solid gas reaction (C + 2H2 >
CH4), or during pyrolysis needs further clarification.

Suggestions for Further Work:

Other factors, which should be examined in modeling of MERC's
gasifier are listed below:

1. Effect of Feed Size:

Coal particles swell to different degrees during pyrolysis
depending upon the characteristics of coal. This change in
particle size will affect the rates of various reactions. In
addition, the heat transfer between solid and gas also depends
on the particle diameter,

The composition and physical structure of ash formed during
and after coal gasification play an important role in chemical
and physical phenomena of coal gasification. Very little if
any information is available on this aspect,

2, Effect of Stirrer:

There seems to be a correlation between the stirrer speed
and the amount of dust formed. The cooling water circulated
through the stirrer may have some effect on the temperature of
bed, The effect of stirrer speed on the mixing of the bed

should also be examined.
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Calculation of devolatilization product distribution:

Total yield of volatile products is estimated using Gregory and Little-

John equation assuming that solid'is at 850°K.

In addition, the following assumptions are made:

(1) Amount of carbon in tar = 4% carbon in coal feed, composition of

tar is as follows:
C = 85.0% by wt.
H= 6.0
0=25.0
N=1.4
S=1.9

Ash = 0.7

(2) Amount of methane formed/1lb of coal = 0.0035 1bmole

(3) CH4/CoHG = 12.

(4) C€o/CO, = 5.

(5) % H converted

% N converted

% S converted

(0.35 - 0.65 X_ )100.

100,

(0.3 - 0.74 Xc_y100.

100.

(0.3 - 0.74 X¢ 100..

100.

where X. = % of carbon converted.

(6) All the oxygen present in coal is converted to various products

during pyrolysis using these assumptions, product distribution of

€O, CO0,, )5, NH, CHy, C2H6, Hy, and H20 was estimated.

One

such calculation gives the following results:
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co 10. %
co, 2. %
i, 38. %
Cil, 33. %
CoHg 3.4 %

13
H,0 4.4 %
NH- 5.0 %
H,S 4.23 %

Tt is to be noted that this is a rough estimation based on material
balance of H, 0, N, and S. This calculation cannot be improved, at this

time, because of lack of experimental data.




Main Program

HITBED
AREA
TEMPA
XC
X0,
Xi1,0
XCO
XCo,
Xil,
XClig
XCARB

XASH

IR

HTLOSS
WGEC
WGEE
XCAL
STDE
HVG
PHLOSS
COLDE
TEFF

CPS

i)

i

n

]

NOMENCLATURE

heignt of bed, cm i.e. bed, cm

. 2
cross-sectional area, cn

temperature at the bottom of the bed

assumed carbon conversion

mole fraction of
mole fraction of
mole fraction of
mole fraction of
nole fraction of
mole fraction of
carbon fraction
ash fraction
heat of reaction
heat of reaction
heat of reaction

heat of reaction

oxygen
steam

carbon monoxide
carbon dioxide
hydrogen

methane

of exothermic reaction
of endothermic reaction

in the gas phase

heat loss in cal/sec/cm

water gas equilibrium constant, theoretical

water gas equilibrium constant, calculated

calculated carbon conversion

steam decomposition, %

heating value of

o

% of heat loss

cold gas efficiency, %

[

the gas, BTU/SCF

0,

thermal efficiency, %

heat capacity of

solid, cal/gm°K
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CSEQK
AKV
WGEQK
AK2
AK7

EQy
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char-steam reaction equilibrium constant
char-steam rate constant
water gas shift equilibrium constant
rate constant for char-carbon dioxide reaction
rate constant for char-hydrogen reaction

equilibrium constant for char-hydrogen reaction

Subroutine S to 1

CaHBOYNGSe + (0/2 + B/2 + v + 8/2 + €)0,

+ CO + CO, + B/2 H20 + € SO, + & NO

Subroutine S to 2

+a CO+ (a-v-B/2 - €)H0 + §/2 Ny + € HpS

Subroutine FPPLOT

X1

Y1

NPT

= Array of X variable

= Array of Y variable

= Number of points

ICHAR = Character for printing

J

= Maximum number of points

Subroutine Input

MOIST
WM

F1XC

n

moisture in coal, %
volatile matter of coal, %

fixed carbon in coal, %
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ASH = ash in coal, % Q
IIVCOAL = heating value of coal, BTU/1b
FC =Ifraction of carbon in coal

Fl1 = fraction of hydrogen in coal
FO = fraction of oxygen in coal

FN = fraction of nitrogen in coal
FS = fraction of sulfur in coal
FASil = fraction of ash in coal

COAL = coal feed rate, 1b/hr

AIR = air feed rate, 1b/hr

STEAM = steam feed rate, 1lb/hr

TCOAL = temperature of coal, °F

TAIR = tenperature of air, °F
TSTEAM = temperature of steam, °F

P = pressure, psig

D1A = diameter of the vessel, ft.
54} = height of the bed, ft.

I'STEAM = enthalpy of steam

AMW = molecular weight

Subroutine CPH

Cp =+ BT + YT2
I, = Inthalpy of gas at temperature T
HFO = heat of formation at 293°K

Subroutine CRRECT

It

XNEW new assumed value for convergence

INDX

"

identification number, if equal to 1, the converged valuc Q
lies between the assumed and the calculated value.



-

DX = step size

El = previous error

E2 = present error

X1, X2 = old and new values of the variable

Subroutine DEVO

XCH4 = moles of methane formed/1b of coal
YIELD = volatile products yeild

ALPHA = gm-moles of carbon in coal (ash free)
BETA = gm-moles of hydrogen in coal (ash free)
DELTA = gm-moles of nitrogen in coal (ash free)
EPSI = gm-moles of sulfur in coal (ash free)
GAMMA = gm-moles of oxygen in coal (ash free)
ALPHPP = gm-moles of carbon in tar

BETPP = gm-moles of hydrogen in tar

GAMPP gm-moles of oxygem in tar

DELPP = gm-moles of nitrogen in tar

EPSPP = gm-moles of sulfur in tar

ATAR = amount of tar produced,gn/sec

XP = % of carbon conversion in devolatilization
EPSIP = gm-moles of sulfur remaining in char
BETAP = gm-moles of hydrogen remaining in char
DELTAP = gm-moles of nitrogen remaining in char
DClly = gm-moles of methane formed

Dil,s = gm-moles of hydrogen sulfide formed
DCyllg = gm-moles of ethane formed

DH20 = gm-moles of water formed

DNH

3 gm-moles of ammonia formed

111




th

nNCOo

i}

gm-noles of hydrogen formed

gn-moles of carbon dioxide formed

am-moles of carbon monixide formed

Subroutine RATLS

TS
TG

RATE1L
PATEZ2
RATE3
RATTA4
RATES
RATEG
RATE7
™

KS

KD1FF

1]

solid temperature, °K

gas temperature, °K
char-oxygen reaction
char-steam reaction

water gas shift reaction
o+ 1/2 02 - C02

1, + 1/2 0y > 1,0
char-carbon dioxide reaction
char-hydrogen reaction

mean temperature

surface reaction coefficient

diffusivity coefficient
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THE CALCULATINNS

IN FEFND,HETGHT OF BED,AREA

HOWFVFER ALL

cn?
MW(R)4,TO#AMW(3))
C.H,D,N,S,

HT NR CONZ VS HT 1S NEEDED THAN PUT NPLOTRal

E IN FPS UNITS,
SUBSTITUTE NPLOTR=2

REF KELVIN
2CO

---.Cﬂztu?-
VS.~

ceeCD¢+H2
+1/72.02

+H20
02 amwaw-H20
2+ C

IF PLOT OF TEMP,

NTHERWISE
CALL INPUT

0
) &
2

2,32N2,42H2,5=2CH4,68C2HL, T=H2S,8202,93H20,103NHI, 113aND
IN GM«MOLE/SEC

32C,14=H,1%520,16=N,17=2S,18=2A8H,19=T8,20=TG

N NG
Chordad ad N\ CUCKE
FEFARCaAaEECOUVILe-Q D :

IO~ g ICUHUT Al b
OCOLCA0 KOCHNACh2a Il
[ 9] CSreU - YO XXX

COAIR=ZATR/COAL
CONVERTS UNITS OF COAL,STEAM AND AIR FFEDRATES FROM LBS/HR TN GMS/SEC OR

GMOLES/SFEC
AIRZATR®#45

STEAM=STFA

Vvi=VM
P=(P+14.71/14.7

COAL=CDAL
1009 CONTINUFR

CONTINUE
PRELIMINARY CALCULATINNS E.G.

KX=1
C=COALSFC

64

(SIS ISP SIS SIS SIS S]] SIP]

XX QPOO,?
[ 3-M:9. 8L . 8 o
“FOUUNE RO
e SE O
[ 4SS -~ |
—ESRE N
S o UG <2 D [ L ¢
TTCCT.%TXD

o~

NBEND=HTBED+0.5

HTRED=sNRED

WRITE(6,105)ATIR,COAL,STEAM
ARFAsDIA®

HYsFH#COAL
DaCOALSFD
ANSCOALWFN
S=COAL#FS
ASH=COAL#FASH
HTRED=HT#30,48
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\N IV G LEVEL 21 MAIN DATE = 77350 13/26/09
¢ PLOT OF CONC. OF H2 VERSUS HEIGHT
CALL FPPLOT(X5,Y3,NPT1,ICHAR(3),1,J)
WRITE(6,108). .

c PLOT OF CONC, OF 02  VERSUS. HEIGHT
CALL FPPLOTC(R6,Y3.NPT1, ICHAR(4),1,J)
WRITE(6.108)

¢ PLOT OF CONC. OF H20 VERSUS. HEIGHT
CALL FPPLOT(X7,Y3.NPT1,ICHAR(S)\1,J)

602 CONTINUE
5000 CONTINUE
sTop
END
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INPUT DATE = 773%0 13/26/09
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Iv G LEVEL 21 CPH DATF = 77350 13/26/09
SURROUTINE CPH(J,TEMP,CPG,H2)
THIS SUBROUTINE CA CULATES MOLAR HEAT CAPACITY AND ENTHALPY OF GAS
AT TEMPERATURE T
HFO=HEAT OF FDRMATION AT 298 DEGREE X Q

UNITS OF ENTHALPY ARE CAL/G=MOLE

F CP ARE CAL/GeMOLE K

DEGREEK AND CPm A+RT+CT2

2. 3'N2. 4xH?, S=CH4, 6=C2H6, TeH2S, 8=02, 9=H20, 10=NH3

ﬂ(l?) BC(!?) CC(i Y, HFD(12)
.420 214.6 524.6.947.3.381,2.247, 6.662.6. 14R,7.25

.5%4,
1.25:-0.2'19.04‘-39.20105.13403.102;2.298.3.912:
©0.001,2.4081,4.30,211.049,=0_854,=0,923,0.283,=1.50
0,000.0,=17889.,-20236.,~4815.,0.0.

600,/
MP+CC(J)#(1.F=6)4TEMPTEMP

UN

o

QOINNN00N
na
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21 RATES DATFE = 77350

13/26/09

SUBROUTINE RATES(TS,TG,DP,P,EP,XC0,XC02,XH20,X02,¥YH2,XCH4,XCARR,

2XASH,RATEL,RATE2,RATE3I,RATE4,RATES,RATES,RATFT)

REAL KS,KDIFF
RHOC=1.4
RHOASH=RHOC

IF(TS L,LT. 3a
TMZ(TS+TG)Y/
DIFF=z4.26%((
K?=871 «#EX
»

<1 G0 TO 301

0
2.
TG/1800,)#%q_.75)/P
P(=27000,/1.987/TS8S
D1 /(TS
KS 02%6

)
PHI=E.
KDTFF20,292#D1FF#2,#PHI/DP ATG)
RATE13P/(1,/KS+1,/KDIFF)#X ./DP¥(1.=EPIEXCARR/12,
CSFQK=EXP(17.6444%30260./(TS#1_R))
AkVz2,26%(1,.E+7)/12.%EXP(=35000./1.987/TS)
A1=AKV#(1,=FP)#RHNC#XCARR/82.057TS
A2=P#XH20-XH2#XCOsPuP /CSEQK
RATE23AI#AD
WGEQK=1 . /(RXP(3.6893e7234,/(TGn1,.8))) .
A3z 0.00005%3.586%(1.F+5)#FXP(=4895,/TS)#PaP/60,
A3z=zpA340.1
A4=(XCO%XH20=XCO28XH2 /WGEQK)
ASa(1.eRP)Y#XASHeRHOASH
RATE3I3AI*A48A%
RATE4=Z0.0
RATES=0,0
AK2E2 . #(1 . F+12)%EXP(=59600,./1,987/TS)
AK2=AK2/12.
A102(1.~EP)Y#RHDCHYCARR/R2.05/TS»XCO?2%P
RATEA=A10#AK?2
AK730.1013#FXP(6,974=19460./TS)
EQ720.4/34173 ,#EXP(18400,/TS)
2}%:3K3&(1.-EP)&RHDC*XCARR/R?.DS/TS/!2
=0,
IF(XCH4 ,GT. 0.0)A12=SORT(XCH4#P/EQT)
RATET=A1 {(Pexfi2eni2)
IF(RATET7 _LFE, (0_1FE«R))IRATF7=0.0
NTINUE
RETIURN
END
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21 STO?2 DATE = 77350 13/26/09

B3,R4,85,B6,87,B8,B89,B10,HR2)
DIMENS )

- WP I = W

+ (ALGAYH20_ “"AL CO +(AL=GA
EP H28avwommmmnen-n

6 M0 oo B7 D% BB H24 B9 N2+ Bi0 H2S

T4+

)
§Y+4B2/AMW(14)/2,.=B5/AMW(17))

9H(7)¢BG&H(4)+B7!H(‘l)-BG&H(Q)-HC&(M+B2¢B3+R4+BS)

2/12

RETIIRN
END
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13/26/09

= 77350
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AUN H0, 70_6 BIYTUMINOUS ARKWRIGHT COAL

] ANBALYSIS
:s?§¥uagsv0Ln§tgé c==553 ASH ggnfé:s VALUE
. MAT .
1.100 35.100  35.100 8.700 1367%,00

MATE ANALYSIS
gk;%on HYDROGEN NXYGEN NITFDG!NOggLP"R ag“

0,759 0.037 0,049 0.014 O, 0.0
COAL FEED RATE LB/HR 1097,.000

AIR FEED RATE L 4112,000

STEAYM FEED RATE LB/HR 301.000
TEUPERATURE OF COAL 77.000
TEMPERATURE JF RIR F 240.000
TEMPERATURE JF STEAM F  §120,000

5:53§¥55 08 En 51218¥8a FT 3.500
HEIGHT OF THE BeD FT 6,580
0.17947E 02  N.13R47E 03  0,35093F 01
0.3872034E 02 0.9249998E=01 0.1799999F 01
0.3883226€ 02 0.27R2802E 02 0.5328241E 01
0.17000S8E 02 0.1684321E 02 0,5446181E02
0.318720634E 02 0,0249998E=01 5_,1009999E 01
0.3853226E 02 0.2782802€ 02 0.532R241E 01

0.170005R%F 02 0O
78! 00 0O

SO000
O]

U - Lol iland
VOI0>
ORND W
OB ~d~d

0,3R92593€ 02 0,A24003AF=N1 N_1STRSIIE 01
0.38742635 02 0,2797980E 02 0.534NA63IE 01
0.1716916% 02 0,.1667635E 02 0.5846181E~02
0.3892%541F 02 0.R24999RF=01 N, 157RS23IE N1
0.3R74243E 02 0.2797980F 02 0,.534NR6IE 0
8.11169165 02 0.1667635E N “3383!.02
00 0.10
: 06 0.4%
02 0,78
NL0nnOF 0

0.3R925R3IE 02 0.R249098F=N1 N, 1STR52IE 04

DOOD
I

0,5
672
197
761
210
n,2

OHO~ID
D>

-
- R D

020000F 03 0.9962761F N3 O, 1070018F 03 0.1633342F=N4

0,3874243E
0.1716916C
0,3892383¢

02 0,27979R0€ 02
02 0.16RA763%F 02
N2 0.828999RF =01

0,5340R63E 0%
N.%466181F=02
A,157R823E 0

0.3€74243€ 02 0.2797900F 02 0.5340883E 04
0.1716916¢ 02
- 3343285503
0:50000¢ 00 ¢

0.34223¢ 01 O,

0.91130232 no A. |ogoot )
0.3892563C 02 0,.8249998F<01 0,1578823F Ot
9,36742432 02 0,2797990C 02 0.5340863L 01
0.1718916E 02 0.1687833C 02 0,35460191T02
9.38929032 02 0.02499002=01 0.1373823¢C 0f

O o

0.99
0.4%
0.7%

OO
PO

020000 03 0,9989417F 03 0,1067683R% 03 0.239597¢E=n4
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0.3874243E 02 0,2797980E 02 0,.5340B63F 01

020000E 03 0_,1001217€ 04 0,10657032 03 0.3271)79C=04

00
00
o1
0t
0.2

0.1578523F 01

0.3R74243E N2 0,2797980F 02 0,.5340R863F 0t
0.1716916E 02 0.1667635E 02 0,5446181F=02
0.38925R3€ N2 0.R249998FE=0t N, 157A523E 01
0.3874243E 02 0.2797980F 02 0.3340863F 04

0.3892%5R3E 02 0.8249998E=01

020000F 03 0,1003049E 04 0.1063789F 03 0.42%6239E-04

0.3892543F 02 0,.8249998E-01 0.1578523E 0t
0.3874243E 02 0.2797980F 02 0,5340863E 01

0.1716916E 02 0.1667635F 02 0,5446181E«02
0,3892583F 02 0.8249998E=01 N.1STBS523E 0y
0.3874243F 02 0.2797980E 02 N.5340863F 0t

020000F 03 0,1004733F 04 0,1062387F 03 0.5317718E=04

0.3892%93E 02 0.9249998E=01 N.1578523IE 01

0.3874243€ 02 0.2797980F 02 0,5340R63F 01

0.1716916E 02 N.1667635F 02 N.54461R1F=02

0.38925R83E N2 0.R824999RF=01

N.1578523F 01

0.3874243% 02 0.2797980E 02 0.5340R63E 01

020000F 03 0.100A201F 04 N, 1061188F 03 0,6454349E=04

0,3892%83E N2 0.8249998E=01 0,1578523F 01

0.3874243F 02 0.2797980E 02 0.S34DRE63IF 0f

0.1716916% 02 0.1667635E 02 0,5446181F=07
0.3892583E 02 0.R249998E=01 0.15TRS23F 0

0,3874243E 02 0.27979ROF 02 .0,5340863E 01
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020000E 03 0.10074R6F 04 0_1060143F 03 0,.7649702E=04
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