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ABSTRACT

A computer model of countercurrent moving bed coal gasifier developed
previously has been updated. This manual presents in detail how the computer
program developed is used. The unique feature of the present gasifier model
is the treatment of the pyrolysis of coal. The estimation of product gas
and tar distributions Huring devolatilization is usually difficult. In addi-
tion, tar and high molecular hydrocarbons produced during devolatilization
may be subsequently cracked and reacted in the vapor phase in the presence of
char and minerals. A semi-empirical approach is taken in the present model
to represent the pyrolysis zone of th2 bed. The pyrolysis reactions are rep-
resented by three simple chemical rezcticns: devolatilization, cracking and
carbon deposition with empirically estimazz2d reaction rate constants. The
amdunt of gas znZ =ar formed is estimated 5ased on these reactions together
with the transpors processes taking place within and around coal particles.

latilizzcion is much shorter than that

Q

Since the tizs required for dsv
required for gzsification, the height 37 22C neaded for devolatilization 1s
negligibly shcrt. The height of the bed is thus composed of the combustion
zone and the gasification zone. Combtustica is an exothermic reaction while
the gasification reactions are endothermic so that the temperature profile
along the bed height reaches a maximum in the combustion zone and falls in
the gasification zone.

The gasificarion reactions are assumed to be heterogeneouys reactions.
For fast reactions, diffusion is the rate controlling step while for slow

reactions, the surface reactions within the pores of particles is the rate

controlling step. Therefora, the rates of zasification reactions used in the

1i



model are composed of two terms, the reaction term and the diffusion term.

The computer program developed can be used for both simulation and de-
sign. It can be used to simulate a gasifier to obtain the gas product dis-
tributions and coal conversion and calculate the required bed height for a
given carbon conversion. A map of feasible operation ranges can then be
constructed for the optimum design of a gasifier.

Kinetic parameters for three different kinds of coal are specified in the
program. However, the program users may change these parameters according to
the guides listed in the manual if the coal used is different. In addition,
the reaction rate equations may be replaced if better rate expressions become
available.

It is important that the user chscks thes assumptions, the simplifications
and the limitations of this computer progrzz bafore applying in order to assure
that the applicadility of the medsl is within the range specified. The
scale-up and extrzpclation from normal oztzerating conditions should be done

with caution znd, if possible, verifisd through additional experimentations.

iii
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I. INTRODUCTION

The objective of this manual is to assist program users in effect-
ively utilizing the computer program that has been developed for moving
bed coal gasifiers. The computer program, developed by West Virginia Univ-
ersity, consists of two functions -~ design and simulation, for a counter-
current moving bed coal gasifier. One of the unique characteristics of
thg program is the capability of the program to estimate the amount of the
tar formed in the gasifier. The estimation of gas and tar formed during
pyrolysis is based on a set of chemical reactions and transport processes
taking place within a particle. This manual includes design maps and a
guide to change the parameters and the constants in the program so that
the user can apply this program to various operating conditions as well as
the different types of coal used. This program is written in such a way
thiat the program user can modify the basic program to fit different types
of coal easily.

Although mathematical models are often used for scale-up and optim-
ization as well as extrapolation beyond the range of normal operating
conditicns, the user should take extreme caution in applying the model
developed here for such purposes. Before using the program, the assump-

tions, simplifications and limitatioﬁs of models should be examined and

clearly understood.




II. MODEL

II-1 Assumptions

The moving bed coal gasifier shown in Figure I-1 is a countercurrent

gas-solid reactor. .Coal is fed to the top of the gasifier and undergoes

devolatilization first evolving tar and gases. The remaining char (here

represented by C) reacts with gases in the reaction zone in which the

following reactions take place:

1 2 2
l.Cc+ O *(2-?) CO+(V-1) CO2

¥ "2
2.C+H20'*CO+H2
. -+
3. HZO+C0+—HZ+C02

4. H2 + 1 O2 e 320
5. C + CO2 - 2 CO

6. C+ 2 H2 - CH4

The following assumptions are made in the model

1.

2.

3.

Gas in the reactor consists of CO, COZ’ Hz, HZO’ HZS’ N2 (including
Ar) and CH&' The amount of C2H4 and CZH6 is normally less than 17
and therefore combined into CHA'

Temperatue and gas composition are uniform along the radial dir-
ection. (Flat profiles)

Coal and gas flow as plug flow.

Devolatilization takes place separately from other reactions.

The gasifier model is therefore composed of two sections, as

shown in Figure I-2. Since devolatilization takes place in a
relatively short time (an order of seconds) as compared with the

total residence time of coal in the gasifier (an order of minutes
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5.

9.

10‘

11.

12.

13.

14.

to hours), it is further assumed that the length of the devol-
atilizacion section is negligible. The length of the reaction
section is therefore equal to the length of the gasifier.
Volumetric reaction represents all gas—solid reactions except
combustion which is 2ccording to the shrinking core model.

Gas temperature is the same as solid temperature at every point
in the gasifier (i.e. heat transfer between gas and solid is
instantaneous).

Temperature at the bottom of the gasifier is equal to the inlet
temperature of the gas mixture.

The heat transfer coefficient and the gasifier wall temperature
are constant.

All elemental hydrogen, oxygen, nitrogen and sulfur in coal is
released during devolatilization; and therefore, the char formed
contains only carbon and ash.

The total amount of devolatilized carbon is specified by the
program user in accordance with the type of coal fed and is
independent of the operating conditions.

Elemental nitrogen is distributed among tar and volatile gas in
proportion to their amount.

The C:H:0 ratio in tar is the same as that in the original coal.
All nitrogen in volatile gas appears as nitrogen gas, and all
sulfur appears as HZS' Composition of the remaining volatile gas
is the same as that of the exit gas from the reaction section with
the amount of hydrogen gas adjusted to satisfy material balance.

All of the additional gas evolved during devolatilization in the

presence of hydrogen (hydropyrolysdis) is methane.



15. Devolatilization is thermally neutral.

16. The gasifier pressure is constant.

II-2 Pyrolysis

When heated to high temperatures, coal decomposes and produces vol-
atiles which consist of a mixture of combustible gases, carbon dioxide,
water vapor and tar. The degree of coal devolatilization depends not
only on the type of coal but also on the operating conditions, such as
the heating rate, temperature and pressure.

Desai and Wen (3) used equations presented by Gregory and Littlejohn
(9) to estimate volatile yield. However, Gregory and Littlejohn's equations
were correlated without taking into consideration the effect of the part-
icle size and the temperature between the core and the surface.

Later, Wen and Chen (26) proposed a new mathematical model for
single-particle coal pyrolysis in an inert atmosphere based on the comb-
ination of chemical reactions and transport processes. Wen and Chen's
model is adopted here to estimate the amount of tar and gas formed during
the pyrolysis.

Three chemical reactions are assumed to occur simultaneously within
a coal particle which is undergoing pyrolysis. These are devolatilization,
cracking and deposition:

* Devolatilization

k

Coal—l—) X, = tar + (1 - Xl) char

1

Rate = klO exp (—ElO/RgT) Ccoal

* Cracking

k
Tar -—29 product gas




Rate = kzo * exp (-EZO/RgT) ctar

* Deposition

k
Tar"'Jlé'char

= } . -
Rate kaq ° €XP ( E3O/Rgr) ctar

The products of pyrolysis are categorized as char, tar and gas. Char is
defined as undistillable material which remains in the form of solids.
Tar is defined as the distillable liquid which has a molecular weight

larger than C Gas is defined as those components lighter than C6’

6°
i.e. CO, CHa, COZ’ c2H6’ HZO’ etc. Both tdr and gas occur in the form

of vapor at the gasifier temperature when coal is pyrolyzed. All of the
rates of reactions are assumed to be first order with respect to ;he
concentration of reactants, and rate constants are expressed in Ar;henius
form. The rates of formation of tar, product gas, and inert gas can

then be expressed as:

R =X *k,°C - (kz + k3) *C

tar 1 1 caoal tar

= . nd R =
Rgas k2 Cear fa inert gas )

MASS TRANSFER
The coal particle can be considered as a porous sphere, which retains
its integrity while pyrolysis reaction proceeds. The conservation equation

for the gaseous species, i, inside the particle having a mass concentration,

Ci, can be formulated as:



1

r

(r? - N) =R

3
2 or i

where Ri is the rate of generation of the species i due to the chemical

reactions.

Ni is the mass flux of the species 1 and can be expressed as the sum

of the rate of diffusion in the radial direction plus bulk flow through

the pores. Thus,

aC

1
Ny ® Degr,1 37 * Wy ;“' Ny

Wi, the weight fraction of the species i in the gas phase, can be ex-~

presséd as:
W, =C,/I c.1
h
The solid concentration,,ci, which is necessary for calculating the

reaction rate Ri’ can be obtained from the material balance equation as:

The conservation equation for the gaseous species i across the gas

f1ilm can be written as:

N -C

1 = kgy [C4 o - Cy

where Ci's and Ci p 3Te the concentrations of the gas species i at the
particle surface and at the bulk gas stream outside, respectively.

Here kgi'is the mass-transfer coefficient across the gas f£ilm and can

be estimated from an appropriate mass-transfer correlation.

HEAT TRANSFER

The energy-balance equation for the particle is derived by taking




into account convective, radiative, and conductive heat transfer with the

heating devices and the heat of reaction of the pyrolysis process:

., 9T _ 3 o) +30Fe o u ey 3o
cps ps it T T hc('rw T) + - ('rw T + " (Tv T) +
o o to
ZiHiRi

vhere m represents the fraction of the surface area of the particle in
contact with the heating element, and Tv is the temperature of the heating

element. Hi is assumed to be zero.

The mass-transfer equations and the heat-transfer equations discussed
above can be solved numerically based on the following initial and bound-

ary conditions:

t=0,C and T =T
[o]

1™ Ci0°

r=0, N, =0, and t = ro, C1 a C

i is

WEIGHT-LOSS CALCULATIONS

The observable phenomena for pyrolysis are particle weight loss, WL,
and product distribution. The amount of tar and gas formed at any time,
t, can be estimated by integrating the mass flux for tar and gas generated

by the particle for a given time interval:
L), = 4me2 SEN (e, £, dt
i oo i To

The total weight loss of the particle can be calculated either by the
addition of the weight loss of tar and gas or by the subtraction of the
weight of unreacted coal and char remaining in the particle during pyro-

lysis, from the original wieght of the coal. Thus,



Total weight loss = L (WL)i
» i

= (Original weight of coal) - (Weight of unreacted

coal) - (Weight of char formed)

DETERMINATION OF RATE CONSTANTS

The pyrolysis data of Anthony and Howard (1, 2) for bituminous coal
and those of Suuberg et al. (20) for lignite were used to determine the
redction-rate constants for the devolatilization step and the deposition
step. The cracking-reaction rate constants for bituminous and subbitum=-
inous coal and lignite were chosen on the basis of the product-
distribution data of Solomon (18, 19). The reaction-rate constants

obtéined for different ranks of coals are tabulated in Table II-1l.

Table II-1

Reaction-Rate Constants for Coal Pyrolysis Model

Reactionf Bituminous Subbituminous Lignite
rate constant coal coal
ko (1/sec) 1.1 x 10° 7.5 x 10" 5.1 x 10*
Eio (cal/g-mole) 21,200 18,700 16,200
k,o (1/sec) 9.7 x 10° 3.5 x 10'° 8 x 101°
E,o (cal/g-mole) 29,000 27,750 26,500
kyy (1/sec) 5.3 x 10* 2.5 x 10* 1.1 x 10°
E,, (cal/g-mle) 7,000 5,500 4,000

The amount of tar formed in the devolatilization step, X,, can be correl-

i

ated with the volatile matter content (based on dry, ash-free coal) for




10

various typés of coal as follows: ,

Bitumiﬁous and subbituminous coals: Xl = 1,30 (V.M.) + 0.025

Lignite: Xl = 0.95 (V.M.) + 0.025
This model is useful for predicting the amounts of tar and gas produced
during pyroiysis in coal gasifiers.

Estimation of volatile product composition is difficult. Using
assumptions 10 to 14, the gas composition and hydropyrolysis are cal-
culated in the program. The amount of devolatilized carbon should be
specified by the program user in accordance with the type of coal employed,
and particle weight loss by pyrolysis without hydropyrolysis can be cal-
culated by Subroutine DEVOL. In estimating'the amount of tar and gas
formed during the pyrolysis stage, the temperature must be between 400°C

and 1000°C while the pressure must be between 0.0l atm and 35 atm.

II-3 Gasification Reactions

In order to simulate the reaction section, differential equations
with respect to distance are set up for each of the eight variables con-
sidered in the program, namely, flow rates of char, CO, COZ’ 02, Hz, CH&’
H.O and temperature. For example, for the temperature and the molar flow

2
rate of CO, the differential equations have the following form:

6
dT
(p CpUA)EZ 'AiEIHi Ri-hTTD (T—Tw)

co 2
2 - W) R1 + R2 - R3 + ZR5

where D is the diameter of the gasifier, Tw is the wall temperature, h is

the heat transfer coefficient, Hi is the heat of reaction of reaction i,
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Ri is the rate of reaction i, A is the cross-sectional area of the gasi-
fier, Cp is the heét capacity of bed materials, p is the density of bed
materials, U is the superficial linear velocity and 7;0 is the molar

flow rate of CO. The rates of various gasification reactions, Ri are
expressed depending on the rate controlling steps.

The char-gas reactions are heterogeneous, foliowing volumetric re-—
action and surface reaction. in the volumetric reaction, the gas can
quickly diffuse into the particles and the reaction can take place through-
out the interior of the particle. For surface reactions, the reacting gas
does not penetrate into the particles but is confined at the surface of
the "shrinking core of unreacted solid"™ (22). Generally, the volume
reaction occurs when chemical reaction is slow compared to diffusion
while the surface reaction occurs when the chemical reaction is very fast,
and diffusion is the rate controlling step. In the char-gas reactions,
the burning of char is the fastest among the char-gas reactions taking
Place in a gasifier. Therefore it is necessary to consider diffusion
and to apply an unreacted-core shrinking model to the char-oxygen re—
action. The reaction rate considering gas film diffusion, ash diffusion
and chemical reaction is shown as:

Rate = — 1 (®; - PP
T .+ +
film k V& ash

where kfilm is the gas film diffusion coefficient, ks is the chemical

reaction constant, kash is the ash diffusion coefficient, Pi is the part-

ial pressure of reactant i and P; is the back reaction equiiibrium

pressure of reactant i.
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II-3-1 Char-Oxygen Reaction (Reaction 1)

The stoichiometric coefficient equation of char-oxygen reaction can be

expressed as:

1 2 2
C+W02+(2—?) CO+(¢—1) COZ

The stoichiometric coefficient "¥" in the reaction shown above depends on
the femperature and particle diameter, as well as the type of coal. Wen
and Dutta (24) proposed a correlation for a rough estimation of ™" by a
linear interpolation between small and large particle sizes. The value
of "Y" ranges from zero to one. For large particles (>lmm) the valﬁe of
¥ is close to one.

Field et al. (7) presented a chemical reaction rate and gas filni
diffusion constants for the char-oxygen reaction. Desai and Wen (3)
studied the char-oxygen reaction without considering the ash dif-
fusion. In the moving bed gasifier, coal particle sizes are of the order
of 10 mm, and in most cases, the gas film and ash diffusions are the rate
controlling steps. Therefore the rate equation shown below considering
gas film and ash diffusion resistances without reaction resistance are
adopted in the program: (22)

1/k

R, =By /(1/k sk’

+
i 2 film

k im = 0.292 - 4.26 (T/1800)1'75/(dp T)

film

E 2'5

kash = kfilm ) P @/ - 1)

Y= /

T T .
core’ "particle

where R, = the reaction rate (gm-mole/cm? « sec)
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ep = porosity of ash (=)

kfilm = mass transfer coefficient for gas film diffusion
(gm-mole/cm® + sec + atm)
kash = mass transfer coefficient for ash diffusion

(gm-mole/cm® + sec + atm)
rcore = agverage radius of shrinking unreacted coal particles (cm)

Tparticle = 2Verase radius of feed coal particles (cm)

11—3-2 Char-Steam Reaction (Reaction 2)

The char-steam reaction is rather slow when compared to other re-
actions occuring in a gasifier. This endothermic reaction along with the
char-carbon dioxide reaction follows the "volumetric reaction” and con-
trols the maximum temperature. Therefore, the kinetics of this reaction
are very important.

Wen (23) proposed a simple rate expression shown as follows:

Rate = Kv (PHZO - PH2 PCO RT/keq) [c]

where [C] = concentration of char
keq = the equilibrium constant of the reaction
Kv = the rate constant per unit volume

In the program, the following expressions based on the above equation are

used:

Ry, = ky, exp (-E,/RT)[C] (Pazo - Pnzo*)

*x = -
PHZO PHz Pco/exp (17.29 16330/T)

where R2 = the reaction rate (g-mol/cm?® - sec)




ko2 = the reaction rate coefficient (l/atm °* sec)

Ez = the activation energy for the reaction (cal/g-mol)

The values of ko2 and E, are different for different forms of chars (5, 6,
8, 10, 11, 12). In this program three sets of kinetic constants for dif-
ferent ranks of coals are presented. These constants are listed in III-3
and are determined‘ffom experimental data (4). Since the char-steam
reaction is affected by diffusion through pores of char for temperatures

above 1200°C (10, 13, 14), the above rate expression should not be used

when the temperature exceeds 1200%¢c.

IT-3-3 Water-Gas Shift Reaction (Reaction 3)

This reaction is quick, especially in the presence of a catalyst.

14

Most water-gas shift reactors employ an iron-base or chromium-base catalyst

to produce hydrogen from CO and HZO. Desai and Wen (3) used a second

order rate expression developed by Moe (15) to describe this reactionmn.

Singh and Sarah (17) also proposed a first order rate equation taking into

account the effect of temperature, pressure, age of catalyst, and HZS
content in the reacting gaé on a catalyst.

By assuming a correction factor, b, which represents the reactiv-
ity of ash in the char as a catalyst, the following equations were used
in the program:

Ry =b ¢ 2.877 x 10° x exp (-27760/RT)

* &g XHZO - Xco2 an/kwgs) X sh Pc

0.5-P/250

P (1 - Ebed) exp (-8.91 + 5553/T)

kwgs = exp (~3.6890 + 7234/1.8 T)
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where R3 = the reaction rate (g-mol/cm® + sec)
kwgs = the equilibrium constant of the water-gas shift reaction
b = the correction factor taking into account the relative react-
ivity of ash to the iron-base catalyst.

In this program three different correction factors, b, were used. They

are listed in Table III-1l.

II-3-4 Hydrogen~Oxygen Reaction (Reaction 4)

This reaction is extremely fast, particularly in the presence of
minerals that can act as catalysts. Therefore, it is assumed that no
hydrogen exists in the presence of oxygen. Although some investigators
simulating gasifiers (3, 27) neglected the hydrogen-oxygen reaction, this
reaction was included in the program. Using the following reaction rate
expression, a good concentration distribution curve has been obtained.

R, = 3 - 10'° exp (-16000/RT) (P, /82.06 - 7)°">

@y /82.06 - 1% e 4 :

where R, = the reaction rate (gm—mole/cm3 . sed)

4
ebed = the porosity of the bed (=)

II-3-5 Char-Carbon Dioxide Reaction (Rea;tion 5)

Gasification of carbon by carbon dioxide is somewhat analogous
to steam gasification: 2 mols of CO are made from 1 mol of reactant gas,
COZ’ leading qualitatively to the same conciugion drawn for steam gasifi-
cation about the effect of temperature and pressure. Wen and Tone (21)
suggested that the reaction rate seems to obey the Langmuir type adsorp-

tion relation and to be a first order reaction with respect to CO2 at a
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low CO2 partial pressure and at a temperature below 1300°C,
Three sets of reaction coefficients and apparent activation energies

are used based on the following equations similar to the rate equatiéﬁ used

for carbon-steam reaction.

R. = k

2 2

* = - ¢
PCOZ PCGZ/exP (20.92 20280/T)

where R5 = the reaction rate (g-mole/em? * sec)
kOS = the reaction rate coefficient (1l/atm ° sec)

E. = the activation energy for the reaction (cal/g-mole)

5

II-3-6 Char-Hydrogen Reaction (Reaction 6)

The reaction of char and hydrogen 1s exothermic and produces mainly
methane. This reaction is very slow when the hydrogen partial pressure
and temperature are low. At high hydrogen partial pressures and at temp-
eratures above 700°C, the rate of this reaction becomes appreciable.

Wen and Huebler (20) proposed empirical equations for the rates of
first and second stage hydrogasification. The initial phase of reaction
betweeq hydrogen and coal is rapid and has been considered in the devol-
atilization section in the gasifier. The reaction of hydrogen with the
remaining char is much slower. In this program the following rate exp-
Tessions are used:

R, = exp (-7.087 - 8078/T) (PH - PH *) [C]
2

6 2

Py * = [Py Jexp (<13.43 + 10100/1)1%*>
2 4
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ITI. CALCULATION PROCEDURES
III-1. Structure of the computer program
~ The computer code consists of the main program, eleven original sub-
routines and three library subroutines. The structure of the computer
program is shown in Figure III-1, and the functions of the subroutines are
listed in Table III-1.

Shown in Figure I-2 are the conditions of the inlet gas and the coal
feed. The amount of ash is specified by the proximate analysis. The
boundary value problem can be solved by first assuming a value for the car-
bon flow rate in the solid output and then using the fourth order Runge-
Kutta method to solve the resulting initial value problem from the bottom
to the top of the reaction section. The secant method is used to adjust
the assumed value until the calculated flow rate of solid input into the
reaction section matches the prescribed flow rate (see assumption 10).

~For the devolatilization section of the gasifier, a separate subrou-
tine (DEVOL) is used to calculate the amount of tar and gases formed as a
result of pyrolysis. The amount is a function of gasifier pressure, molec-

ular weight and the temperature of the effluent gas from the reaction section.

An additional amount of devolatilized carbon due to the presence of hydrogen
(hydropyrolysis) in the vapor phase cannot be estimated at this time. This
amount must therefore be a user-adjusted parameter (assumption 10).

The program can also be used to design a moving bed coal gasifier if
the fractibn of unconvertgd carbon is specified. The initial value problem
can be solved for the reaction section from the bottom upward until the cal-
culated coal input rate is equal to the specified value. The distance
calculated is then the required bed height. In this calculation, iteration

is not required.
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MAIN
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CRECT
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CONSTK
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Figure I1I-1 Program Structure
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Subroutine

Table III-1. List of Subroutines

Function

Controlling Program

Input to Subroutines

Output to Subroutines

INPUT

to read and print input
data

Main Program

all input data except
data given by data
statements § block
data

same as left

CPH

to: calculate the heat

- capacities and enthalpies

of gaseous species

Main Program

temperature

heat capacity & enthalpy
of each gas

CPSOL
{(Function)

to calculate the heat
capacity of coal

Main Program

- temperature, carbon

and ash ratio in
devolatilized coal

heat capacity of coal

RATES

to calculate six

.reaction rates

Main Program

temperature, gas
composition particle
diameter and amount
of combusted carbon

six reaction rates

DEVO

to calculate the -amount
and composition of vola-

'|. tile products

Main Program

temperature, compo-
sition of coal, amount
of coal fed and frac-
tion of pyrolyzed
volatile matter

amount and composition
of tar and gases

‘DEVOL

.to calculate the amount
-of volatile products

DEVO

‘temperature, compo-

sition of coal and
amount of coal fed

amount of tar and gas

DFN

to supply the differen-
tial equations for
solving mass flux and
concentration of species

DEVOL

coefficients of
differential equations

differential values

61




Subroutine

Function

Table 111-1. (continued)

Controlling Program

Input to Subroutines

Output from Subroutines

INIT

to calculate the initial
conditions for solving
the differential equations

DEVOL

devolatilization rate
and coal concentration

initial conditions

DFNN

to calculate the coal
concentration

INIT

devolatilization rate
and coal concentration

change of coal concen-
tration

CONSTK

to fetch the rate cop-
stants for three kinds
of coal

DEVOL

type of coal

reaction rate coefficients
and activation energies
for pyrolysis

CRECT

Library
Subroutine

DREBS

to adjust carbon conver-
sion by Secant Method

to solve the first order
non-linear differential
equations by Burlisch-
Stoer extrapolation
method

Main Program

DEVOL
INIT

calculated carbon con-
version and difference
between assumed and
calculated values

modified carbon conversion

*developed by International Mathematical §
Statistical Libraries, Inc.

NLDEQS

to solve the first order
non-linear differential
equations by Runge-Kutta
method with fixed step-
length

Main Program

*developed by University of Waterloo Computing

Center

NBAM

NLDEQS

N

*developed by University of Waterloo Computing ©

Center

FPPLOT

-to plot diagram

Main Program
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III-2. Flow chart of the computer program
Figure III-2 shows the computer flow diagram. when IND has a value
of 2, the function of the program is simulation, and the carbon conversion
has to be found by trial and error in the program; while IND is not equal

to 2, the carbon conversion at the bottom of the reactor should be specified

by the user.




22

XG«0-98

iTeD

! y
( : ) o 1Te 1T+1
0

Y

CALCULATE CONDITIONS AT THE BOTTOM OF THE GAS!FIER

\ 4
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Figure III-2 Computer Flow Diagram
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PRINT RESULTS AND PLOT CURVES

Figure III-2 (continued)
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ITI-3. Kinetic constants

The simulation program was used to determine kinetic constants. Sim-
ulations using oxygen as input gas were compared with the experimental data
from the Lurgi Pressure-gasification plant (4) to obtain suitable kinetic
constants. The experimental data by the METC fixed bed gasifier (3) were
used in comparison for a gasifier using air as feed gas.

Four different kinds of coal--Arkwright, Pittsburgh No. 8, Illinois
No. 6 (Bituminous)and Rosebud--were chosen for comparison. Reaction rate
coefficients and apparent activation energies for char-steam and char-
carbon dioxide reactions, the correction factor for water-gas shift reaction
and fraction of volatile matter released by pyrolysis were obtained by
simulation, as shown in Table III-2. Tables III-3 to III-6 show good agree-

ment between simulation and experiment.
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Table III-2. Kinetic Constants

Arkwright Pittsburgh Illinois

Pittsburgh No. 8 No. 6 Rosebud

{(Bituminous) (Bituminous) (Bituminous) (Subbituminous)
KOZ’ 1/atm + sec 600 930 3000 70.0
E;, cal/g-mole 45000 45000 42000 30000
b 0.0068 0.0068 0.0155 0.014
kOS’ 1/atm - sec 600 930 3000 70.0:
ES’ cal/g-mole 45600 45000 42000 30000
kj» 1/sec 1.1 x 10° 1.1 x 10° 1.1 x 10° 5.1 x 107
ElO’ cal/g-mole 21200 21200 21200 16200
Ky, 1/sec 9.7 x 10° 9.7 x 10 9.7 x 10° s x 101
EZO’ cal/g-mole 29000 29000 29000 26500
kgos 1/sec 5.3 x 10* 5.3 x 10° 5.3 x 10 1.1 x 10°
ESO’ cal/g-mole fOOO 7000 7000 4000
Fraction of vola- 0.870 0.976 0.919 1.22

tile matter re-

leased by pyroly-

518
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Table III-3. Comparison of Simulation Results to
Experimental Results for Arkwright
Bituminous Coal

Experimental Conditions (3)

Coal feed rate, lbs/hr 1218.0

Proximate analysis of coal, wt %

Moisture, 1.12 Volatile matter, 38.63

Fixed carbon, 52.00 Ash, 8.25
Ultimate analysis of coal, wt %

Cc, 75.9 H, 5.7 0, 4.9

N, 1.4 S, 2.7 Hy0, 1.12

Ash, 8.25
Heating value of coal, Btu/lb-wet coal 13860.0
Steam feed rate, lbs/hr 576.0
Air feed rate, lbs/hr 3826.0
Temperature of coal, °F 62.95
Temperature of steam, °F 1072.0
Temperature of air, °F 99.0
Temperature of wall 1253.0
Pressure, psig 90.0
Bed diameter, ft 3.5
Bed height, ft 6.5
Initial coal particle size, inches 0.75

Input Data

Heat transfer coefficient, Btu/ftz o hr «°R 90.0

Bed voidage 0.40



Table III-3. (cont.)

Total dry product gas, Ibsméle/hr

Product gas composition; mole %
co
COZ'

Hy

Exit steam-rate, lblmélé/hr
A@ountlof‘tar,.lb/hr
fempetétufe of exif gas, °F
ixaximum~temperature, °F

P
s

V>Carbon'conversion,
Heating value of dry product :gas, Btu/SCF

Heat ioss, 106 Btu/hr

*Calculated;by maferialibéléngéiQflhydfégép

Experi@ental
Results

199.6

16.2
12.2
15.7
4.7
52.5

0.58

17.7*
15.0
1253.0
87.2
146.0

,5¢7
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Simulated

Results

200.1

16.9
10.2
16.1

3.6
52.7

0.52

17.4
73.8
1169.0
2380.0
87.0
145.0

9.5
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Table III-4. Comparison of Simulation Results to Experimental
Results for Pittsburgh No. 8 Bituminous Coal

Experimental Conditions (4)

Coal feed rate, lbs/hr 8058.0
Proximate analysis of coal, wt %

Moisture, 4.58 Volatile matter, 37.37

Fixed carbon, 50.31 Ash, 7.74

g,

Ultimate analysis of coal, wt %

c, 74.2 H, 5.0 0, 4.5

N, 1.4 S, 2.5 HZO’ 4.58

Ash, 7.74
Heating value of coal, Btu/lb-wet coal 13441.8
Steam feed rate, lbs/hr 26145.0
Oxygen feed rate, lbs/hr 5005.0
Oxygen content, mole ratio 0.94
Temperature of coal, °F 77.0
Temperature of steam, °F 700.0
Temperature of oxygen, °F 700.0
Temperature of wall, °F 700.0
Pressure, psig 350.0
Bed.diameter, ft 10.0
Bed height, ft 10.0
Initial coal particle size, inches 0.79

Input Data

Heat transfer coefficient, Btu/ft2 « hr R 30.0

Bed voidage 0.40



Table III-4. (cont.)

Total dry product gas, 1bs mole/hr
Product gas composition, mole %
co

CO2

H,

N,

HZS

Exit steam rate, lbs mole/hr
Amount of tar, lbs/hr
Temperature of exit gas, °F

Maximum temperature, °F

Carbon conversion, %

Heating value of dry product gas, Btu/SCF

6

Heat loss, 10~ Btu/hr

29

Experimental Simulated
Results Results
771.0 796.0

16.8 16.0
31.3 31.0
39.2 40.2
10.3 10.3
1.6 1.7
0.7 0.8
1189.0 1170.0
425.0 456.0
1196.0 1208.0
-- 1923.0
98.9 98.3
285.0 280.90
-~ 30.0
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Table III-5. Comparison of Simulation Results to Experimental
Results for Illinois No. 6 Bituminous Coal

| _ Experimental Conditions (4)
Coal feed rate, lbs/hr | l.7‘ ‘i' - - 13270?0. )
Proximate analysis of coai; Qt %j : |
Moisture,  10.23 .:;‘ Volatile matter, 34.70
Fixed carbon, 45.97  Ash,  9.10

Ultimate analysis of coal, wt %1f

C, 64.2 H, 4.3'"j 0, 8.1

N, 1.2 s, 2.8, Hy0, 10.23

Ash, 9.10 -
Heating value of coalsBtu/lb-wet coal : - 11463.598
Steam feed rate, lbs/hr =~ B ' 33331;0
Oxygen feed rate, lbs/hr- o C : . ' 6396.0
Oxygen content, mole ratidi ' ; ‘.-"' - 0.94
Temperature of coal,v°F bi . - “ - | " - 77.0
Temperature of steam, °F t“:,i“f o 700.0
Temperature of oxygen, °Fi- o _ 700.0
Temperature of wall, °F | . o | ‘ 700.0
P;essure, psig | | B 335.0
Bed diameter, ft o S , 10:6:
Bed height, £t o - : | 100
Initial coal particle size, incheéb o o 0,93

Input Data

Heat transfer coefficiénﬁ;]Btﬁ/ftzvé‘hf’?°R ' ©30.0

Bed voidage , ‘f - C)ﬁ,ﬂfg“ - S , 0;30



Table III-5. (cont.)

Total dry product gas, 1lbs mole/hr
Product gas composition, mole %
co

CO2

Hy

CH4

N,

HZS

Exit steam rate, lbs mole/hr
Amount of tar, lbs/hr

Temperature of exit gas, °F

Maximum temperature, °F

0
%

Carbon conversion,
Heating value of dry product gas, Btu/SCF

Heat loss, 106 Btu/hr

Experimental
Results

1061.0

17.2
31.1
38.9
10.6
1.2
1.0
1565.0
558.0

1122.0

99.0

290.0

(recycle)

31

Simulated

Results

1074.0

18.0
30.0
38.3
10.9

1.7

1528.0
943.0
1119.0
1814.0
98.5
288.0

24.0
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Table I1I-6. Comparison of Simulation Results to Experimental
Results for Rosebud Subbituminous Coal

Experimental Conditions (4)
Coal feed rate, lbs/hr 13580.0 k
Proximate analysis of coal, wt %
Moisture, 26.48 Volatile matter, 29.10

Fixed carbon, 35.45 Ash, 8.97

%

Ultimate analysis of coal, wt %

C, 49.8 H, 3.4 o, 9.5

N, 0.8 S, 1.0 H,0, 26.48

Ash, 8.97
Heating value of coal,Btu/lb-wet coal 8611.297
Steam feed rate, lbs/hr 13673.0
Oxygen feed rate, lbs/hr 3336.0
Oxygen content, mole ratio 0.94
Temperature of coal, °F 77.0
Temperature of steam, °F 700.0
Temperature of oxygen, °F 700.0
Temperature of wall, °F 700.0
Pressure, psig 344.0
Bed diameter, ft 10.0
Bed height, ft 10.0
Initial coal particle size, inches 0.27

Input Data

Heat transfer coefficient, Btu/ft2 - hr +°R 30.0

Bed voidage 0.40



Table III-6, (cont.)

Total dry product gas, lbs mole/hr

%

Product gas composition, mole %

co

CO2

i
CH,

N,

HZS
Exit steam rate, lbs mole/hr
Amount of tar, lbs/hr
Temperature of exit gas, °F
Maximum temperature, °F.
Carbon conversion, %

Heating value of dry product gas, Btu/SCF

Heat loss, 106 Btu/hr

*This number includes liquid product.
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Experimental Simulated
Results Results
768.0 772.0
20.2 19.0
28.7 28.0
36.4 36.2
13.0 15.0

1.3 1.3
0.4 0.5
672.0 651.0
597.0 900.0
617.0 889.0
-- 1831.0
98.7* 95.5
312.0 325.0
-- 19.0
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IV. INPUT DATA

Three sets of typical input data are shown in Table IV-1l. However,
the input data can be changed as described in Chapter VI if the properties
of coal are different from those three sets listed in Table IV-1.

The contents of the input data are shown as follows:

1st Row:

A title or comment statement for the data set to follow should be

entered in columns 1-20.

2nd Row:

In the 1st column: "1'" indicates a design case; the bed height required
will be calculated. ''2'" indicates a simulation case; the product composition
and distribution wili be calculated.

The 2nd column shows the feed stock. A '"1" is for bituminous coal,

"2 for subbitpminous coal and "3" for lignite. According to this code,
kinetic constants for pyrolysis will be chosen. If the coal sample is dif-
ferent from the standard, program users should specify different values in

the subroutine ""BLOCK DATA'' and obtain better simulation.

3rd Row (Proximate Analysis):
from the 2nd column; moisture content (wt %)
from the 12th column; volatile matter content (wt %)
from the 22nd column; fixed carbon content (wt %)
from the 32nd column; ash content (wt %)

The summation of the above four numbers should be 100 percent.



35

Table IV-1. Typical Input Data

2. 12 - S22 32 42 52 62

' 10/9 (PITTSBURGH 8)

21 R ‘ .

4,58  37.37 . 50.31 = 7.74 -

0,742 0.050 . .0.045  0.014 ° 0.025
8058.0 26145.0 5005.0. . 0.94- ©  77.0 700.0 700.0
13441.8 350.0- . 10.0 . .0.79 0.976 10.0
0.4 30.0 - 700.0 - -

+ 10/9 (ILLINOIS 6)
21 S B
.. 10.23 34.70 - 45.97  9.10
0,642 0.043 -+ 0.081 - 0.012°  0.028
7 .13270.0 . 33331.0- -6396.0- . 0.94 . = 77.0 700.0 700.0
S 11463.6 © 335.0. 0 10,0 0. 0.93°  0.919 10.0
< 0.4 30.0 7000 . :
3000.0 42000.0 = 0.0155 ~ 3000.0  42000.0
.~ .10/9 (ROSEBUD) = o ,
- 26.48 29.1 - 35.45 8.97
1 0.498  0.034  0.095 0.008 0.01
© 13380.0 13673.0° 3336.0 0.94 77.0 700.0 700.0
o 8611.3 344.0 ~~ 10.0 0.27 . 1.22 10.0 ‘
v 0.4 30,0 . . 700.0 e ,
7000 30000.0 0.014 70.0  30000.0

PNOVAUNFOEIOUVEWUNR OOV HWN-

3
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4th Row (Ultimate Analysis):

from the 2nd column; carbon content (wt ratio)

from the- 12th

column;

hydrogen content (wt ratio)

from the 22nd column; oxygen content (wt ratio)

from the 32nd

column;

nitrogen content (wt ratio)

from the 42nd column; sulfur content (wt ratio)

These numbers should be based on the total weight of coal, including mois-

ture and ash.

Sth Row (Operating
from the 2nd

from the 12th
from the 22nd
from the 32nd

from the 42nd
from the 52nd

from the 62nd

6th Row (Operating

from the 2nd

from the 12th
from the 22nd
from the 32nd

from the 42nd

from the 52nd

Condition)

column;

column;

column;

column;

column;
column;

column;

coal feed rate (lbs/hr)

steam feed rate at the bottom of the gasifier
(1bs/hr)

air/oxygen feed rate including nitrogen and
argon at the bottom of the gasifier (1bs/hr)

oxygen content of the above air/oxygen feed
(mole ratio)

temperature of feed coal (°F)
temperature of steam (°F)

temperature of air/oxygen (°F)

Condition and Dimension):

column;

column;
column;
column;

column;

column;

heating value of feed coal
(Btu/lb-wet coal)

pressure inside the gasifier (psig)
bed diameter (ft)
initial particle size of feed coal (inch)

fraction of volatile matter released during
pyrolysis, including hydropyrolysis (-)

carbon conversjon ratio (-) for '"Design Case';
bed height (ft) for "Simulation Case"
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7th Row (Operating Condition)
from the 2nd column; bed voidage (-)

from the 12th column; heat transfer coefficient through the wall of
the gasifier (Btu/hr s ft2 s °F)

from the 22nd column; wall temperature (°F)

8th Row (Kinetic Constants)

from the 2nd column; reaction rate coefficient of char-steam
reaction (g-mole/mole C * atm ¢ sec)

from the 12th column; activation energy of char-steam reaction
(cal/g-mole)

from the 22nd column; effective factor of steam-gas shift reaction

from the 32nd column; reaction rate coefficient of char-carbon dioxide
reaction (g-mole/mole C ¢ atm ¢ sec)

from the 42nd column; activation energy of char-carbon dioxide reaction
(cal/g-mole)

If a program user does not make a specification in this row, the default
values will be used. The default values for bituminous coal are those of
Pittsburgh No. 8 seam coal. If another kind of seam coal is used, kinetic
constants for gasification should be specified by the user with reference

to Table III-2.
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V. VSAMPLE PROBLE!M

v-1. Output of the computer program

The calculatlons for a sample problem to de51gn a ga51f1er of Pltts—
burgh No. 8 seam coal are shown in Tables V-1 to_VfS. The computer out-
puts are shown after the next sectlon.i S ‘

Since this example 111ustrates the de51gn of a ga51f1er the final
output is the bed helght needed for a glven carbon conver51on (see B
Table V-3). If the program 15 for the 51mu1at10n of a gas1f1er, the nature
of the output is sllghtly altered: . the bed helght is replaced by carbon |
conversion. The input 1nformatlon also appears on the f1rst page so that

users can read it and av01d unnecessary errors. - _

When '"OUTER LOOP LIMIT OF - ITERATIONS EXCEED" follows the 1nput data,
some of the data exceeds the avallable range for this program If this
happens; the input data should be checked or the step 51ze for 1ntegrat10n
DZ (1n line 22 of the maln program) should be reduced When 'MAXIMUM
LENGTH OF - FT EXCEED . .'. " is prlnted the bed dlameter should be 1n-
creased or the spec1f1ed carbon conver51on should be reduced If-users
want to increase the limit of bed helght the upper 11m1t of 1terat10n
‘(llne 209 of the main program) should be 1ncreased |

~ The number with "HEATING VALUE OF GAS" 1nc1udes ‘the portlon of the tar
formed It 1s necessary to make sllght adJustments 1f a program user wants:
to obtaln a heating value for only the gas (CO H2 and CH ) 'MAXIMUM .
TEMPERATURE" should be less than 2000°F to av01d slag formatlon .

‘.V-Zr Interpretatlon of graphs ;f‘f
Flgures v-1 through V-7 show concentratlon and temperature profiles :

in the gasifier along the bed height The temperature profile . 1s shown in




Table V-1 Output from Sample Calculation
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Table V-2 Output from Sample Calculation
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Figure V-1. In this figure the section from 0.0 to 1.1 ft represents the
combustion zone, aﬁd the section from 1.1 to 7.6 ft represents the gasifi-
cation zone. These figures do not include drying and devolatilization
zones (see assumption 4). In Figure V-1, at a bed height of 7.644 ft, "X"
is the inlet temperature of the gas entering the devolatilization zone,
and "T'" is the exit gas temperature.

In Figure V-2, the concentration of CO increases gradually along the
bed height because of combustion and char-steam reaction from 0.0 to 4.0 ft.
Over 4.0 ft the concentration of CO is almost constant despite the char-
steam reaction. This is because the steam-gas shift reaction consumes CO
and produces Hz and COZ’ The shape of Figure V-5 is related to that of
Figure V-7 because one mole of HZO produces one mole of HZ‘ In the com-
bustion zone, Hz concentration is almost zero because of complete hydrogen-
oxygen reaction as shown in Figure V-5. Figure V-6 shows that the amount
of CH4 produced by gasification is very small in comparison with that by

devolatilization.
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VI. APPLICATION AND RANGE OF VALIDITY

Two applications are described in Sections VI-1 and VI-2: the con-
struction of design maps and the modification of the reaction mechanism
or parameters in the program. In Section VI-3, the valid range of appli-
cation is discussed.

VI-1. Design map

For a given range of temperature and a given range of heating value
for coals, design maps can be constructed based on a set of operating con-
ditions. The designer then can choose a correct oxygen/coal flow rate for
the gasifier.

Five design maps (Figures VI-1 to VI-5) were constructed based on the

following conditions:

Carbon
Coal Flow Rate Pressure Conversion
Case (1bs/£ft2 < hr) Air/Oxygen (psig) (%)
1 637 Oxygen 500 98
2 191 Oxygen 500 98
3 637 Air 500 98
4 637 Air 40 95
S 191 Air 40 95
Other conditions are as follows:
Coal: Pittsburgh No. 8
Mole fraction of oxygen: Oxygen, 0.94
Air, 0.21

Particle size: 0.79 in.

Bed voidage: 0.4
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2?5. 1 i I i

P = 500 psig

Conversion = 98 %

Coal Feed = 637 tb/ft’hr
Oxygen Blown

Pittsburgh No. 8

LHY = 300 Btu/SCF

—

Bed Height, ft

| T... < 2000 °F
m max ~
- LHV 2 300 Btu/SCF

] | |

2.8 3.0 32 3.4 3.6
Steam /Coal, —

Figure VI-1. Design Map for Moving Bed Coal Gasifier (Case 1)
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Figure VI-2.
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Design Map for Moving Bed Coal Gasifier (Case 2)
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Figure VI-3. Design Map for Moving Bed Coal Gasifier (Case 3)
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Conversion = 95 %

Coal Feed = 637 tb/ft’ hr
Alr Blown
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Figure VI-4. Design Map for Moving Bed Coal Gasifier (Case 4)
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Figure VI-5. Design Map for Moving Bed Coal Gasifier (Case 5)
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Heat transfer coefficient: 33.0 Btu/hr  £t2 « °R
Temperature of wall, steam and air: 700°F
Temperature of inlet coal: 77°F

The shaded area in the maps indicates the feasible region of design
satisfying the following two design conditions: the maximum temperature
is less than 2000°F, and the minimum heating value of product gas is larger
than 300 Btu/SCF. The most suitable design point should be decided by

economical consideration identifiable within the shaded area.
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VI-2, How to change d#té and equations in the program

The moving bed gasifier computer model presented here includes many
reaction rate equations, heat and mass balance differential equations and
coefficients and parameters for these equations. Although these equations
and constants are usually applicable to most of the cases, a program user
may want to éhange some values or replace some equations with those that
are more appropriate. Some of the changes may become necessary when spe-
cial coals different from that indicated in the program are used or when
the gasifier is operated in a special mode not described in the program.
Table VI-1 provides some of the information for the user to make these
chahgés such that the program can be used more effectively and accurately.

This program consists of a main program and many subroutines, each of
which has a clear function described in Table III-1. A program user can
use other information for his own calculation by changing the appropriate
subroutines, for example, determining the tar amount by devolatilization
and reaction rate expressions other than by the method used in this model.

VI-3. Validation of range of applicability

With proper arrangement and careful usage, the program may be used
for scale-up and optimization purposes as well as for extrapolation beyond
the normal operating conditions. However, the program contains a number
of simplifications, assumﬁtions and empirically evaluated kinetic constants
and transport coefficients based on the data obtained from actual gasifier
operation. Therefore, when the program is to be used for design, simula-
tion and scale-up for operating conditions and feed stocks not yet vali-
dated by reliable field data, the user must consider the problem of

applicability. For example, in subroutine DEVO, coal is classified in




58

Table VI-1. Assumed Constants and Equations
Subroutine Variable
_/Line No. /Equation Expression Default Value
MAIN 22 DZ Step size for integration 2.0 (cm)
along bed height
MAIN 25 DEB Print all intermediate FALSE
steps if true.
MAIN 25 MON ‘Print iteration history TRUE
if true.
MAIN 26 NPLOT Plot figures if NPLOT is 1
one.
MAIN 29 IRT. GT. __ Number of input data set - ()
'MAIN 147  Equation Specific heat of carbon (cal/g-mole°K)
MAIN 148 Equation Enthalpy of carbon (cal/g-mole °K)
MAIN 209 J. LT. __ Upper limit of iteration 348 (-)
along bed hei%ht
Maximum height = _ DZ
MAIN 240 AMW Molecular weight of tar 78.0 (=)
CPSOL 2-3 Equations Heat capacity of coal (cal/gm°K)
RATES 25-37 Equations Rate of char-oxygen
reaction
RATES 38-41 Equations Rate of char-steam
reaction
RATES 42-46 Equations Rate of water-gas shift
reaction
RATES 47-52 Equations Rate of hydrogen-oxygen
reaction
RATES 53-55 Equations Rate of char-carbon
dioxide reaction
RATES 56-58 Equations Rate of char-hydrogen

reaction
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Table VI-1. (cont.)
Subroutine Variable
- /Line No. /Equation Expression Default Value

CONSTK 4 CK10 Reaction rate coefficient 5.1 x 104 (1/sec)
of devolatilization for
lignite

CONSTK 5 El Activation energy of de- 16,200 (cal/g-mole)
volatilization for
lignite

CONSTK 6 CK20 Reaction rate coefficient 8 x 1010 (1/sec)
of cracking for lignite

CONSTK 7 E2 Activation energy of 26,500 (cal/g-mole)
cracking for lignite

CONSTK 8 CK30  Reaction rate coefficient 1.1 x 10° (1/sec)
of deposition for lignite

CONSTK 9 E3 Activation energy of 4,000 (cal/g-mole)
deposition for lignite

CONSTK 13 CK10 Reaction rate coefficient 7.5 x 104 {(1/sec)
of devolatilization for
subbituminous coal

CONSTK 14 El Activation energy of de- 18,700 (cal/g-mole)
volatilization for sub-
bituminous coal

CONSTK 15 CK20 Reaction rate coefficient 3.5 x 1010 (1/sec)
of cracking for subbitumi-
nous coal

CONSTK 16 E2 Activation energy of 27,750 (cal/g-mole)
.cracking for subbituminous
coal

CONSTK -17 CK30 Réaction rate coefficient 2.5 x 104 (1/sec)

- of deposition for sub-

bituminous coal

CONSTK 18 E3 Activation energy of 5,500 (cal/g-mole)

deposition for subbitumi-
nous coal
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Table VI-1. (cont.)
Subroutine Variable RN o
/Line No. /Equation Expression . 'Default Value

CONSTK 22 CK10 Reaction rate coefficient 1.1 x 105 (1/sec)
of devolatilization for o :
bituminous coal

CONSTK 23 El Activation energy of 21,200 (cal/g-mole)
devolatilization for g '
bituminous coal

CONSTK 24 K20 Reaction rate coefficient 9.7 x 10° (1/sec)
of cracking for bitumi-
nous coal

CONSTK 25 E2 Activation energy of 29,000 (cal/g-mole)
cracking for bituminous
coal

CONSTK 26 CK30 Reaction rate coefficient 5.3 x 10% (1/sec)
of deposition for bitumi-
nous coal

CONSTK 27 E3 Activation energy of 7,000 (cal/g-mole)
deposition for bitumi-
nous coal

BLOCK DATA 6 RHOC Density of coal 0.8 (gm/cmd)

BLOCK DATA 7-9 AB Coefficients of Cp in - (cal/g-mole *°K)

BC Subroutine CPH (for
cc co, COz, 0Oz, Hz, CH4,

H20, N2)

BLOCK DATA 10 HFO Heat of formation at - (cal/g-mole)
standard state (for
(Co, CO,z, 03, Hp, CHy,
Hy0, Ny)

BLOCK DATA 11 THK Thermal conductivity of 4.0 x 10'4 (cal/cm
the particle for subrou- +9K ¢ sec)

, tinq DEVO .

BLOCK DATA 14 DENSO Initial coal density for 1.0 (gm/cm3)
subroutine DEVO

BLOCK DATA 15 CpP Heat capacity of coal 0.4 (cal/gm '°K)

for subroutine DEVO
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of coal

Table VI-1. (cont.)
Subroutine Variable
/Line No. - /Equation Expression Default Value
BLOCK DATA 19 RK2 Reaction rate coefficients 930.0 (g-mole/mole
' of_char-steam reaction for 2250.0 C * atm
three kinds of coal 70.0 * sec)
BLOCK. DATA 20 AE2 Activation energies of 45,000 (cal/g-mole)
char-steam reaction for 42,000
three kinds of coal 30,000
'BLOCK DATA 21 WG3 Effective factors of 0.0068
steam-gas shift reaction 0.0155
to account for the dif- 0.014
ferent type of ash
BLOCK DATA 22 RX5 Reaction rate coefficients 930.0
of char-carbon diaxide 2250.0
reaction for three kinds 70.0
of coal ‘
BLOCK DATA 23 AE5 Activation energies of 45,000.0
char-carbon dioxide 42,000.0
reaction for three kinds 30,000.0
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three ranks, each having several kinetic constants for devolatilization.
Since such classification by rank is very approximate, the program user
may have to replace these constants with more suitable ones when data is
available for more specific coal seams. The following statements may be
a useful guide in determining the validity range:

1. Char-steam and char—CO2 reactions are not affected by diffusion
because the chemical reaction rates are the rate controlling steps at tem-
peratures lower than 2200°F.

2. Subroutines for devolatilization are valid between 750°F and
1800°F.

3. In the combustion zone, the temperature must be higher than 1700°F;
otherwise, the reaction within pores must be included in the rate expres-
sion. |

4. Some fixed bed gasifiers use mixing agitators to prevent the
agglomeration of coal (most of them use rotating grates). The program user
may have to modify the computer code to account for the effect of particle
breakup and temperature distribution due to the mixing agitators.

5. The temperature distribution also depends on steam jackets around
the ‘bed wall. Hence the program user needs to check in detail the type
of gasifier to be used.

6. Based on the volatile analysis of coal, the total amount of devola-
tilized carbon is specified by the program user. Most kinetic constants
in Table III-1 depend on the type of coal. However, the total amount of
devolatilized carbon may also depend on the operating conditions. There-
fore, ;he program user should be careful in specifying the amount of

devolatilized carbon when extrapolating the operating conditions.
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ij

pi
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NOMENCLATURE

effectiveness factor to account for the different type of ash
carbon concentration (g—mole/cms)

mass concentration of species i at position j (g/cms)
heat capacity of species i (cal/g -+°K)

diameter of gasifier (cm)

effective diffusivity (cmz/sec)

particle diameter (cm)

activation energy of reaction i (cal/g-mole)
activation energy of step i in pyrolysis (cal/g-mole)
emissivity of the particle

geometric factor related with radiation heat transfer

heat of reaction of reaction i (cal/g-mole)

2 <K . sec)

2

heat transfer coefficient (cal/cm

convective heat transfer coefficient (cal/cm® - °K « sec)

thermal conductivity of coal particle (cal/cm < °K < sec)
reaction rate coefficient of reaction i
reaction rate coefficient of step i in pyrolysis (1/sec)

mass transfer coefficient for gas film diffusion (g-mole/cm3

sec ¢ atm)

mass transfer coefficient for ash diffusion (g—mole/cm3 - sec
atm)

surface reaction rate constant (gm/cxn2 + atm - sec)

fraction of the contact surface area of the particle with
heating elements

mass flux of gas species i (gm/cm2 * sec)

3

rate of generation of species i (gm/cm™ - sec)

reaction rate of reaction j (g—mole/cms)




NOMENCLATURE (cont.)

gas constant (atm ¢ cms/gm—mole * °K)

temperature (°K)

temperature of heating devices or on the wall (°K)

time (sec)

flow rate (g-mole/sec)

weight fraction of volatile matter in daf coal
weight fraction of species i in the gas phase
weight loss of coal due to formation of gaseous species i

weight fraction of coal that converted to tar during

devolatilization step

mole fraction

distance (cm)

bed voidage

density of coal (gm/cms)
density of species 1 (g/cms)

Stefan-Boltzman constant (cal/cm

2

Lo

* sec)

64



10.
11.
12.
13.

14.

15.

le.

17.
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Main Program and

AB, BC, CC
AC =
AF =

AIR

ASH =

(@}
1]

ccoM =

CDEVOL =

CIR

CMET =

COAL =
COLDE =
CORE =
couT =

Ccp, CPS

CPGIN =

CPMGIN =

Cs
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Subroutine INPUT, RATES, CPH, CPSOL, CRECT and DEVO

coefficient of specific heat correlations

fraction of undevolatilized carbon to fixed carbon
ash flow rate (gm/sec)

flow rate of air (lb/hr, g-mole/sec)

fraction of fixed carbon and volatile matter in coal
molecular weight of tar

cross-sectional area of bed (cmz)

ash content in coal (wt %)

carbon feed rate (gm/sec)

concentration of carbon (g-mole/cms)

carbon feed rate into the reaction section (gm/sec)

estimated amount of carbon consumed by combustion
(gm/sec)

amount of carbon consumed by pyrolysis (gm/sec)
bed circumference (cm)

amount of carbon consumed by hydropyrolysis (g-mole/
sec)

coal feed rate (lb/hr, gm/sec)

thermal efficiency (%)

core radius/particle radius

amount of unreacted carbon at the exit (gm/sec)

specific heat of gas and solid (cal/g-mole ° °K,
cal/gm * °K)

molar average specific heat of inlet gas (cal/g-mole ¢
OK) .

molar average heat capacity of inlet gas (cal/°K)

array for table output



D
DCARBO

pco, pcoz2, ---

DEB

DF(I)
DGAS

DIA

DP

DTAR

DZ

E

EP

EQ2, EQ3, ---

ER

F(I)

FC, . . » FASH
FI(I)

FILM

FIXC
FN2

GAN, GS

GC, GH, GOXY
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array used by library subroutine NLDEQS
amount of carbon consumed by pyrolysis (gm/sec)

amount of CO, COZ’ --~- formed during pyrolysis
(g-mole/sec)

logical variable. Print all intermediate steps if
its content is true.

derivative of F with respect to Z

amount of gas formed during pyrolysis (gm/sec)
diameter of bed (ft, cm)

particle size (inch, cm)

amount of tar formed (gm/sec)

step size for solving the initial value problem (cm)
variable used by library subroutine NLDEQS

bed voidage

equilibrium constant for reaction 2, 3, ---

residue in the secant method for solving the boundary
value problem

calculated values: temp, flow rates of carbon, CO,

COZ’ 02, Hz, CH4, HZO, (°F, gm/sec, g-mole/sec)
mass fraction of C, . . , ash in coal
same as F

film layer mass transfer coefficient (g-mole/cm3 .
sec * atm)

fixed carbon content in coal (wt %)
flow rate of nitrogen (g-mole/sec)

amount of nitrogen and sulfur in volatile gas
excluding methane (gm/sec)

amount of carbon, hydrogen and oxygen in volatile
gas excluding methane (gm/sec)

heat of formation (cal/g-mole)




HFO
HLOS

HTC

HVCOAL
HVG
IND

ISW
IT
ITYPE
J

KASH
MON

N, NSF, N154
OAIR
P

PA

PGAS
PI

PVOID

RATE
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heat of formation ai standard state (cal/g-mole)
heat loss rate (cal/sec °* cm)

heat of reaction (cal/g-mole)

bed height (ft, cm)

heat transfer coefficient (Btu/hr ° ££2 . °F,
cal/sec * cm2 +°K)

heating value of gas species (cal/g-mole)
heating value of coal (Btu/lb)
heating value of product gas (cal/g-mole, Btu /SCF)

Indicator of program function: DESIGN if IND = 1,
SIMULATION if IND = 2

variable used in library subroutine NLDEQS
iteration counter

coal type

¢ounter for array CS

ash layef mass transfer coefficient (g-mole/atm -« cm3 .
sec)

logical variable. Print iteration history if its
constant is true.

variables used in library subroutine NLDEQS
fraction of oxygen in air
pressure (psig, atm)

design parameters’, either carbon conversion in
fraction or bed height in feet

fractions of components in product gas (g-mole %)
3.141592

particle voidage

gas constant

reaction rate (g-mole/sec ° cms)



RHOC
RMOIST
RTG, RTS
SH

SOUT
STEAM
SUMG

SUMS

TAIR
TAR
TB
TCOAL
TEST3,
TGIN

THL

TSTEAM

W

VEL

WM

V™MD

WMI

XC

XCAR, XASH

XCo,
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density of coal (gm/cms)

moisture content in coal (wt %)

residence time of gas and solid in bed (sec)
Sherwood number

total solid output (gm/sec)

steam feed rate (lb/hr, g-mole/sec)

total gas flow rate (g-mole/sec)

total solid flow rate (gm/sec)

temperature (°K)

feed temperature of air (°F)

composition of tar - C, H. O, N

variable used in library subroutine NLDEQS
feed temperature of coal (°F)

rate of consumption of each gas species (g-mole/sec)
feed temperature of gas mixture (°F)

total heat loss (cal/sec, Btu/hr)

maximum temperature in bed (°K, °F)

feed temperature of steam (°F)

wall temperature (°F, °K)

superficial velocity of gas or solid

volatile matter content in coal (wt %)

fraction of volatile matter released during pyrolysis
molar averige molecular weight of gas

carbon con?ersion

mass fraction of carbon and ash in char

molar fraction of co, . ., HZO in gas
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«ey X8 = array to store temperature and concentration profiles
= distance from bottom of the bed (cm)

1, Temperature I = 2, carbon I= 3, Co

4, CO, I=35,0, I1=26, H2

7, CH, I=23, HZO



CK1
CK10
CK2
CK20
CK3
CK30
CNST
CNSTW
COALO
cp
CPW
DEFF
DEML
DENSO
DENW
DH

DP

DY (I)
El

E2

E3
EPS

FR
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Subroutine DEVOL, INIT, CONSTK, DFN and DFNN

reaction rate constant of devolatilization (1/sec)
reaction rate coefficient of devolatilizatiqn (1/sec)
reaction rate constant of cracking (1/sec)

reaction rate coefficient of cracking (1/sec)
reaction rate constant of deposition (1/sec)
reaction rate coefficient of deposition (1/sec)
heat transfer constant for coal (l/sec)

heat transfer constant for heating elements (1/sec)
initial concentration of coal (gm/cms)

heat capacity of coal (cal/gm * °K)

heat capacity of the heating elements (cal/gm ¢ °K)
effective diffusivity (cmz/sec)

molecular diffusivity (tmz/sec)

initial coal density (gm/cms)

density of the heating elements (gm/cms)

heét of reaction (cal/gm)

particle diameter (cm)

dependent variables in differential equations (gm/cmz)
activation energy of devolatilization (cal/g-mole)
activatidn,energy of cracking (cal/g-mqle)

activation energy of dggosition (cal/g-mole)

error tolerance in library subroutine DREBS

fraction of the contact surface area of the particle
with heating elements

current step size (sec)




HMIN

HOV

HOVW

IER
IND
INDP

JM

JSTART
N

P

RT
S(1)
SHN
SIGM

STEP

TCD
TCM
TEM
TEMF
TEMO
TEMWP

THK

TWLG
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smallest permissible step size in library subroutine
DREBS

overall heat transfer coefficient of the particle
(cal/cm2 « °K s+ sec)

overall heat transfer coefficient of the heating
elements (cal/cmZ » °K s« sec)

error indicator in library subroutine DREBS
convergence indicator in library subroutine DREBS
indicator for printing the results

the maximum order of the rational approximation in
library subroutine DREBS

input indicator in library subroutine DREBS
the number of equations in the system
pressure (atm)

dimensionless radius of the particle
variables in library subroutine DREBS
Sherwood number

Stefan-Boltzman constant (cal/cm? * °K ¢ sec)
step size in the time scale (sec)

time (sec)

char concentration (gm/cms)

calculation parameter (gm)

solid temperature (°K)

final temperature of the system (°K)

initial temperature of the system (°K)
temperature change due to the heat of reaction (°K)

thermal conductivity of the particle (cal/cm ¢ °K o
sec)

total weight loss of gas (gm/gm-feed coal)

total weight loss of tar (gm/gm-feed coal)
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mass concentration of char (gm/cms)

WGB = mass concentration of gas at the bulk stream outside
the particle (gm/cm3)

WGS = mass concentration of gas at the particle surface
(gm/cm3)

WLG = weight loss of gas at time T (gm/gm-coal)

WLR = total weight loss at time T (gm/gm-coal)

WLV = weight loss of tar at time T (gm)

WMI = molecular weight of inert gas (gm/g-mole)

WMG = molecular weight of gas (gm/g-mole)

WMV = molecular weight of tar (gm/g-mole)

WVB = mass concentration of tar at the bulk stream outside
the particle (gm/cm3)

WVS = mass concentration of gas at the particle surface
(gm/cm3)

X1 = weight fraction of tar formed during devolatilization
step

X2 = weight fraction of gas formed during devolatilization
step

Y(I) = dependent variables
I =1, tar mass flux I = 2, gas mass flux
I = 3, inert gas mass flux I = 4, tar mass concen-

tration

I = 5, gas mass concentration

I = 6, inert gas mass concentration

YY (1) = coal concentration (gm/cm3)
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PMG. = SUM_OF _( MOLAR_FLOW_RATE ¥._CP_)
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0411 HLOS = HTC X CIR % (T = T4 )
0173 IF ( HLOS ,LT, 0,0 ) HLOS = 0,0
0174 c THL = THL + HLOS'¥ D2 81
¢ SPECIFIC HEAT OF SOLID
- CF = F(2) o
c CPs = CPSOL (T,CF,AF)
— _C.DF__. - A e o

DF(1) = ( A8 + A9 + A10 = HLOS ) /7 ( CPMG + SUMS % CPS )

[
—__ € SECOND CALL_NLDEQS e
CALL NLDEQGS ( 2, NSF, DF, F, I, N, ISW, TB, Z, DZ, D, Ni54
GO To ( 340, 148, 346 ),':
___340._ _CALL NLDEQS'(_3,’NSF,.DF, F,-1, N,_1SW, TB, 2, DZ,.D,_N154 )
J=dJ + !
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g TOTAL SOLID FLOW RATE
SUMS”=.AE_+_E€23-_ - - [ —_—
VEL = SUMS / RHOC * ( 1,0 « EP ) x AREA )
c RTS = DZ /s VEL + RTS
S_FDR_GRARHICAL.QUIPUT . .
éOO Yi(J) = Z 7 30,48
L X1(J) = T % 1,8 = 460,0. - e e
X3(J) = F 33 / SUMG
X4(J) = F(4) / SUMG
X5(J) s F(5) / SUMG
L X6(J) = F(6)./ SUMG __ — -
X7¢J) = F€7) / SUMG
¢ X8(J) = F(8) / SUMG

' S_mAaLz)ouraur . -
DO 420 K = 2, 8
| 420 CS(JVK) = F(R) % 3600,0 / 453,6

R oS PR i
| CS(J,1) & F(1) * 1,8 » 460,0
IF (J ,LT, 348 ) GO TO 460

C.. e
C MAXIMUM LENGTH EXCEEDED
7 / 30,48
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SUMG, RTS, RTG, THL, TMAX
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WRITE (6,24) J,
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