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CHEMICAL AND PHYSICAL PROCESSES
IN COUNTERCURRENT FIXED-BED COAL GASIFICATION

M. L. Hobbs, P. T. Radulovic and L. D. Smoot
Advanced Combustion Engineering Research Center
Brigham Young University, Provo, Utah 84602

The objective of this paper is to investigate and mode! chemical and physical processes in
slowly moving beds (i.c. fixed beds) of gasifying coal. A one-dimensional :nodel of
countercurrent fixed-bed gasification has been developed and results have been compared to0
experimental data obtained from a large scale gasifier. The steady-state model considers separate
gas and solid temperatures, partial equilibrium in the gas phase, variable bed void fraction, coal
drying, devolatilization based on chemical functional group composition, oxidation and gasification
of residual char with an ash layer, and axially variable solid and gas flow rates. An accurare initial
estimate of the effluent composition and temperature from a two-zone, partial equilibriurn model
has been found essential for this highly nonlinear problem. Predictions and comparisons to
experimental data include effluent gas compositions and temperatures, temperature profiles, and
axial pressure variation. Additional predictions with comparison to limited data include carbon
conversion, variable particle size, and species concentration profiles. The relative importance of
char oxidation resistances to bulk film diffusion, ash diffusion, and chemical reaction are
identified. For the cases examined, chemical resistance dominates in the cool regions at the bottom
and top of the reactor while ash diffusion resistance competes with chemical resistance through
most of the reactor. The importance of adequate treatment of devolatilization, gas phase chemistry,
and variable bed void fraction is identified.

Introduction

Commercial coal gasification has been used to obtain synthetic fuel as well as petrochemical
feedstocks for over 200 years. The most importan: commercial gasification process is fixed-bed
gasification. Eighty-nine percent of gasified coal is by fixed-bed, ten percent is by entrained-bed,
and only one percent is by fluidized-bed.

A demonstration, Wellman-Galusha fixed-bed gasifier! is shown schematically in Fig. 1.
Coal is fed to the top of the reactor from two coal lock hoppers and mecves downward under
gravity, countercurrent to the rising gas stream. The dry ash is removed at the bottom of the
reactor. The influent or blast gas is composed of air saturated with steam. The steam-to-air ratio is
used 10 control the ash temperature.

Figure 1 shows the reactor divided into four overlapping zones: i) drying, ii)
devolatilization, iii) gasification, and iv} combustion. As the coal slowly descends, the hot gases
produced in the gasificaton and combustion zones exchange energy with the cool solid. Water and
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volatile maer are released when the solid reaches a sufficiently high temperature. After drying and
devolatilization, the char enters the gasification zone where carbon reacts with steam, carbon
dioxide and hydrogen. Endoihermic reactions in this section prodnce carbon monoxide and
hydrogen. The slightly exothermic reaction of hydrogen with carbon produces methane.
Differentiation between the "gasification zone" and “combustion zone" can be determined by the
presence of free oxygen. Combustion and gasification reactions can occur simultareously in the
"combustion zone". Combustible gases such as carbon monoxide or hydrogen may react with
oxygen. Solid residence time in the drying, gasification and oxidation zones may be on the order
of several hours. Residence time in the ash layer may be even higher depending on the thickness
of this zone. The large solid residence times indicate significant settling resulting in variable axial
velocities. Gas residence times are on the order of seconds.

Amundson and Arri? applied a detailed char model to a countercurrent reactor. Soon
afterward, Yoon et al.3, Desai and Wen?, and Stillman® presented detailed models of 2 fixed-bed
gasifier. Even though the model of Yoon et al. in 1978 was rather sophisticated, simpler global
models continued to be developed.57-f Cho and Joseph® extended Yoon's model to include
uncqual gas-solid temperatures. Yoon's model was further extended by Kim and Joseph?? to
account for transient affects. Yu and Denn!! extended Yoon's model to two space dimensions.
More recent models include the one-dimensional, steady-state model of Earl and Islam!2, and the
two-dimensional, ransient models of Thorsness and Kang?3 and Bhattacharya et al.14. Khanna
and Seinfeld’S show recent advances in catalytic fixed-bed models which have many of the
features of coal gasification/combustion fixed-bed models.

No major advancements have been reported in comprehensive fixed-bed gasifier or
combustor modeling in the past few years. An assessment of fixed-bed models indicates common
assumptions such as equal gas/solid temperatures, axially uniform gas/solid phase plug flow,
uniform t<d porosity, instantaneous devolatilization (with volatile yield from proximate analysis
and composition assumed to be constant), char oxidation parameters from small particle data, and
little or no gas phase chemistry. The model presented in this paper relaxes all of these
assumptions.

Fixed-bed Model
Model Foundations
The foundation of the model is the conservation equations for mass and energy. The
source terms in the continuity and energy equations are described by various physical and chemical
submodels. Input parameters are reactor dimensions, operating conditions, inlet solid and gas
temperature, pressure, concentrations, and flow rates and wall temperamre. Calculated quantites
include axial variation in gas temperature, solids temperature, pressure, species concentration, gas
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flow rate, solid fiow rate and wall heat loss. Piug flow is assumed in both the solid and gas phase
with variable axial velocities. Gas phase pressure drop is calctlated with the Ergun equaton!® for
packed beds. An effective heat transfer coefficient is used for heat loss to the wall, including both
stagnant and dynamic contributions as well as conduction and diffusive radiation. Large coal
particle devolatilization occurs simultaneously with char oxidation and gasification. A shell
progressive shrinking core model!3 describes oxidation and gasification. Equilibrium is used to
calculate gas concentrations and temperatures. Turbulence is not treated formally in the slowly
moving bed with low gas velocities, but is included implicity through model correlatons such as
the effective heat ransfer coefficient.

Table 1 summarizes general assumptions, conservation equations and boundary conditions
for the one-dimensional, fixed-bed model. Reaction source terms represent coal drying and
devolatilization, and char oxidaton and gasificaton. These chemical and physical processes are
shown in Fig. 2. Drying is assumed to be water vapor diffusion-limited. Devolatilization is
described by assuming that the organic portion of the coal particle is composed of various
functonal groups: carboxyl, hydroxyl, ether, nitrogen, etc. A detailed functional group model
(FG model) has been used to describe the devolatilization process!7-18.19.20, The kinertics for
evolution of each functional group are taken to be independent of the type of coal. Oxidation and
gasification reactions consume the nonvolatile portion of the dry, ash-free coal. Three gasification
reactants are considered: steam, carbon dioxide, and hydrogen. Volatile functional groups can
competitively evolve as light gases or tar. Tar is treated as a single species that has a variable
composition dependent on the location in the reactor, and can be treated in full or partial chemical
equilibrium or kinetically. Gas temperature is determined by assuming all gas species to be in
thermal equilibrium even though chemical equilibrium may not exist Gas phase composition is
determined by Gibbs free energy minimization. Locally varying solid temperature is determined
from enthalpy and the elemental composition of the coal. All gas phase transport properties
(conductivity, viscosity, diffusivity, etc.) are considered to be functions of temperature and
composition.

An accurate initial estimate of the effluent composition and temperature was essential for an

effective soluticn. With effluent conditions specified, the initial value solver LSODE?! provides
rapid, robust convergence.

Conservation Equations

Table 1 summarized the gas and solid overall continuity, gas and solid ehergy equations,
and gas and solid spzcies or elemental contnuity equations. The constitutive relations for solid
flow have been proposed only recently and no solution for these equations has been attempted.

-1G1~



Drying

The chemical submodels are composed of coal drying and devolatilization, char oxidation
and gasification, and gas phase chemistry. Diffusion-limited vaporization of moisture from the
coal particle is described by22:

re=knlpry=0.) @
where kwm, pwp and pwg Tepresent the moisture mass transfer coefficient, surface moisture
concentration and bulk water concentrations respectively. Blowing or transpiration effects
influence the rates by approximately 5% for large particles, and while included in the model, have
been neglected for the calculations herein.

Devolarilization
Coal devolatilization rates can be described by consumpiion of solid or by production of
light gas and tar:

r=po(1-& )1~ Q0 Q) 2 “"Z‘t o) @)

where p?, is measured apparent density of the feed coal, £° is the bed void fraction of the feed

coal, Q7 and Q7 ..., are the proximate ash and moisture fractions of the feed coal, and @ (char,
tar, or gas) 1S the weight fraction of the ith functional group in the char, tar, or gas. The time
derivatives in Eq. (2) were calculated by assuming that light gases do not evolve from the gaseous
tar:

do, . do,
— 2 =1 —x+xkY d — = kxY. 3
—: (1-x°+x)kY; an = Y, 3
dCDi'M _ dwi.xm’ _ dmi.lar (4)
dr d: dt

@i gas- O tar» and & chgr represent fractional amounts of a particular functional group component

that has evolved as light gas, tar or is remaining in the solid. Normally distributed Arrhenius rate
coefficients for 19 functional groups and tar, ; and &, ‘vhere obtained from Solomon et al.20 for

the organic functional groups depicted in Fig. 2. The X and Y values represent the two-
dimensional description of coall8. The Y dimension is divided into fractions according to the
chemical composition of the coal. The initial fraction of a particular functional group component is

represented by ¥°, and the sum of ¥;°'s equals 1. The evolution of each furctional group into the

gas is represented by the first order decay of the Y dimension, %-‘-"k;y.-- The X dimension
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represents non-tar-forming char, tar-forming-char, and tar. The evoiuticn of ter is represented to
be the first order decay of the X dimension, & = —_x. The potental tar forming fraction, x°, was
adjusted herein to match experimentally determined tar yields, though it can also be predicted.

Oxidation and Gaslification
A shrinking core model with a developing ash layer, commonly referred to as the shell

progressive char oxidation modell3, is used for the calculations presented in this paper. The
reaction rate for a single coal particle can be derived as®:

AV MC,

ET L 1)

(Fr+i+as)
where the resistances in the denominator represent surface reaction, molecular diffusion through
the gaseous film and diffusion through the ash layer. Equation (5) neglects the effects of
diffusion-induced convective transport and assumes that the reactions are first order in oxidizer
concentration. Quantities Ap, Vs, Mp, Cig, kr, {, km, and kasp represent the external surfzce area
of the particle, the stoichiometric coefficient to identify the number of moles of product gas per
mole of oxidant, char molecular weight, molar concentration of oxidizer or gasification agent in the
bulk gas phase, Arrhenius chemical reaction rate constant, particle area factor to account for

internal surface burning, bulk mass transfer coefficient, and ash layer mass transfer coefficient,
respectively.

)

The last resistance in the denominator of Eq. S can be determined using an effective mass
mansfer coefficient13:

1 _ (1-F)d
ka 2D,
where F, d, and D represent the fraction of original carbon, coal particle diameter, and effective
diffusivity, respectively. Walker et al.2% and Laurendeau?> discuss methods for calculating
effective diffusivities. Park and Edgar2 show the effect of a developing ash layer con the bumning
rate of a core sample of coal. The core burning rate can be predicted by using an effective

diffusivity based on the molecular diffusivity multiplied by a constant (Dy=¢D,). The constant,

(6

¢ . is based on the porosity of the developing ash layer. Thorsness and Kang 13 have used 0.35
for ¢ which is based on the ash porosity. Wang and Wen?’ have measured porosity of a fire clay
ash which varied from 0.44 to 0.75. Laurendeau25 shows that ¢ can be estimated by the ash
porosity divided by :wo. The value two is an estimate of the tortuosity squared. Since ¢ is 2
function of ash porosity and developing pore structure, ¢ was chosen as 0.18 for this study.
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The single particle model can be related to the bed by use of the particle number density and
unreacted core particle surface area. The particle diameter, unreacted core diameter and number
density were obtained by mass balance, assuming spherical particles:

¢=[01-Qu)d + Q] %)
d,=F%d, ®)

6(1—
o (;lzdf) ®

where the subscripts o and u represent initial and unreacted core respectively. A simple swelling
model has been included to represent particle swelling during devolatilization:

d= d”[l + y(,—}’:)] (10)
where 7, V, and V., represent the swelling factor (chosen as 0.25 for Jetson bituminous coal with a
free swelling index of 2), volatiles content, and the ultimate volatiles content, respectively.

Hear and Mass Trarsfer Coefficients

The heat transfer coefficient for particle to gas heat transfer was obtained following Gupta
and Thudos28;

h,, - 2__%; Re 0575 pr0.667 (11

This correlation is based on evaporation of water from a packed-bed of spheres. For a reacting bed
of particles, Cho?’ indicatcs the solid to gas heat transfer coefficient to be smaller than that
predicted by Eq. (14). The mass transfer coefficient used in Eg. (5) is also obtained from Gupta
and Thodos28:

k,=ZECRe™ 5o 0 (12)

where G is the superficial mass velocity of the flowing gas.

The bed-to-wall heat transfer coefficient for the gas and particle phase can be determined
from the overall bed-to-wall effective heat transfer coefficient which is discussed by Froment and
Bischoff30:

2.44k> 0.0333k,PrRe
h=pr T

where k7, D, and k, represent the static contribution of the effective radial conductivity, reactor

(13)

diameter, and gas thermal conductivity respectively. The static contribution of the effective radial
conductivity includes diffusive void-to-void radiation and solid diffusive radiation terms. More
information regarding heat and mass transfer correlations for packed-beds can be found in Froment
and Bischoff30, Kunii and Smith3!, and Solomon et al.32,
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Chapman-Enskog theory has been used to calculate multicomponent gas mixture viscosity
and diffusivity33. The JANAF tables were used to calculate gas-phase enthalpy, entropy, and heat
capacity34. Solid enthalpy and heat capacities were determined using Merrick's correlations3S.
Most fixed-bed models in the literature assume that the solid and gas properties (L e. conductivity,
heat capacity, viscosity, molecular weight) are not functions of pressure, temperature or
composition. However, it was found that gas properties are strong functions of temperature with
maximum values occurring near the temperature peak .

Experimental Data

Detailed experimental data were sought for model evaluaton. Unfortunately, only limited
detailed data exist, at least in the open literature. There are no published data available for separate
gas and solids temperatures or gas composition in the bed. The most extensive set of fixed-bed
data that includes limited profile data was compiled by Thimsen et al.l. Data for seventeen coals
(bituminous, subbituminous, and lignite), peat, and coke vsere reported. The data include gasifier
operation data, coal data, tar and water yield, ash and dust data, and gas composition. Some
profile data for temperature and pressure were also reported. The most comprehensive set of data
for gasification of Jetson high-volatile-B bituminous coal was selected for use in this study. The
general schematic for this reactor and operating conditions were presented in Fig. 1.

Data and Model Comparisons
Compositions and Temperatures

The measured and predicted effluent gas composition and temperature are compared in Fig.
3a. The agreement is acceptable, considering that the predictions did not account for the processes
which occur in the space above the coal bed. The measured and predicted influent gas composition
and temperature are compared in Fig. 3b. Again the agreement is reasonable. The measured and
predicted carbon conversion near the grate are alsc in close agreement.

The measured and predicted temperature profiles are presented in Fig. 4a. The jump near
the bottom of the gasifier is caused by heterogeneous oxidation. The drop near the reactor top is
caused by devolatilization. The oxidation jump is evident both in the measured and in the predicted
profiles. The predicted maximum temperature is high compared to measurements. However, it
was reported! that the temperature probe was retracted from the reactor if any therrmocouple
junction read 1589 K (the temperature limit of the materials of the probe) which did not allow peak
lemperature measurements in the combustion zone of most fuels. The predicted devolatilization
temnperature drop seems large and steep, although there are no measured data at this location for
comparison. The difference between the gas and solids temperatures is expected to be greater in '
this region. The predicted carbon conversion profile is shown in Fig. 4b. The overall shape
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seems qualitatively correct, but there are no measured profile data for comparison. The
devolatilization jump is probably 100 high and o0 steep since axial mass transport of volatile matter
was neglected. Figure 4b also shows the change in particle diameter, unreacted core diameter, and
ash Iayer thickness throughout the reactor.

The predicted concentration profiles for major and minor species are shown in Fig. 5
assuming local gaseous chemical equilibriurn. The blast gas is composed of air and steam. The
oxidation of carbon was assumed to form CO ar the surface of the char. The CO reacts in the gas
phase to produce CO2. The CO2 peak occurs concurrently with the temperature peak. After
oxygen depletion, the CO2 reacts with the char to form CO, which begins to increase after the
peak. Any CO or Hj produced by steam gasification in the presence of oxygen was further
oxidized in the gas phase 10 form CO3 and H0. These highly exothermic reactions can partially
explain the high predicted temperature peak. Assuming partial equilibrium in the gas phase may
improve the temperature predictions.

Several minor species are produced in equilibrium in the reactor which decay to low values
before reaching the reactor exit. These include NO, OH, and SO2 which form in the high
temperature and oxygen-rich environment near the bottom of the reactor. The devolatilization zone
shows an increase in CO, Hp, and CHy4. In fact, all the CHs is attributed to devolatilization
reactions. Normally, CHy is not produced at low pressures typical of this gasifier. The
concentrations of N2, CO; and H2O decrease in the devolatilization zone of the reactor due to
dilution effects.

Figure 6 shows the predicted carbon consumption by char oxidation and gasification
reactions. The temperature peak occurs just before all oxygen is consumed in the oxidation
reaction. Before oxidation is complete, steam and CO; gasification reactions begin. Hydrogen
reacts with oxygen in the oxidation zone to form steam. Figure 6 also shows chemical, ash, and
film resistances. Chemical resistance dominates at the top and bottom of the reactor where the
temperatures are low. After the initial coal heats up to high temperatures, film resistance dominates
at the top of the reactor. The ash resistance here is near zero since the ash layer is very small.
Once the ash layer is sufficiently thick, ash diffusion competes with chemical reaction resistance.
This competition occurs throughout most of the reactor. Although confidence in mass transfer
coefficients is greater than chemical reaction coefficients, ash porosity is unknown throughout the
reactor, and the effective ash diffusivity is difficult to predict. The effective diffusivity was
assumed to be equal to the molecular diffusivity multiplied by a constant related to typical ash
porosity for these predictions.
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Pressure Drap

Figure 7 compares measured and predicted variation in pressure with different assumptions
regarding the bed void fraction. The bed void fraction was measured at the top (coal feed void
fraction 1s 0.31).and bottom of the gasifier (ash zone void fraction is 0.64). A constant bed void
fraction (average of the coal feed and ash zone void fraction, 0.47) and linearly varying bed void
fraction were used in the calculation. Qualitative 2greement was obtained between the predicted
and measured pressure variation for both assumptions. The pressure drop is smaller in the ash
zone due to lower gas mass fiow rate and larger void fraction possibly caused by ash clinkers.
Quantitative agreement was obtained by varying the bed void fraction linearly. The pressure
profile is a sensitive indication that both void fraction and gas flow rate are predicted correctly.
Accurate values of void fraction and gas flow rate are essential for quantitative profile predictions.

Conclusions

The importance of treating various chemical and physical processes in fixed-bed gasifiers
with sufficient detail has been addressed with emrhasis o2 ~5al devolarilization, char oxidation,
gas phase chemistry, and bed void fraction. Calculations have shown that devolarilization in fixed-
bed reactors is not an instantaneous process but is an intimate part of the overall fixed-bed proCessS.
Similarly, oxidation and gasification do not occur in separate zones, but simultaneously in certain
regions of the reactor bed. Competition berween endothermic gasification reactions and exothermic
oxidation i3 evident in broad predicted and measured temperature peaks. Detailed gas phase
chemistrv was necessary 1o predict the features of temperarure and corcentration profiles. Variable
bed void fraction was also necessary to accurately predict pressure drop and temperature and
concentration profiles. An accurate initial estimate of the effluent composition and temperature
from a two-zone, partial equilibrium model was essential for this highly nonlinear problem.
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Figure 5.
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Table 1. Assumptions, conservation equations and boundry conditions used in one-dimensional model.

General Assumptions Equations

Interdiffusion small compared to chemical reactions. Z
=4)r

. Both particles and gases treated as a continuum.

Uniform pressure at control surfaces surrounding particles Gas & Solid

. Negligible viscous heating. Overall Continuity - —AEr
Negligible aerodynamic drag.

Conducticn, radiation and convection to the wall are combined

in an effective bulk heat transfer term. { %f‘ = A[Q,, -0t Z r;h,,)

A

~

Negligible work performed by moving particles. Gas & Solid =
8. Work due to body forces is small compared to chemical Energy Equation n
ﬂfl::A —Q13~Qm_2’illi‘

reaction terms.
I=l
Gas dW ) n
o ——l =AY b1,

11. Moving-bed is sufficiently 1-dimensional.
12. Steady state solution will be sought.

13. Negligible axial diffusion.

14. The ideal gas law is valid.

15. Negligible PV-work,

16. Neglibible viscous dissipation. Solid . o, _ —A "zq, r
17. Turbulence effects are implicitly included (See #6). Component Continuity a &5

18. Tl.¢ solid phase internal energy is equal to the solid phase
enthalpy.

10. Negligible Soret and Dufour effects.
Component Continuity e

Boundary Conditions

« Reactor Top: Solid phase composition and temperature, + Reactor Bottom: Influent gas composition and temperature.
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