1st Annual METC/BYU 10/87 WP#46

SECTION III. TASK 3. COMPREHENSIVE MODEL DEVELOPMENT AMD EVALUATION
Objectives

The objective of this task is to integrate advanced chemistry and physics
submodels into a comprehensive twc-dimensional model of entrained-flow reactors
(PCGC-2) and to evaluate the model by comparing with data from well-documented
experiments. Approaches for the comprehensive modeling of fixed-bed reactors wili
also be reviewed and evaluated and an initial framework for a comprehensive fixed-
bed code will be employed after submission of a detailed test plan (Subtask 3.b).

Task Outline

This task will be performed in three subtasks. The first covering the full 60
months of the program will be devoted to the development of the entrained-bed code.
The second subtask for fixed-bed reactors will be divided into two parts. The
first part of 12 months will be devoted to reviewing the state-of-the-art in fixed-
bed reactors. This will lead to the development of the research plan for fixed-bed
reactors. After approval of the rasearch plan, the code development wouid occupy
the remaining 45 months of the pregram. The third subtask to generalize the
entrained-bed code to fuels other than dry pulverized coal would be perfocrmed
during the last 24 months of the program.

- 74 -




II1.A. SUBTASK 3.A. - IMTEGRATION OF ADVANCED SUBMODELS
. INTO ENTRAINED-FLOR CODE, WITH SVALUATICON ARD
DOCUMENTATION

Senior Investigators - B. Scott Brawster and L. Douglas Smoot
Brigham Young University
Prove, UT 348602
(801) 373-6240 and 4326

Graduate Research Assistant - Mike Hobbs

Qhjectives

The objectives of this subtask are 1) to improve an existing 2-dirensional
code for entrained coal combustion/gasification to be morz generally applicable
to a variety of coals by incorporating advanced coal chemistry submodels,
advanced numerical methods, and an advanced peollutant submodel for both sulfur
and nitrogen species, and 2) to validate the advanced submodels 9n the
comprehensive code. The comprehensive codz into which the advanced submodzls

are to be incorporated is PCGC-2 (Pulverized Coal Gasification and Combustian 2
dimensional).

Accomplishments

Work on this subtzsk is being accomplizhed under five components: 1)
Evaluation and incorporation of coal reaction submodels into the comprehenzive
code, 2) incorporation of improved numericzl solution methods, 3) incorporation
of the SO04-NOy submodel developed under Subtask 2.g, 4) implementation of the
cade on computers, and 5) code evaluation. Progress during the last cuarter is
described below for each of these components. During the last gquarter, two
poster papers were presented at the Second Annual Technical Review Meeting of
the Advanced Combustion Engineering Research Center on research perforred under
this subtask, and one peer-reviewed paper was accepted for publication (Brewster
et al., 1988).

Component 1 - Evaluation and Incorporation of Cpal Reaction Submodels

This component is aimed at selecting coal reaction submodels and developing
methodology for dincorporating them <into FPCGC-2. Three alternatives for
incorporating the single partic1ﬁ model being dzveloped by AFR under Task 2 into
PCGC-2 were described in the 5t Quarterly Report (Solomon =t al., 1987). The
first alternative is direct integration, without modification of the treatment
of turbulence-chemistry interactions, but allowing for variabiiity in cozl
offgas enthalpy. This approach is referred fo as the Single Solids Progress
Variable (SSPV) Hethod. The second alternative is to eaxtend the current
treatment of <turbulence-chemisiry dinteractions to specifically account for
variability in coal offgas composition. This approach is called the Multiple
Sa21ids Progress Variable (MSPV) Method. The third alternative is a new approzch
based on treating the gas phase turbulence in a lagrangian reference frame with
a statistical dispersion model. This approach is referred to as the Statistical
Gas Dispersion (SGD) Method. Work was conducted during the last quarter on the
Tirst two methods, and progress is outlined below. In addition to the AFR cozl
reaction submodel based on the F& and DVC models, 2 coal develatilization model
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developed at The University of Utah (Grant et al., 1987) and based on
percolation theory was reviewed.

Single Solids Progress Variable (SSPY) Methoed - The SSPV method assumes
that the coal offgas elemental composition is constant and equal to the
composition of the original dry, ash-free coal. Under this method, the evolved
chemical species predicted by the FG model are not individually taken into
account. Only the overall weight loss and enthalpy are accounted for. The
assumption of constant composition allows the mixing of the offgas with the
inlet gases to be tracked with only a single progress variable {mixture
fracticn). Turbulence/chemistry interactions are accounted for by integrating
local instantaneous gas properties calculated from equilibrium ocver the
probability density functions of the coal and inlet gas mixture fractions.
Accounting for variability in the offgas enthalpy requires solving the gas
energy equation.

The initial integration of the FG/DVC submodel was performed under Subtask
4.2 and is described in the 5th Quarterly Report (Solomon et al., 1987). During
the 1last quarter, the PCGC 2 code with dntegrated FG/DVC submodel was
transferred from AFR to BYU. A standalone version of the FG/GVC model was also
transferred.

The advantage c¢f incorporating the FG/GVC model under the SSPV approach is
that it allows for the increased generality of the FG/DVC model, including
varying offgas enthalpy, without significantly complicating the comprehensive
code. However, the approach is limited in that all elements in the coal must be
assumed to evolve at the same relative rate. Allowing for independent rates
requires additional progress variables or a new approach for modeling
chemistry/turbulence interactions.

Multiple Solids Progress Variable (MSPV) Method - This method allows the
coal offgas elemental composition to vary with extent of burncut. Hence,
hydrogen can be aliowed to evolve more rapidly than carbon, for example, and
nitrogen can be allowed to evolve more slowly. The evolution rate of nitrogen
is particularly important, because of its propensity to form nitrogen oxide in
the presence of oxygen. Nitrogen evolved in fuel-rich resions of the reactor
forms molecular nitrogen rather than nitroger oxides. Hence, accurate
prediction of nitrogen evolution rate from the coal is prerequisite to accurate
prediction of nitrogen oxide ievel in the product gas.

In the MSPV method, each element may be tracked independently, or elements
that evolve at similar rates may be lumped and tracked as a group. An
additional progress variable is required for each additional independent ¢ :rient
or group. The dinteraction of chemistry and turbulence is accounted fur by
integrating the instantaneous properties of the gas over the joint probability
density function of &ll mixture fractions to calculate the time-mean properties.

The MSPV method was tested in a simple fashion with two progress variables
tracking coal offgas. Code modifications to permit this calculation were
described in the First Annual Report (Solomon et al., 1987). Calculations were
performed for a siightly fuel-lean [6 percent excess air), swirling,
diffusion-flame combustion case using the MSPV method and two progress variables
. to separately track coal volatiles and char oxidation offgas. The salids
composition was taken to be that of Wyoming subbituminous coal. The primary and
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secondary stresms were both air at 519 K. The single-step rate of Solomon et
al. (1986) was used for devolatilization with an ultimate yield of 40 percent.
The heat of devolatilization was assumed negligible, and tne residuzl char was
assumed to be pure carbon. Enthalpies of the char offgas and coal volatiles
were determined by assuming the enthalpy of pure carbon for the char offgas, and
by partitioning ths daf coal enthalpy using partial compositions in corralations
for heating value (Perry and Green, 1984) and heat capacity (Merrick, 1983).
Results are compared with those obtained using the SSPY method.

The obvious effect of separately tracking coal volatiles and char oxidztion
offgas, where the char is assumed to be purz carbon and the volatils yisld is
fixed, is to decrease the carbon content of the early offgas and increase the
carbon content of the late offgas. A more subtle effect is to alter the heating
value, since total offgas enthalpy must remain constant. The differences in the

predictions of the SSPV and MSPV methods can be explained in light of these two
effects.

Gas temperature for the combustion case is shown in Figure IIl.2-1.
Surface plots and isotherms are shown for both the SSPV and MSPV methods.
Centerline gas temperature, total {radially  integrated) burnout, and
centerline concentrations of oxyger and carbon dioxide are shown in Figure

IIT.A-2. Differences between the pradictions of the two methods ars
substantial.

The first major difference to be noted is the size and propertiz: of the
fuel-rich region behind the flame front. This region is caused by the rapid
devolatilization of the coal particles and the fimitz rate of mixing betwezen the
primary and secondary streams. It is characterized by a depressien in ihe
temperature surface surrounded by a high-temperature ridge whers the
fuel/oxidizer mixture is near-stoichiometric. The fuel-rich region iz much
smaller and less extreme (more shallow) in the case of the M5PV method, ac sean
by comparing the temperature surfaces in Figures III.A-1b and III.A-1c with *hat
in Figure III.A-la. The smaller and Tess ectreme fuel-rich region in the cese
of the MSPV methad can be explained by the increased concentration of oxygen in
the early total offgas compared with czrbon. The lower peak temperaturz in the
flame front ard more shallow fuel-rich region for the MSPV method can also be
seen in the centerline plots in Figure III.A-23.

After passing through the stoichiometric peak at the aft edge of the
fuel-rich region, the centeriine temperature daclines as szcondary gases
containing excess oxygen and nitrogen diluent mix with the primary. This
decline can be seen to be steeper and more pronounced for the MSFV method,
because the early offgas (richer in volatiles) has lower heating value relative
to the late offcas (richer in carbon). Farther down the combustor, the

temperatura increases toward that of the S$SPV method, as the offgas heating
value increases.

The higher temperature in the region immediately aft of the fuel-rich zone
affects the burnout as shown in Figure III1.A-2b. The two methods are
essentially indistinguishable until the point where ths secondary and primary
gases mix. At this point, the burnout of the SSPV method exceeds that of the
MSPV method because of the higher gas temperature. Gas composition alsa differs
significantly between the iwo methods. Centerline oxygen concentration (Figura
II1.A-2c) drops quickly to zero at the flame front as the available oxyoen in
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the primary is rapidly consumed by reaction with volatiles and char. The drop
is less steep for the MSPY method due to the increased content of oxygen in the
early offgas. The oxygen level increases as the secondary gases mix into the
center of the reactor. The increase is higher in the case of two mixture
fractions because of the lower burnout.

The centerline concentration of carbon dioxide (Figure III.A-2d) rises
sharply at the flame front due to reaction of oxygen with evolving carbon
monoxide. It then drops in the fuel-rich region as the oxygen is depleted. The
drop is less severe in the case of two mixture fractions because of the
increased evolution of oxygen from the coal. The carbon dioxide concentration
then increases as oxygen from the secondary stream mixes into the center of
the combustor and reacts with the char. The increase is more rapid in the case
of one mixture fraction because of the higher rate of burnout. The carbon
dioxide profile is flat in the aft region of the reactor far the SSPV method,
indicating that burnout at the centerline is essentially complete. Burnout is
not complete in the center of the reactor for the MSPV method, and the carbon
dicxide concentration centinues to increase. The increase in total burnout in
the aft region of the reactor for the SSPV method (Figure III.A-2b) must
therefore be primarily due to reaction of particles near the wall. The effects
of separately tracking coal volatiles and char oxidation offgas are particuiarly
significant in this slightly fuel-lean, swiriing combustion case, because of the
fuel-rich zone where the particles devolatilize.

Calculations were also performed for a case simulating oxygen-blown
gasification of Utah bituminous coal. The primary stream was swirled in this
case, but the secondary stream was not. In addition to tracking coal volatiles
and char offgz: separately, a calculation was performed where all hydrogen
originating fron the coal was tracked with one progress variable, and all other
elements originating from the coal were tracked with the other variable. A
simple correlation based on experimental data was used to represent the rate of
hydrogen evolution, and the evolution rate of the other elements was obtained by
material balance. The assumed hydrogen evolution rate and experimental data are
shown in Figure III.A-3. The assumed rate encioses most of the experimental
data points and represents an upper limit to the observed rate. Isotherms and
temperature surfaces for the SSPV and MSPY methods are shown in Figure III.A-4.
Comparing Figure III.A-4 with Figure III.A-1 for the case of oxygen-blown
gasification, the peak temperatures are much higher (well cver 3000 K compared
with slightly over 2000 K) and the reaction and mixing is completed in only the
initial region of the reactor. These observations are typical of gasification
simulations. The temperature surfaces for the SSPV and twu MSPY simulations are
practically indistinguishable. Slight differences can be seen in the isothermal
plots.

A more quantitative comparison is shown in Figure I1I1I.A-5, where centerline
gas temperature, radially integrated burnout, and centeriine oxygen and carbon
dioxide mole fractions are plotted as a function ef axial distance. Again,
little difference is noted, except for the carbon dioxide mole fraction, where
the concentiration for the MSPV method is Tess than that of the SSPV method at
distances of from 0.2 to 0.5 m. At distances less than 0.2 m, the SSPV and MSPY
methods are indistinguishable, and at distances greater than 0.5 m, the HSPV
method is indistinguishable from “he SSPV method if volatiles and char offgas
are tracked separately, but less than the SSPV method if hydrogen is tracked
separately. The lower value of carbon dioxide concentration in the early region
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Figure IIT A-3. Experimental data and limiting correlation for evolution of
hydrogen as a function of burnout for Utah bituminous coal.
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of the reactor is explained by the lower carben content of the early offgas in
the MSPV method. The lower value in the aft region of the reactor for the MSPV
method tracking hydrogen separately is not yet understood, although it is
probably related to the slightly higher temperature that was found in this case.
After burnout and mixing are complete, the final temperature should be identical
for all three cases for an adiabatic reactor, and so it may be that the cases

were not converged tightly enough. Investigation of this apparent discrepancy
is continuing.

The effects of ultimate volatile yield and external heat loss were. also
investigated. Centerline temperature for the gasification case is platted for
both 40 and 80 percent ultimate volatile yield in Figure III.A-6. The
calculations showr in Figures III.A-4 and 5 assume an adiabatic reactor, but
those in Figure III.A-6 assume a uniform heat loss of 20 percent throughout the
reactor. Hence, the final temperatures are lower than those shown in Figure
II1.A-5. Also, the MSPV calculations were performed with volatiles and char
offgas being tracked separately.

As expected, the temperature increases more rapidly with a volatile yield
of 80 percent compared with 40 percent, because material is evolving at a higher
rate from the coal. The differences between the SSPV and MSPV methods are small
for 40 percent yield and even less for 80 percent yield. The reason for this
result is the increased fraction of carbon that is develatilized. At 40 percent
volatile yield, and with the assumption of pure carbon for the char, all of the.
hydrogen, oxygen, nitrogen, and sulfur in the coal, as well as a portion of the
carbon, was devolatilized. At 80 percent yield, a larger fraction of the carbon
was devolatilized, thus increasing the carbon content of the velatiles, and
decreasing the composition difference between the voiatiles and the char offgas.
In addition, the mass split between the two offgas fractions was heavily
weighted toward the volatiles. Tne maximum difference between the SSPV and MSPV
methods will occur when the composition of the two offgas fractions are as
different as possible, and their relative masses are approximately equal. This
" maximum will be a function of the coal composition and the offgas fraction
definitions, but is expected to occur at z volatile yield of approximately 50
percent when volatiles and char offgas are tracked separately.

The effect of heat loss is shown in Figure III.A-7. Fifty percent heat
toss is thought to be representative of the actual heat loss of the BYU coal
gasifier, although in a Taboratory gasifier, the heat Toss won t occur uniformly
throughout the reactor as was assumed here. The assumption of uniformity in
heat loss was made to simplify the calculations. As chown, the SSPY ard MSPY
methods may differ when external heat loss is taken into account, even though
they are indistinguishable for an adiabatic reactor.

From the above, it is concluded that variability in coal offgas composition
can have a significant impact on comprehensive code predictions for turbulent
flames, particularly in slightly fuel-lean combustion simulations, and allowance
should be made for taking this variability into account in codes incorporating
detailed devolatilization submodels. The effects of this variability can be
explained in terms of variability in the elemental composition and heating
value. Variability in both elemental composition and heating value can be taken
into account by a straightforward extension of the coal gas mixture fraction
mode]l for a locally adiabatic reactor, assuming statistical independence of the
progress variables. Variability in heating value alone (constant elemental
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compositionr) can be taken into account with the existing single-variable
approach if the energy equation is solved. In the former case, the effects of
external heat loss can be approximated by a uniform heat loss factor. In the
latter case, external heat loss is not assumed to be uniform. More research is
needed to determine the number of variables that are needed and how the offgas
components should be defined in the case of multiple variables.

Comparison of Coal Reaction Submodels - Table III.A-1 presents a comparison
of the FG/DVC model and the Chemical Percolation Devolatilization (CPD) model
(Grant et al., 1988). The purpose of the comparison is to gain insight into
both model formulations and to find areas for mutual improvement. As mentioned
in the previous quarterly report, the CPD model can be improved by including a
transport model, including an explicit expression for available hydrogen, and
incorporating molecular weight distributions. Two potential contributions of
the CPD model are percolation lattice statistics and solid state NMR analytical
data. Percolation theory is used for lattice statistics. When applied to Bethe
lattices, percolation theory can be used to obtain algebraic sciutions to
Tattice statistics. Algebraic solutions are approximately 5 orders of magnitude
faster than Monte Carlo methods {Grant and Pugmire, 1988). The coding consists
of Tess than 300 Tlines of Fortran. Sciid State NMR can be used to obtain
selected input parameters. The technique gives the ratio of bridge molecular
weight to monomer molecular weight. From this information, the number of
bridges can be calculated. The technique also gives the coerdination number
used Tor the Bethe lattice statistics.

Component 2 - Incorporating Improved Numerical Solution ¥ethods

The purpose of this component of the subtask is to incorporate applicable
improved numerical solution techniques that are being developed under separate
funding by Smith and coworkers (Smith and Smoot, 1988) in this laboratory.
These numerical techniques are described in the Second Annual Report of the
Advanced Combustion Engineering Research Center (Smoot et al., 1988). Progress
during the last year is summarized below.

Two specific methods have been under examination: multigrid techniques and
coupled algorithms. Only the multigrid techniques are being considered for
incorporation into PCGC-2 at the present time. The goal of the multigrid
techniques is to make the amount of computational work proportional to the
amount of real physical changes that are occurring in the solution. This is
accomplished by dynamically moving the solution between grids of varying
resolution, thus allowing most of the computationally expensive work to be
performed on coarse grids and reducing the error components on the finer grids.
During the last year, both axisymmetric, 2-D and Cartesian, 3-D fluid-dynamics
codes have been developed based on multigrid techniques. Convergence to the
level of truncation has been obtained at convergencz rates that are at least ten
times faster than without multigrid methods. A comparison of convergence rates
with and without multigridding is shown in Figure III.A-8.

Component 3 - Incorporating S0y-NO, Submodel

The aim of this subtask component is to incorporate the SCy-NOy submodel
being developed under Subtask 2.g into the comprehensive code, and to extend the
comprehensive code to include sorbent injection and sorbent chemistry. Work
continued on incorporating thermal NO in PCGC 2 as described under Subtask 2.g.

'
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Table HL.A-1. Model Comparisons

FC-DVC cPD
Lattice statistics Yes Yes
Computational method Monite Carlo Percolation Theory
Source of anaiytical data FTIR,FIMS Solid State NMR
Gas Release Model FG FG (modified)
Crosslinking with charring Yes Yes
From reaction cage No Yes
From side chain free-
radical substitution Yes No
Hydrogen dependent Explicit Implicit
stabilization
Transport Rhiodei Yes No
Tar Termination Hz depletion Labile bond depletion _
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The modification to inciude downsiream injection of sorbent particles and their
subsequant reactions with the gas phase i3 being based on independent work being
performed by Pershing and coworkers at The University of Utah, where a scrbent
chemistry submodel for fuel-lean conditions is being developed and incorporated
into PCGC-2. Progress during the last year on the incorporation in PCGC-Z is
described in the Second Arnual Report of the Advanced Combustion Enginecring
Research Center (Smoot et al., 1988) and is summarized below.

An earlier version of PCGC-2 was modified by Pershing and coworkers to
include injection of sorbent particles, and a series of calculations was
performed to illustrate the overall computational procedure using the sorbent
particle submodel developed at The University of Utah and describsd under
Subtask 2.g. The results so far have jllustrated the importance of sorbent
dispersion on overzll SO0p-capture effectivenesz. This importance is illustrated
in Figure I1I.A-9, whicﬁ shows the pradicted SO; concentration profile across
the radius at the outlet of a full-scale utitity boiler. The sorbent was
injected at the centerline at a position 10 meters upstream from the exit. The
pollutant concentration in the center of the duct is reduced significantly due
to the presence of the sorbent. However, in this particular case, dispsrsion of

the sorbent 1is inadequate and the concentration at the wall is essentially
unaitered.

Comgonent 4 - Implementing the Code on Computers

The aim of this component of the subtask is to implement the comprezhenzive
caode .on several computers, including a workstation. This implementation will
require, at a minimum, standardizing the source code so that it will run on &
variety of computers. A user-friendly graphics interface i:s also desirzble.
During the quarter, two Sun workstations were made avaiiable to the progject.

The 1987 version of PCGBC-2 1is currently being adapted fto run on those
workstations.

Component 5 - Code Evaluation

The goal -of this subtask component is to parform a statistical sensitivity
analysis of input parameters to the improved code with advanced submodels and
numerical methods incorporated under other components of this subtask. An
existing databook will be used as a basis for the evaluation. No work was
accemplished specifically under this subtask component during the past quarter,

Plans

During the next quarter, the FG/DVC submodel will be integrated into 37-
PCEC-2, and calculations will be performed to compars code predictions with ths
FG/DVC submodel with those obtained with the simple two-step model.
Calculations will also be performed with the FG/DVYC submodel using one and two
solids progress variables to further test the MSPY method. Solutions abtzined
with the erergy equation will be used to determine the relative effects of
varying elemental composition and enthalpy. A Taminar version of PCGC-2 will b=
deveioped to assist AFR in analyzing data from their Transparent ¥all Reactor.
Independent work on numerical methods and modifications in PCGC-2 to include
sorbent injection will continue to be monitored. 87-PCGC-2 with the integrated
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Figure IIL.A-9. Radical S0, profile at furnace exit (with sorbent particles).
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(Taken from ACERC Second Annual Report, Fig. 36.)
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FG/DVC submodel will be installed on the Sun-3 workstation and a color graphics
interface using the Uniras software will be daveloped.
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Ii1.B. SUBTASK 3.B. - COWMPREHENSIVE FIXED-BED MODELING
REVIEW, DEVELOPMENT, EVALUATION, AND IMPLEMENTATION

Senior Investigators - Sung-Chul Yi, Predrag Radulovic, 8. Scott Brewster,
and L. Douglas Smoot
Brigham Young University
Provo, Utah 84602
(801) 378-2076, 3097, 5240 and 4326

Objectives

The objectives of this subtask are: 1) to provide a framework for an
improved fixed-bed model that can incorporate coal chemistry submodels, improved
boundary conditions, and pollutant formation processes; and 2) to provide a
basis for evaluating the model.

Accompl ishments

Phase I of this subtask has two components: 1) A literature review and
evaluation of existing fixed-bed coal gasification mecdels and experimental data,
and 2) development of a proposed advanced model. During the last quarter, work
was initiated on an improved fixed-bed model that will serve as a basis for the
advanced model. A preliminary review of literature correlations applicable to
transport processes in fixed-bed reactors was completed. A set of momentum ,
mass, and heat transfer correlations was proposed for the improved fixed-bed
model. Improvements, modifications and additions for the advanced fixed-bed
model were identified.

Compcnent 1 - lijterature Review and Evaluation

This subtask component is aimed at 1) reviewing existing models for
fixed-bed coal gasification to determine elements that might be used as a
starting point for developing the advanced model, 2) determining appropriate
correlatiens and submodels for physical properties of fixed "beds, and 3)
Tocating experimental data that can be used for model validation. The review of
axisting fixed-bed models was described in the First Annual Report {Solomon et
al., 1687) and the 5th Quarterly Report (Solomon et al., 1987).

Review of Flow, Mass and Heat Transfer - Flow, mass and heat transfer
processes in fixed bed gasifiers are very complex. Coarsely crushed coal
settles while undergoing heating, drying, devolatilization, gasification and
combustion. Polydisperse coal particles change diameter, shape and porosity.
The coal bed permeability changes. There may be coal bridges, gas bubbles and
channels. Gases flowing upward are heated and take part in 2 number of chemical
reactions. Variations in bed permeability and possible formation of bubbles and
channels also affect flow and pressure drop. Mass transfer occurs by diffusion
and convection. Heat transfe is by conduction, convection and radiation in the
gas and solid phases.

A summary of correlations recommended for an advanced fixed-bed model is
presented in Table III.B-1. Plug flos will be assumed initially for the solid
phase. Later, consideration will be given to the structural properties
affecting the settling of coarse, crushed coal (Hauserman, 1984), and to the
channeling erfect in beds with variable permeability (Vafai, 1986). The
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BEq, No,

(I11.B-1)

(ITL.B-2)

(111.B-3)

(T11.B-4)

(111.3-B)

(111.B-6)

Table 111.B-1, Flow, Mass and Heal Transfer Coefficients in Moving-Bed Reactor

Triction factor for
gas phase

Particle-to-fluid
mass and transfer
coefficient

Particle-to-fluid
heat transfer
coefficient

Tffective axial
diffusivity

Tftoctive radinl

diffusivity

Effective axial
conductivity

Correlationg
- 1- =
£ = ——;‘-b-(lns ¢ 150 28 for R < 500
¢ Re 1-¢
1. 66G ~0.51_ -2/3
gi::-_—;j‘i—” c for Re < 190
’ MPL, 4 ¢ = 0.37 spheres
0.983G -0.91_ =2/3
'g e Rex Sc for Re » 190
' MPE,, $ = 0.37 sphares
2. Osfch ~0.575 =273
h = —— Re Pr
P ¢
Uq.adp D = Uf!"’ilﬁ
ax 1.5 aa 1.5
Uq rdp
D = :
ar , ]
7[1 + 46(dp/Dt) ]
K, = K. + KG§PrRe for Re <50
; g1
: , 2z 1
-k 4+ R (B.FrRe + 5.Pr Re )
a ait D] 1 2 Kg
’ €0
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friction factar for the gas phase will be calculated by Ergun’s equation £1352).
MacDonald et 1. {197%9) have recently comparad the Ergun equation with a lary:
number of experimantal data, and concluded that the Ergun sguation iz superior
tc others proposed in the literaturz for the wide porosity ranging from 0.26 to
0.92, wherea:z other eguations are beiter Tor narrower porosity ranges. The
problems of non-isothermal reacting flow with variable porasity and channzling
remain to be investigated.

The particle-to-fluid mass transfer coefficient is correlated by Froment
and Bischoff (1979). itarnatively, corrzlations are supggssted by Gupta and
Thodss (1953) and used by Cenn et a3. (1932) and Bhattacharya et al. []92g).
The dinfluences of porosity and asphericity remzin to be determined. Tre
particls-to-Tluid heat <ransfer coefficient can be estimeted by Gupta and
Thodos’ correlation (i963). Imitizlly, the particles will be assumed to bs
uniform throughout. Later, intraparticiz massz and heat transfer will oe
considered. Effective axial and radial diffusivities are correlzted by fFrovznt
and Bischoff (1979). 2nd by Dalasck and Froment (13971), respectively. Turculent
diffusion is assumed tc be dominant in both diractions.

tffective axial and radial conductivities are correlated by Yagi ef al.
(1960) and Bischoff (1962}, and by Froment and Bischoff (1973), respectivaly.
foth the axial and radial effective conductivities take into account molecular
as weil as turbulent coatributions. The effactive radial conductivity accounts
for radiation. It should be noted that both correlztions lump the gas and the
c0lid phases together. There is no available information on the effective a¢ial
conductivities of the gas and the solid phases separately. The gas and salid
phase contribuiions to the effective axial conductivity mzy be determines by
analegy to the effective radial conductivity, if needed. Yagi et al. {1960}
ncted that at low flowrates, axial conductivity cannot be neglected. The
effective conductivity is also given by Rohsenow et al. (1985). The effective
radial conductivities of the gas and solid phases are corra2lated by DeWasch and
rroment (1971). The same modes of the heat transfer are taken into account as

for the lumped conductivities. Later, a diftusion aprroximation for radiztive
heat transfer will be considered.

The effective bed-to-wall heat transfe- coefficient as well as thz oas and
solid phase contributions are determined by the correlations suggested by
DeWasch and Froment (1971). The heat transfTer to the wall is treated by ¥Yagi
and Wakao {1859} and Yagi and Kunii (1960). Additional information is given by
Rohsenow et al. (1985). Thera are no direct experimental data available on the
gas and the solid phase contributions to the bed-to-wall heat transfer.

Review of Fixad-Bed Technoieqy - This review is limited to fixed-bed
gasification. Stoker boilers are not considered. Fixed-bed gasification is one
of two leading technologies for 1)} bproduction of fuel gas from coal, 2)
integrated gasification, combined-cycle elecirical power generation (IGCC), 3)
production of synthesis gas from coal, and 4) retrofitting oil-fired power
plants, fuel <ells, etec. Fixed-bed gasification is the most important
commercial gasification process. Eighty-nine percent of the coal that is
gasified by fixed-bed (e.g. Lurgi), 10 percent by entrained-bed (e.g. Koppers-
Totzek), and only 1 percent by fluid bed (e.g. Winkler). Lurgi’s dry ash
gasification process +is the only commercial fixed-bed gasification process.
Fixed-bed reactors may be conveniently divided into commercial, demonstration,
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develcpment, and laboratory units. Design and test data have been collected for
some oT these fixed-bed reactors, as summarized 4in Table I1II.B-2.

Component 2 - Detailed Plan fer Fixed-Bed Madel

This subtask component has aiready been compieted.

Component 3 - Deveiopmeat of the Framework for an Advanced Fixed-Bed Model

The purpose of this component of the subtask is to develop a code framework
for an advanced fixed-bed model. As a basis for this framewerk, an improved
fixed-bed model is being developed. The improved fixed-bed model has many of
the basic features of an advanced model, such as separate gas and solids
temperatures, but is simplified in 1its treatment of chemistry and numerical
soluticn method.

improved Fixed-Bed Model - A simplified version of the advancad modeid
incerporating separate gas and solids temperatures, but not including the
advanced coal chemistry and bed hydrodynamic submodeis planned for the advanced
medal has been formulated and is being coded. The improved model will provids a
foundation for tha advancad model to be developed later. The improved model is
similar to the Washington University 2-D modet {Bhattacharya et al., 1986), but
is extendad to include separate gas and soijids temperatures, accumulation of
‘energy and mass in the ga:s phase, radial dispersion of mass in the gas phase,
and motion cof the solisc pnase. Both drying and devolatilization have been
assumed to occur instantaneousty by previcus investigators, since the time
required for these two events is of the order of 2z few seconds compared to a
total residence time of hours for the cozl. In the zdvanced model, a deiailed
devolatilization submodel will be incorporated. Therefore, a segregated, but
finite devoiatilization zone is ccntemplated for the improved fixed-bed model.
The particle submcdel for this zone will not include all the details of heat and
mass transfer, but it will be based on a rate expressicn such as the two-step
model (Kobayvashi et al., 1877; Ubhayakar et al., 1977). Tha residual char will
be assumed to be pure carbon. Axial mixing of mass and energy wil! be assumsd
tc be negiigible based on the criterion developed by Young znd Finlayson [1%873).
The dynamics of the gasifier are dominated by accumulation of me:is 2ad epergy in
the solid phase. Even though the residence time of the gases in thec reactor is
short. the accumulation term in the gas phase will be inciuded due to the
mathematical simplicity of the resuiting equations. Solid velecity and bed
porosity wiil be assumed to be constant.

The differential equation set for the improved meving-bed modei is shown in
Table I11.B-3. The auxiliary egquations are shown in Table III.B-4. The
‘boundary conditions necessary to solve ihe partial differential equations
system, Egns. (iII.B-13) through {iI1.3-19), are as fcllows:

1. Symmetry of the bed at the centerline

ow, a7, 37;{
2 M L 2 B {111.8-24)
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TABLE III.3-2
FIXED-BED REACTORS TEST DATA

Commercial

1. LURGI Dry Ash .

- Sasolburg and Secunda (SASOL), South Africa not availakle

- HWestfield, Scotland 1974
Jd. Stefano {1985) and Woodall-Duckham (1574).
Effiuent data, height of combustion zone, variations in coal
type, some vzriations in op2rating parametiers.

- 3eulah (Great Plzins), North Dakota, 1984
B.¥. Benjamin (1924), I.H. Ringard and B.W. Benjamin {1933)
Some design data, no experimental data.

Demonstration
1. BGC/LURGI STagging Ash
- Westfield, Scotland, 1521
J.E. Scott (1981) and J. Stefano (1985).
Effluent data, Pittsburgh No. 8 coal, some variations in
operating parameters, solid flow problems, dynamic
behavior, gas dust loading, sxcellent.

2. KILnG&AS
- Wood River Station, I1linois - not available

Deveicpment

1. METC - Morgantown, West Virginia
- K. Prater {1986), J. Stefano (1985) and other METC publs.
Effluent and some other data, variations in coal type, varistions
in operating conditions, 0z vs. air, sophisticated measurements
{CARS. etc.), the second most comprehensive set of data available.

2. M@U - Bristol, Virginia

- C.I.C. Chu and B.L. Giilespie {1987)
Some design data, no experimental data.

- 97 -



TABLE ITI.B-3

Fi17ED-8ED REACTORS TEST DATA
(Continued)

Development {Continued)

3.

Weliman-Gzlusha -- Minnezpolis, Minnesota

- D. Thimsen, ot al. (1984, 1685), data book soon.
Effluent data, many U.S. coais, axial profile data on a pressure
and temperature, cperational procedure, monitoring procedure, test
procedure, calculation and data analysis procedure, alil dimensions
of gasifier, detajled data on measuring equipment, the most
comprehensive set of data availabie.

. GEGAS -- Schenectady, New York

- K. J. Daniel and P.P. Shah (1980), J. Stefasno (1985), Corman, et
al. (1984).
Effiuent data only, some variaticns in operating parameters.

. GFETC -- Grand Forks, Morth Dakota

- J. Stefano (1985).
Effiuent data, height of combustion =zone, some variations in
operating conditions.

6. RUHR 100 -- Dorsten, West Germany a0t available

7. KGN -- Hueckelhcven, West Germany ) not available
Laboratory

1. Washington University -- St.Louis, Missouri

- A. Bhattacharya, et al. (1986). A. Bhattacharya (1985), L. Saiam
(1983).
Effluent data, axial temperature profile, unsteady data.

. Pennsyivania State University -- University Park, Pennsylvania

- A. Barriga and R. H. Esserhigh (1980), T. Eapen, et ali. (1977), T.
Ezapen (1979)
tffluent data, axial temperature and gas composition prefiles.
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Tig, Mo,
(I11.B-13)

(I{L.B-14)

(I11.B-15)

(II1.B-16)

(I11.B-17)

(T11.B-18)

(1IT.B-1%)

Table 111.B-3. Summary of Model Differential Equations for Improved Fixed-Bed Model

Type

Gas species maas balanco

Total gas mass balance

Total gas energy balance

Solid specics mass balance

Total solid mass balance

Total solid energy balance

Gas momentum equation
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Table IIL.B-4. Auxilliary Equations for Improved Fixed-BRed Model

Eq.No.  Tupe

(IT1.B-20)

(ITLB-21)

(111.B-22)

(111.B-23)

¥eat transfer between solid and
gas phases

Ideal gas law

Total gas phase enthalpy

Total gas phase production

iqu

6 (1-0)
p = e (T m T
p

Eepr, L(—’



2. No penetration of mass through the wall

ow. (111.8-25)
“or n
3. Mo heat accumulation at the wall
aT, aT,| . ]
o =he(Tem T KT ShdTu- T anes)

r= R r=R

The temperature of water inside the water jacket, Ty, is taken To be constant at
490 K. This is the saturation temperature of sisam at system pressure.

4. The operating input conditions
at z=0, W, = w( r,_O, H,6T,= 7,(r,0, 1) A RACA N, (I11.E-27})

Catzel, Yie=v{n LD | T=TLr L) {I11.B-23)
5. The initial conditicns:

at t=0, .= T(n 200 | 7,271, 2,0), w,=w(r, 2,0
= ¥(r, 2,0) * (111.8-29)

The input properties, model parameters, dependent and independent variables ar
summarized in Table III.B-5.

in

The important reactions considered in the dimproved moving bed model are
shown in Table III.B-6. The gasification reactions Rl, R2, and R3 are

considered *ever51b1e The equilibrium constants for the reactions follow an
Arrhenius form: :

>

AR,
i

RTg) (IT1.B-30)

(+]
K, = Kiexp(—

The intrirsic reaction rates of reactiens Rl through RS are assumed to follox
the mass action law, and the rate constants have Arrhenius form:



Table 111.B-5. Model parameters and variables

Input Daia
Gas velocity (vg)
Gas composition (w;)

Gas temperature (Tg)
Pressure (P)

Reactor Parameters

Dimensions
(diameter, length)

Independent Variables

Physical coordinates (r, 2)
Denendent Variables

Gas velocity (vg)

Gas temperature (Tg)
Pressure (P)

Solic Velocity (vs)

Solid species composition ()
Solid temperature (Tg)

Wall temperature (Ty)

Operating conditions

time (i)

Gas compgsition (w))
Solid temperature (Ts)
Wall temperature (Ty)

Extent of reaction (S5, St) Solid species composition (yx)



Table iII.B-6. Major reactions cccurring in the zasifier®

C+H0 ~—>CO+ Ha
C+ClUr—>2C0
C+2Hy —> CHy

C + k02 —> (2-2)CO + (2k-1)COn

C+Hy0—>CO2+Ha

(R1)
(R2)
(R3)
(R4)
(R3)

2Gasification, reactions 1-3, Combustion, reaction 4,
Water-gas shift, reaction 5.

Table III.B-7. Reaction Parameters for lilinois and Wyoming Coal

Reaction kO E; x 105 Refercrce
(kP2 hr) (kI/kmol)

R1

Ilinois 2.178x104 1.7537 Cho (1980)

Wyoming  1.464x10% 1.465 Yoon et al. (197§)

R3 _

Illinois 1.465x10"4 0.671§ *

Wyoming  2.931x104 0.6716 Cho -(1980)

R4 '

Illinois 6.360x107 1.13 Cho (1980)

Wyoming  §.360x107 1.13 Cho (1530}

¥ “"No data are available in the literature"

kO is assumed as one half of that of Wyoming coal
kr,co2 was assumed as 0.6 kr pzo (Yoon et al, 1978)

Table ITL.B-8. Egquilibriv_: parameters

Equilibrium Parameters

Reaction KY AH%(kcal/mole) Reference

R1 3.098x107 Yoon et al. (1973)
R2 1.722x10° Yoon et al. (1978)
R3 1.472x19°5  -21.854 Yoon et al. (1978)
R4 infinite (itreversible)

RS 0.0265 -7.850

Yoon et al. {1978)

]
b
(o]
(7]
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T, (111.8-31)

—-— 1
kr,i ‘{i

The kinetic parameters depend upon the specific type of coal used. Ar Illinois
No. 6 bituminous coal has comparatively Tlow reactivity while a Wyoming
subbituminous coal has comparatively high reactivity. The kinatic and
equilibrium parameters for these two coals are listed in Tables III.B-7 and 8.
In the char-oxygen reaction, the main difficulty is in predicting the molar
ratio of TO to CO, produced. In this work, a relation of the form

) E.
o = & exp( ——RTg> (111.B-32)

proposed by Rossberg {1956) is being considered.

The split boundary valus problem resuiting from the mass and energy
balances for countercurrent fluw may be solved by many methods. The simplest
approach is to use a shooting method in which equations are integrated from the
bottom to the top using a marching type integration method. While this method
worked well for the homogeneous case (Yoon et al. 1978), it was disastrous for
the heterogeneous medel. Amundson and Arri {1978) also reported similar
difficulties. In an attempt to overcome this difficulty, a dynamic model was
suggested. The system of simultaneous partial differeniial equations thus has
three dimensions: axial position, rzdial position and time, and each dimensiocn
must be treated separately. For the improved mcdel, orthogonal cellocation is
being used for the radial dimension, with finite differencing in the time domain
(Bhattacharya et al., 1986). The resulting set of ordinary differential
equaticns will be integrated using Gear’s routine {Gear, 1971).

Pians

A computer code will be developed for the improved fixed-bed model as a
foundation for the advanced model. The improved fixed-bed model will be
compieted and exercised. {oncurrent with the development of the improved
fixed-bed model, the particle reaction submodel requirements will be determined.
Development of the numerical solution method will be initiated.
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Nomenclature

local gas phase heat capacity [kJ/kgmol K]

total gas phase heat capacity [kJ/komol X]

total solid phase heat capacity [kJ/kamol K]
effective radial gas diffusivity of species i [mz/hr]
diameter of the reactor [mj
effective axial diffusivity [mzéhr]
effective radial diffusivity [m¢/hr]
particle diameter [m]

activation of energy of rsaction i [kJ/kgmol]
total molar flux of gas stream (kgmol/m* hr]
pressura drop

proportionality factor for the gas-solid heat transfer coefficient
of the coal bed

mass flux of the gas stream [kg/m2 hrj
gas-solid heat transfer ccefficient of the coal bed [kY/m2 hr ¥
heat transfer coefficient for thermzl r

space [kJ/mé hr K1

equiv%lent radiation heat transfer coefficient for the solid phase

{kd/mé hr K]

homogsneous bed-to-wail effective heat transfer coefficient
[kd/m= hr K]

effective wall heat transfer coefficiant for gas phasze [kJ/m2 hr K]
effeciive wall heat transfer coefficient for solid phase
[kd/m% he K]

total enthalpy of gas phase [kJ/kdmol]

enthalpy of gas species j [kJ/kgmol]

particle-to-particls contact heat transfer coefficient [kJ/m2 hr K]

effective axial thermal conductivity [%i/hr m K]

static contribution of effective radizl thermal conductivity
[kd/hr m K] _
static contribution of effective axial gas thermal conductivity
[kd/khr m K]

gas thermal conductivity [kd/hr m Kj

effective radial gas conductivity [kJ/nr m KJ

effective radial solid conductivity [kd/hr m K]

solid thermal conductivity [kd/hr m ¥]

pre-exponential factor

intrinsic reaction rate of species i [kmol/kmol char %Pa hr]
Arrhenius constant for intrinsic reaction rate of species i
ifmol/kmol char kPa hr]

equilibrium constant of reaction 4

pre-exponential vactor in eguilibrium constant of reaction i
mass transfer coefficient of gaseous species i through bulk film
reactor tength {m]

molecular weight of species j [kg/kagmol]

mixture molecular weight of species [ku/kgmol]

total pressure [kPa]

Peclet number

partial pressure od gas species i [kPa]

film pressure facter of species i

Prandtl number

radiation, void space to void



0Tt \ heat transfer between gas and solid phase [kJ/m3 hr]
r radiai direction [m]

R reacter radius [m]

R universal gas constant

Re Reynolds number

Sc total solid phase source per volume of bed {kgém3 hr]

Sc.k solid species k source per volume of bed Tkg/m® hr]

s,i specigs i gas source per voiume of bed by hetercgerneous reaction

[kg/m> hr]

ST totat gas phase source per volume of bed [kg/m3 hrl

Tg gas phase temperature {K]

T solid phase temperature [K]

Ty wall temperature [K]

t time. [hr]

Ug superficial gas velocity [m/hrl

Ug7a superficial axial gas velocity [m/hr]

Ug,r superficial radial gas velocity [m/hrl

Vg interstitial gas velocity {m/hr)

vg effective soiid velocity {m/kr]

W weight fraction eof gas species i

Yx weight +raction of solid species k

z axial direction [m]

Greek symbols

B effective length between centers of neighboring soiid particles
divided by equivalent diameter of the particles

X effective thickness ot the fluid film adjacent to the surface of
two solid particles divided by equivalent diameter of the particles

&1 parameter in effective axial conductivity

€2 parameter in 2ffective axial conductivity

7 effective length of a cliogged particle for heat transfer divided

by the equivalent diameter of the particle

€ emissivity of the solid

] bed poresity

pc total solid density [kgém3]
P9 total gas density [ka/m>}
¢ " total bed porosity
Superscripts

o Initial condition
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