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ABSTRACT

This report presents a summary of the work accomplished
during the tenth quarter of a three year study conducted for
the U. S. Department of Energy, under Contract No. E(49-18)-
1770, to develop and apply computer codes simulating the
performance of fluidized bed and entrained flow coal gasifi-
cation reactors.



SECTION I

OBJECTIVE AND SCOPE OF WORK

The purpose of this three year program is to develop
and apply general computer models that will expedite the de-
velopment and aid in the optimization and scale-up of reactors
for coal gasification. 1Initial applications will be to
fluidized bed gasification processes; subsequently both en-
trained flow reactors and fast fluidized beds will be examined.

During the first year (Year 1), work will be initiated
on the fluidized bed model in the areas of multiphase fluid
flow without chemical reactions, and chemical reactions with-
out fluid flow. The models, developed to represent these
aspects of gasification processes, will be combined in the
second year (Year 2) of the program into a numerical model of
a time-dependent field description of fluidized bed flows in
two space dimensions. Calculations will be performed with the
prototype code during Years 1 and 2 to verify the accuracy
of the formulations employed. 1In Year 2, these calculations
should provide some preliminary results relevant to coal
gasification.

During Year 2, a computer model for entrained flow
gasifiers will be formulated and the coal chemistry defined;
this model will provide a field description of entrained
flows in two and three spatial dimensions. Nonreactive
flow calculations will be performed for entrained flow pro-
cesses by the end of Year 2.

In the third year (Year 3) of the program, application
of the fluidized bed computer model to specific gasifier pro-
cesses will be extended and a model which includes three-
dimensional effects developed. Also, during this third
year the coal chemistry defined in Year 2 will be combined
with the entrained flow computer model and some calculations
of such gasifier configurations performed.



SECTION II

SUMMARY OF PROGRESS TO DATE

The development of the computer model for fluidized
bed coal gasification reactors was continued. This model
can now represent both planar and axisymmetric geometries;
the development and testing of this axisymmetric capability
was completed. Comparisons between numerical simulations of
axisymmetric jets and bubbles and the corresponding data
show excellent agreement. A new formulation for the numeri-
cal simulation of the convective transport of gas species
and temperature was developed and is being incorporated into
the computer model.

Calculations of jet penetration and bubble formation,
with application to the Synthane gasifier were performed.
These studies were directed to the prediction of bed height
and mass flow influences upon bubble formation and rise in
the vicinity of the Synthane distributor plate.

A three dimensional version of the entrained flow coal
gasification computer model was developed and preliminary
calculations were performed.

The entrained flow model was also used to calculate
two dimensional channel flows of a particle laden gas. Com-
parisons between these calculations and exact solutions
showed excellent agreement.

Theoretical studies of the heterogeneous and homo-
geneous reactions appropriate to coal gasification reactors
were continued. A single particle model for coal/char devola-
tilization was developed .to describe species and total volatile
yield in entrained flow coal gasification; this model utilizes
the kinetic data of Howard and his coworkers. A study of
burning carbon particles, including transient heating,
particle porosity and homogeneous reactions was completed;
comparisons of predicted burnout time with data show good
qualitative and quantitative agreement.



SECTION III

DETAILED DESCRIPTION OF TECHNICAL PROGRESS

3.1 TASK 00: MANAGEMENT, DOCUMENTATION AND CONSULTING

A draft copy of our annual report, "Computer Modeling
of Coal Gasification Reactors, Year 2", was submitted to DOE
for review.

Potential applications of the fluidized bed and en-
trained flow codes were discussed with staff members of EPRI
(October 5), Bechtel (October 5) and Lockheed (October 27).

In the latter meeting the nature of the Lockheed pulverized
coal feeder and the gas-solid particle dynamics were examined.
It appears that the entrained flow code could be quite useful
in a study of that coal feeding process and, in particular,

to examine the scale-up of the design.

Dr. Blake attended the Ninth Synthetic Pipeline Gas
Symposium in Chicago on October 31 through November 2 and
the American Institute of Chemical Engineers Annual Meeting
in New York on November 14 through 16.

Drs. Blake and Henline visited Professor Jack Howard
at the Massachusetts Institute of Technology and Dr.
Shivadev Ubhayaker at AVCO, Everett on November 3-4 to dis-
cuss analytical models and experimental data on coal/char
devolatilization. The research of Professor Howard and his
colleagues, wherein the kinetics of species and total vola-
tile yield is described by a distribution of activation
energies, is being used in the Systems, Science and Software
(s%) modeling of devolatilization for entrained flow coal
gasification.

Dr. Schneyer presented a paper, "A Numerical Simula-
tion Model for Entrained Flow Coal Gasification, I. The
Hydrodynamical Model", (c.f., Blake, et al. [1978]) at the
Miami International Conference on Alternative Energy Sources,
December 5-7. The paper will be published in the conference
proceedings (McGraw Hill). A sequel to this paper, includ-
ing calculations of reactive flows typical of entrained flow
combustion and gasification, "A Numerical Model of Coal
Gasification in Entrained Flow Reactors", has since been
accepted for presentation at the 71lst Annual AIChE Meeting
in 1978 (Schneyer, et al., 1978].

Dr. Blake visited DOE on December 20, and met with E.
Clark, L. Naphtali and M. Carrington. He reviewed the status
of the technical work and discussed (with M. Carrington) the



application of the S*® model to the Westinghouse gasifier con-
figuration.

Professor C. Y. Wen of West Virginia University con-
tinued his consulting activities in the area of the chemistry
of steam-oxygen gasification. In addition, he is the princi-
pal investigator of a subcontract to West Virginia University
for the development of a two phase model of fluidization for
steam-oxygen gasification.

Professor Paul Libby of the University of California,
San Diego, continued his studies of the heterogeneous and
homogeneous reactions and transport processes associated with
the oxidation of carbon particles.

Professor Joseph Yerushalmi consulted in the area of
jet penetration and bubble formation in fluidized beds. He
has contributed to an S*® summary and review of existing
theories, correlations and data on the subject of jets and
fluidization.

3.2 TASK 0l: FLUIDIZED BED COAL GASIFICATION MODEL

The development and mocdification of the fluidized bed
coal gasification computer model was continued. A version
of that code, designed to represent fluidized bed flows with
axisymmetric geometries, was developed in the previous quarter
[(Blake, 1977]. That development and the numerical testing of
this axisymmetric model was completed during the present
quarter. The nature of the numerical model is essentially
the same as that of the planar version of the code except
that the convection of mass, momentum and energy and the
specific character of the constitutive formulations now in-
clude the influences of cylindrical geometry. In addition,
the Lagrangian representation of solid particle motion was
modified to account for such geometric influences. This
code will be applied in calculations of the detailed, quasi-
axisymmetric flows from discrete orifices in fluidized bed
distributor plates. The local influences of jets and bubbles
from adjacent orifices will occur naturally in the calculation
through the application of appropriate boundary conditions.
Further, the intersection of the jet with adjacent jets and
bubbles can be represented through a numerical mapping of the
reactor field into a larger calculational grid, encompassing
all of the orifices.

This axisymmetric fluidized bed model has been used
to calculate jet penetration and bubble formation at a dis-
crete orifice and the calculations have been compared with
both theory and experiment. There is excellent agreement



between the numerical predictions and theoretical and experi-
mental results on bubble size and rise velocity. A brief
discussion of the axisymmetric model and some calculational
results are presented in Appendix A of this report.

In addition to the numerical development associated
with the axisymmetric code, we have elected to reformulate
the numerical representation of convection of mass and energy
in the fluidized bed model. At the present time (c.f., Blake,
et al. [1977]) the calculation of gas species concentrations
(density) and the local gas and solid phase temperature are
performed simultaneously using implicit techniques. While
this method of calculation provides the most complete descrip-
tion of the convection of mass and energy for the multi-
component gas and char flows in coal gasification reactors,
it necessarily involves complicated and costly numerical
algorithms and accounting procedures. For many fluidized
regimes appropriate to coal gasification, we expect that an
explicit calculation of this transport will be sufficiently
accurate and will also permit dramatic reductions (likely a
factor of 10 or greater) in computer time required for a
given reactive flow calculation. This explicit treatment has
been formulated and it will be included in the fluidized bed
model during the next quarter. Again, the present implicit
method is most general and will be used in those flow regimes
where it is still required. Further, it will provide a neces-
sary basis of comparison for this proposed explicit solution
technique.

The application of the nume¥ical model to simulate
cold and hot flows in the Synthane reactor geometry was con-
tinued. In addition, theoretical studies of jet penetration
and bubble formation were initiated; a review of existing
data, correlations and theoretical models was completed.

One objective of this combined numerical-theoretical study

of the Synthane distributor plate flows is to investigate the
applicability and scaling of cold flow visualization experi-
ments to the hot reactive regime of the Synthane gasifier.
Further, the examination of existing correlations such as
discussed by Salvador and Keairns [1977a,b], together with
the numerical simulation studies, provides a basis for inter-
pretation and guidance for such cold flow studies. Specific
numerical simulation studies of the Synthane reactor have
included calculations for different bed heights (3-10 feet)
with air fluidization of Synthane char at 40 atmospheres pres-
sure and a superficial gas velocity of 0.5 ft/sec. We found
that the jet formation and solid particle mixing at the ori-
fice were not significantly influenced by the bed height.
There was some solids convection at the distributor plate

but the jet did not produce significant local bubbling. Our
earlier calculations and theoretical studies have indicated
that 40 atmosphere, ambient temperature air is an appropriate



fluid for scaling flow visualization tests to the hot, reac-
tive, distributor plate flows in the Synthane gasifier.

A research group at West Virginia University (Princi-
pal Investigator, C. Y. Wen) is developing a classical two
phase fluidization model of coal gasification reactors
through a subcontract to Systems, Science and Software.

This S3®/WVU model development was completed and sample cal-
culations were performed. A documentation of this code is
being prepared by WVU.

3.3 TASK 02: ENTRAINED FLOW COAL GASIFICATION MODEL

The development of the entrained flow coal gasification
model was continued. In the previous quarter this finite
element/finite difference computer code was generalized to
treat transient flows in three spatial dimensions. That three
dimensional version of the code was used in some preliminary
and, therefore, brief calculations of the Foster Wheeler cold
flow combustor stage configuration. The test problems veri-
fied the numerical algorithms defining the three dimensional
finite element grid and provided preliminary tests of finite
difference formulation of the three dimensional conservation
equations.

In addition to the three dimensional calculations,
some two dimensional simulations were performed. One of these
studies provided a verification of the prediction of the
coupled gas dynamics and solid particle motion through a com=~
parison with an exact solution of such two phase flows. This
comparison was with a steady, gas and particle, laminar
Couette flow soclution by Quan [1972]. In this problem the
normal injection of spherical solid particles at a fixed
rate from the lower wall, in a planar channel, and their non-
normal absorption at the upper wall is added to the classical
Couette flow. The solid particle-gas interaction provides a
complex variation from the classical linear gas velocity
profile. The numerical model was used to calculate the evo-
lution of this flow to a final steady state and excellent
agreement between this calculation and Quan's exact solution
was obtained (c.f., Blake, Brownell and Schneyer ([1978]).
Again, this agreement provides an important verification of
aspects of the entrained flow computer model. Of course,
additional theoretical results and/or experimental data on
turbulent reactive and nonreactive particle-gas flows are
required to provide a complete verification of this code.

We expect that the experimental work of, say, Smoot and his

coworkers, e.g., Smoot and Hanks [1975] or Laurendau and his
coworkers, e.g., Lenzer, et al. [1976] will, in the future,

be useful in such verification studies.



The study of devolatilized coal/char was continued and
a heterogeneous reaction model was formulated. This model
is based upon the representation of a single particle wherein
pyrolytic, polymerization and hydrogenation reactions occur
within the particle and where intra and extra particle diffu-
sive transport mechanisms influence the overall reaction rate.
The kinetics models and physicochemical hypotheses of Howard
and his coworkers (c.f., Anthony and Howard [1976] and Suubergqg,
et al. [1978]) are utilized. With this single particle model,
a summation over many particles is then taken to derive the
source (sink) terms representing interphase mass and energy
exchange for the gas-particle flows. A discussion of this
representation of devolatilization is presented in Appendix
B.

The theoretical study of burning carbon particles
(c.f., Blake [1977]) has been extended to include particle
porosities and transient heating (and transient mass loss)
of the carbon particles. In this analysis the important in-
fluences of Stefan flow and homogeneous chemistry upon the
reaction rate control are delineated. Comparisons of pre-
dicated and experimental burnout times for oxidative environ-
ments have been made and these comparisons show excellent
qualitative and quantitative agreement. In addition, the
theoretical description provides insight into the mechanisms
of particle mass loss and the details of the temperature and
gas composition distribution, including flame front location,
in the vicinity of the particle.



SECTION IV

CONCLUSIONS

In summary, we note the following aspects of our
modeling effort.

e The fluidized bed computer model has been used in
both planar and axisymmetric modes and comparisons
between predictions and experiments on nonreactive
flows show excellent agreement.

e The entrained flow computer model has been tested
in limited three dimensional calculations.



APPENDIX A

FLUIDIZED BED COAL GASIFICATION MODEL IN CYLINDRICAL GEOMETRY

The fluidized bed coal gasification model has been ex-
tended to represent fluidization in cylindrical, axisymmetric
configurations. This numerical model has the same basic for-
mulation as that of the former planar version of the code
(Blake, et al., 1976; Pritchett, et al., 1978] except that
the convection of mass, momentum and energy and also the speci-
fic character of the constitutive formulations now include
the influences of cylindrical geometry. In this appendix we
present a brief description of the code and discuss some
representative calculations with that numerical model.

A.l GOVERNING EQUATIONS

The equations for the conservation of solid mass and
gas species, the momentum equations of both the solid and
gas phases and the total energy equation (c.f., Blake, et al.
[1976]), together with constitutive equations, interaction
functions and chemical kinetics provide the theoretical
description of fluidized bed flows. These differential
equations contain a number of terms which reflect the nature
of the coordinate system. For the purposes of our present
discussion, these equations are written below in cylindrical
coordinates. The independent variables are y in vertical and
r in radial directions and the corresponding velocity com-

ponents are uy, u, for the solid and Vy’ V. for the gas.

Conservation of Solid Mass:

3_ (6p ) + 2 (rép u) = -8 (A.1)

ot S D% suy
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Conservation of

Gas Species:

3_

3 1

s [(1-8)pF 1 + 3y [(1-8) oF Vy 1 + ;— [(1-8)xpF v ]
= Sa + (l-B)Qa o =1,2...,N (A.2)
Conservation of Momentum for the Solid:
%;.: (6pu.) + g—y (6o u u) + ;i’; —2; (xr6p uz) = -6p_g
- %§ (p. + p) + %; [X; {%; u, + % %; (rur)”
f2 L [usg;uyJ r 13 [a, (.g?uy+g§ur)]
(A.3)
%— (ep u_ ) + %; (epsuyur) + % %; (repsui) = - %; (p. + p)
% S AT YREE- S EN] [ Ry SR
+ %; :us (%; u_ + g;-uy)] - Zus §§ (A.4)

where p and ps

S

is defined in terms of the bulk, ks'
s = A= 2/3 Mg

according to X

are the gas pressure and the solid pressure,
u_ is the shear viscosity coefficient for the solid and fs

and shear viscosities

S

The solid pressure is defined as

2

- a2 _ 2
ps =3 ps (6 60) for 6 > 60
=0 for 8 < 60 (A.5)
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Conservation of Momentum for the Gas:

Ve T U < e 5y P (A.6)
-, _ (1-8) 3
v. = u, B(8) 3T p (A.7)
Conservation of Total Energy:
8 [(1-8) pe + 6p e ] + 3_ [(1-6) pev. + 6p e u ]
ot s’ s oy y S sy
13 _ 9 = 3
+ v [r (1-6) pev_ + repsesur] = 3y (K 5y T)
13 = 0 3 = 9 4 139 = 9 4
+;H(rK5?T)+W(JB—§T)+;5?(rJB—r-T)
0 13
- Op [‘37 uy + -]; E (rur)]
3 13
- (1—8) P [W Vy + -I—_ E (rvr)] (A.S)

where e =(1/p) £ Pus is the energy of the gas mixture and,
—_ — o.

K and J are the effective mixture thermal conductivity and
radiation diffusion coefficients.

We need an additional equation to form a complete set
of equations for N+7 unknowns, 8, Py Fa (o =1,2...,N=1), p,

uy, u_, vy, A\ and T.* This is provided by the specifica-
tion of the manner in which the solid particles, and hence

the solid phase, exchange mass with the gas phase. For our

%*
It is convenient to solve N-1 equations for the species

mass fraction Fy in the gas phase together with another
equation for the mass conservation in the gas phase. This
latter equation is, of course, obtained from the sum of the
N species equations (A.2).

12



present formulation, we assume that the external volume of
the particle is a constant. For combustion reactions this
essentially means that the individual particles behave in the
manner of the classical unreacted shrinking core model. For
the gasification reactions the individual particle mass loss
occurs throughout the volume of the particle (c.f., Blake,

et al. [19771]).

A.2 NUMERICAL MODEL

The numerical solution of the differential equations
is based upon an Eulerian-Lagrangian formulation wherein
implicit finite difference techniques are employed (c.f.,
Blake, et al. [1976, 1977] and Pritchett, et al. [1978]).

The Lagrangian character of the code permits the calculation
and storage of the histories of particle mass and composi-
tion. 1In the axisymmetric cylindrical coordinate system, the
representative solid "particle" used in the Lagrangian formu-
lation of solid particle movement has a toroidal geometry;

the cross-section of a torous of the same volume is inversely
proportional to the radial distance from the axis. This

toroidal "particle" is, of course, representative of a
large number of actual particles which, when they are con-

vected to larger radii, will occupy a smaller fraction of
the cylindrical volume. In order to model this with the

representative "particles" the cross-sectional area of the
representative "particle" or toroidal volume must change ac-
cordingly. Therefore, a “particle" will have a decreasing
cross-section moving away from the axis and an increasing
one moving toward the axis. Since we are using constant grid
sizes in the radial direction as well as in the vertical
direction, the same 2D zone size represents a volume which

is also proportional to the mean radial distance. However,

a difficulty can occur as a consequence of these kinematic

13



changes in "particle" cross-section area: too many such
"particles" may be required to £fill zones far from the axis

and too few in zones near the axis. Consequently, when the
"particle" cross-sectional area changes beyond some imposed
bound, we use numerical procedures to combine or divide these
kinematic "particles". This combination or division is not
physical but merely defines the representation of the

particle such that the same number of representative "particles"
occupy each zone of the same solidity.

The numerical treatment of the other equations is

the same as in the planar case (c.f., Blake, et al. [1977]).

A.3 SAMPLE CALCULATIONS AND COMPARISON WITH THEORY AND
DATA

An illustration of a calculation for the case of an
orifice in a fluidized bed distributor plate is shown schem-~
atically in Figure A.l. For our present discussion, we assume
that the orifice is far from the wall of the bed and that
there are a large number of orifices around the orifice in
qguestion, the local flow can be approximated by an axisym-
metric representation which is bounded by a cylindrical
stream surface centered on the orifice. The numerical fluid-
ized bed model predicts the bubble formation and development
shown in Figure A.2 for the case of a relatively shallow bed.
A comparison of the calculation and experimental data on
bubble size and rise velocity shows good agreement between

the numerical and experimental results.

Such a comparison between the numerical calculation
of the bubble and data can be made using measurements of
bubble volume and bubble velocity. These comparisons are
shown in Figure A.3 and they illustrate good quantitative
agreement between the numerical calculation and theoretical/
experimental results. Davidson, et al. [1977] using a model
by Harrison and Leung have shown that a simple theory of

14
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Figure A.l. Axisymmetric region bounded by cylinder centered
on orifice of distributor plate.
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spherical bubble growth can be used to represent data for
bubble development in an incipiently fluidized bed. S? has
extended that theory to the case of planar bubbles. Such
theories relate bubble volume to the volume flow rate through
a single orifice. Both axisymmetric and planar theories to-
gether with experimental data are shown in Figure A.3a. The
axisymmetric bubble volume, determined from the numerical
calculation in Figure A.3 is shown as an asterisk in that
figure; there is excellent agreement between the data and

the numerical result. It is of interest to note that both
the numerical calculation and the data indicate a bubble
volume which is less than that predicted by the theory. This
is not surprising since the theory neglects the important
influence of gas diffusion from the bubble into the space
between the densely packed particles. In Figure A.3b we
provide a comparison between the numerical and experimental
results for the case of bubble velocity as a function of
equivalent spherical bubble radius in ballotini. Again, the
calculated result, indicated by an asterisk, is in good
agreement with the data. The relative behavior of planar
and cylindrical bubble calculations is also shown in Figure
A.3 where the cross indicates the numerical result for planar
geometry. That calculation is in agreement with the experi-
mental data in Figure A.3b and with the theoretical curve for

planar bubbles in Figure A.3a.
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APPENDIX B

SINGLE PARTICLE KINETICS FOR COAL PYROLYSIS

Coal can be thought of as a very large organic-
heterocyclic (hydrogen poor) macro-molecule or matrix [Given,
1960], which when heated rapidly will decompose into smaller
molecular structures (e.g., HZO’ H2, CH4, co, COZ’ etc.) and
residual char (linked carbon structures containing some hydro-
gen). This process is called pyrolysis or devolatilization
and is responsible for a large fraction of the end product
fuel gas produced during coal gasification processes. The
specific fuel heating value (gas composition) can be strongly
influenced by the extent and specific rate processes that
occur during pyrolysis and of course, by any subsequent char
combustion and gasification reactions.

This Appendix will describe mathematical models for
lignite and bituminous coal pyrolysis in inert and hydrogen
rich gasification environments. These rate expressions, de-
veloped by Howard and his coworkers, include specific effects
of the actual pyrolysis and external mass transport rate
processes. These expressions represent individual particle
and species generation rates as functions of free stream
gasifier process variables such as temperature, pressure,
species concentration, and particle parameters.

The discussion will include background on the physical
and chemical behavior of- coals during pyrolysis, a short review
of pyrolysis kinetics, and a presentation of the current model.

19



B.1l PHYSICAL-GCHEMICAL ASPECTS OF PYROLYSIS

The process of devolatilization is exceedingly complex,
and the mathematical description to follow will by necessity
be a much simplified one. As coal undergoes rapid heating,
pyrolysis begins with the initial thermal breakdown of the coal
matrix into species of significantly lower molecular weight.
This decomposition has been reported by many (e.g., Anthony
and Howard [1976] and associated references) to initiate at
around 350° to 400°C, with very little volatiles evolution oc-
curing at lower temperatures. After initiation, the extent
and composition histories of pyrolytic products are strong func-
tions of sample temperature. Anthony and Howard [1976] report
that typically 50 percent or more of the initial coal carbon can
be volatilized if the process is carried out under sufficient
hydrogen pressure. The absolute time scales are such that in
the temperature range 1000°-1500°C pyrolysis is completed, typi-
cally, in less than 2 sec. What actually happens to the coal
particle size and shape and to the compositional histories dur-
ing this very rapid kinetic development will depend on the coal
type (e.g., lignite or bituminous), temperature history, hydro-
gen pressure, steam—-oxygen concentration, total pressure, and
particle residence time in the reactor. Such conditions can
combine to cause lignites to fracture and cause plastic coals
like bituminous to "popcorn" and swell. This behavior will have
an obvious effect on the final state of the char produced from
pyrolysis, and further it will affect the behavior of the sub-

sequent combustion or gasification reactions.

The pyrolysis of coal and the behavior of the product
gases are governed by the competing and inter-connecting pheno-
mena of energy, momentum, and mass transport within and exterior
to the coal particle together with the process of thermal de-

composition (primary devolatilization) and secondary cracking
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chemical reactions. If significant amounts of hydrogen are

in the particle exterior environment then hydrocarbon hydro-
genation reactions within the particle will also occur. The
manner in which these processes affect the total pyrolysis
behavior has been briefly discussed by Lewellen [1975]. A
synopsis of such discussions provides useful background infor-
mation for the presenﬁ model development: Upon examination of
the fine structure of coal during pryolysis one finds that the
final char porosity increases directly with char formation tem-
perature (at the endpoint of the pyrolysis process). However,
for temperatures above 500° to 600°C, the accessability of this
void volume (and associated surface area) to transport phenomena
rapidly reduces. In the case of plastic coals such as bituminous
this temperature range roughly coincides with the beginning of
plasticity during which the accessible area reaches a minimum
value. The important feature of this observation regarding
structural changes is that the structure is intimately connected
with the nature of the physico-chemical or transport processes
which combine to establish the overall (observable) particle
pyrolysis (mass loss) rate. In lignite coals, the above men-
tioned period of reduction in accessible surface area is accom-
panied most probably by high internal particle pressures asso-
ciated with mass transport via diffusional means. Such high
pressures would be consistent with the picture of lignite as a
non-fluid rigid matrix structure. Whenever the generation rate
of volatiles dramatically increases, the rigid lignite structure
imposes great resistance to both diffusional and convective
material flow. The result of this can be very high internal
pressures leading to failure of the lignite structure. This be-

havior is well known in lignites [Anthony and Howard, 1976].

Conversely the behavior of plastic coals such as bitum-
inous is quite different during devolatilization. Evidence
[Exgun, et al. 1959] is such that during the plastic or fluid

period, the entire coal particle becomes a liquid-~-like mass.
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Again, as volatiles generation rates increase with rapid
heating, both diffusional and convective flows increase dra-
matically. As this occurs, the resultant pressure forces
manifest themselves through bubble formation. The dynamical
behavior of plastic coal particles during most of their
pyrolysis and the effects of this on observable pyrolysis
rate will be strongly influenced by the bubble behavior.
Lewellen [1975] has presented a detailed discussion of this
process and the effects associated with it.

B.1l.1 Mass and Energy Transport Processes

Coal devolatilization can be presumed to be chemically
(pyrolysis decomposition reactions) controlled if one finds
(experimentally) that the overall (observable) mass loss or
pyrolysis rate is independent of particle size [c.f., Anthony
and Howard, 1976]. Badzioch and Hawksley [1970] and Howard
and Essenhigh [1967] have found this to be the case for particle
sizes in the range from 20-74 um for various operating condi-
tions. It therefore appears that for coal particles smaller
than 100 um transport processes are not important. Certainly
this deduction is gquite approximate, but it is clear that there
is a specific particle diameter or narrow range of diameters
above which the influences of energy and/or mass transport will
become important. Specific cases of this have been outlined
by Anthony and Howard [1976].

(i) External heat transfer is of importance when

the coal particles are small and the heating
rate is high. Under these conditions there is
little temperature gradient in the particle
with all of the heat transfer resistance being
external to the particle. Pyrolysis rate in
this case would increase with decreasing par-
ticle size until a size is reached where the

equivalent heating rate is so high as to allow
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negligible change in pyrolysis rate during
heat up. For particles smaller than this,
pyrolysis rate will be chemically controlled.
Badzioch [1967] has found this size to be
approximately 100 um.

(ii) Internal heat transfer will become significant

when the heating rate is low and/or the par-

ticles become large enough to allow internal
particle temperature gradients. When the

gradient is large enough, a pyrolysis reaction
wave front will develop in the particle. The

rate of movement of this front (consequently

the pyrolysis rate) will be controlled by par-
ticle heating rate. For heating rates ~ 600° c/s
Anthony and Howard [1976] have data indicating that
the critical particle diameter for internal heat

limitation is in the range 100 to 1000 um.

(iii) Mass transfer resistances will become important

when gradients within and/or exterior to the
particle become significant. Essenhigh [1963]
was able to experimentally correlate devolatili-
zation times tv with initial particle diameter,

i.e.,
t. = K. d (B.1)

where KV is a direct function of the coal vola-
tile content and an inverse function of char
permeability. This correlation was found to
hold quite well with particles in the size range
of 295 to 4760 um, but breaks down when extra-
polated below about 150 um. Such a rate model

is consistent with the picture of a coal particle

devolatilizing according to a shrinking core mode.
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Below 150 um then, mass transfer effects, al-
though not necessarily negligible, are expected
to be in competition with and be governed by
other descriptions besides the shrinking core
picture.

In the discussions to follow, the emphasis will be on
the pyrolysis of particles in the size range of less than
100 ym and under conditions of very high heating rates (e.g.,
104N105°C/sec). From the above discussion this essentially
precludes internal particle heat transfer effects and, con-
sequently, our attention will be focused on the simultaneous
affects of mass transport and chemical reaction (primarily
pyrolysis decomposition and associated secondary reactions)
upon the observable pyrolysis rate.
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B.2 REACTION KINETICS FOR RAPID DEVOLATILIZATION

As previously mentioned the pryolytic decomposition of
coal is very complex, and, to date, no detailed or confirmed
mechanisms have been established for this process. It is
generally understood however that coal is composed of a com-
plex matrix of aromatic and aliphatic hydrocarbon rings
interconnected by aliphatic and olefinic chains. This matrix
is also liberally substituted with oxygen, nitrogen, and sulfur
atoms and their functional groups. Molecular structures of
this type are known to thermally decompose at specific char-
acteristic temperatures and rates which are a function of the
bond energies and structural orientations involved. In terms
of a chemical kinetics description this means that each struc-

tural decomposition reaction possesses a unique activation

energy and velocity coefficient (pre-exponential factor), in the
corresponding rate expression., With this being the case, any
approximately descriptive kinetic model of pyrolysis must re-
flect the existence of an almost infinite and simultaneous
parallel set of decomposition reactions with the possibility

of some competing (interconnecting) reactions as well. Sev-
eral investigators have taken data and proposed reaction rate
models, and some of these are discussed below.

B.2.1 Rate Models

The approach that many researchers have taken to this
problem is to assume that the entire pyrolysis decomposition
process is first order in the unreacted material remaining
in the coal. This is usually expressed as,

r, =k, (V* - v , (B.2)
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where r volumetric rate of generation of total volatiles

v [cm3/sec]
kv = rate constant [sec]-l
V = volatiles lost from particle up to time t

V*¥ = value of V as t » « [cm3].

From a mechanistic viewpoint this approach is quite un-
satisfactory in that it lumps the entire spectrum of reactions
into a single value of activation energy and preexponential
rate constant. There has been limited success in the use of Eqg.
(B.2) for a range of different coal pyrolysis data. This can
be seen by examining Figure B.l and Table B.l taken from the
Anthony and Howard [1976] review.

Several orders of magnitude variation in the rate con-
stants over the same temperature range is quite evident.
Anthony and Howard [1976] point out that some, but certainly
not all, of this variation is due to differences in coal rank
and equipment used in the experiments. These variations are
quite prevalent in all data on coal pyrolysis. Many apparent
phenomena can be traced to affects of experimental conditions.
For example, many investigators (Juntgen and Van Heek [1968],
and Kobayashi [1972]) have found significant increases of
volatile yield with increased heating rate and have extended
generalized rate models including this effect. For example

Jintgen and Van Heek propose,

= * -
Toi (ko,i/m) (v i Vi) exp (Ei/RT) (B.3)
. . . _ ar .
for each evolved species 1 and with m = 3t ¢ being the appro-

priate heating rate. However, as pointed out by Anthony and
Howard [1976], experimental conditions for changing heating
rates, e.g., a change in residence time of the coal particles
in the heating zone, can effectively change the residence time
of the volatiles in contact with the devolatilizing coal par-

ticles. This can have an effect on the extent to which the
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TABLE B.I. COAL PROPERTIES AND DEVOLATILIZATION RATE
PARAMETERS IN FIGURE B.l

VM E

Investigators Coal VM (MF)* (MAF)t kcal/mole ko, 31 Comments
Badzioch and Hawksley (1970) B NCB 902 352 36.4 178 1.14 x 108
F NCB 601 349 353 17.8 3.12 X 108 }
Boyer (1952) St. Fontaine —_— 36.0 45 1.00 x 101 Reported by
bituminous Yellow (1963)
Howard and Essenhigh (1967) Pittsburgh Seam 359 374 21.7 492 x 10¢ T > 1060°C
bituminous 34 537 T < 1060°C
Shapatina et al. (1960) Moscow district 34.5 502 348 11.0 Zonel (0 — 0.0685)
brown coal 3.8 8.63 Zone 2 (0.06 — 0.1s)
1.0 0.37 Zone 3 (0.1 - 180s)
Stone et al. (1954) Pittsburgh Seam 40.7 422 273 541 x 108 Zonel
bituminous 24.4 1.10 X 105 Zone2
7.0 0.131 Zone 3
Van Krevelen et al. (1951) Brown coal — 51.0 0.7 0.07 Values corrected
Low-rank bituminous - 39.5 32.5 1x 107 by Jintgen and
Van Heek (1970)
Wiser et al. (1967) Utah bituminous 475 - 15.0 4715 Zane 2 (> 3600¢6)
Anthony et al. (1975) Pittsburgh Seam 40.5 48.2 13.3 1.80 x 108
bituminous
Montana lignite 403 462 20.0 2.90 X105  Excluding cooling

11.1 2.83 X 103  Including cooling

® Moisture free.
+ Moisture and ash free.
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volatiles undergo secondary reactions such as cracking, etc.
A difference in yield will occur under such varyirg circum-
stances. Further, variations in initial particle size can
lead to transport limitations and therefore disguise the
effective pyrolysis rate. The nature of the experimental
gas particle regime, e.g. entrained flows, fixed beds, or
fluidized beds all can have residence time and temperature
variation effects which in turn affect total yield. To
arrive at a useful mathematical model for pyrolysis in real
gasifiers, several investigators have proposed complex com-
peting type reaction kinetic mechanisms to account for
residence time, temperature history and secondary, cracking
reaction effects. The following Figure B.2 from Anthony
and Howard [1976] is a brief schematic description of the

various approaches taken for these "revised" models.

The approach adopted in this study is one proposed by
Pitt [1962] originally and later generalized by Anthony, et
al. [1975]. 1In this model pyrolysis is treated as the thermal
decomposition of coal by means of an infinite number of in-
dependent first order irreversible reactions, each having its
own activation energy. For the sake of simplicity, all reac-
tions are assumed to have the same pre-exponential factor, ko.
Anthony, et al. [1975] proposed this model in the form as

follows for the rate of production of species i;

r. =k, (V*, - V,) , (B.4)
where Vi = the weight percent of as received coal of volatiles

formed from the ith reaction of an infinite number of reactions.
In the limit where i »- =

Eq =/d%T =f1°:'(E)f(E)dE (8.5)

0

29



A. Simple Singtz - Step Jmdirgctioral Deacomposition

COAL-= RESIDUE « VYOULATILES

&, Saeries Decomposition

COAL —METAPLAST <= SEMICOKE -PRIMARY VCLATILES

3t
COKE » SECONDARY Gas
c.

Twe Compeating Umdirectionot Daecompositions

/RESIDUE: +» VOLATILES
coaL<__
TSRESIDUE, *VOLATILE S,

0. Mult) - Step Series - Competition Moagel

LINTERMEDIATE RESIDUE, + PRIMARY Gas,;
4

/ AN

/ RESIOYES - PRIMAARY (AS«a
COAL —aCTIVATED COAL ,RESICUEs - PRIMARY GASs
\.\ 5 ESIQUE, - SECONDARY GaS

k4

NINTERMEDIATE RESIDUE, - PRIMARY TAR

Figure B.2. Coal pyrolysis models [A. Equation (B.2); B.

Van Krevelen [1961]; C. Kobayashi [1972]; D.
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where

‘é.f(E)dE =1 (B.6)

In this form an infinite number of discreet reactions with
discreet activation energies has been replaced with a class

of reactions associated with a continuous distribution of

activation energies f(E). In this formalism, the now contin-

uous function %T takes the general form

g =k, (V* - V) /e‘E/RT £ (E) AE (B.7)

which is based upon the following manipulations:

O_O__O - o
r, = drT = erF = rTf(E)dE (B.8)

(B.9)

=

Mo
3

1]
M

'
-

3

*
'_J

]

<

1}

Ko
3

We define a continuous distribution of activation energies,

o"E/RT

k. = k(E) = k, (B.10)

so that (B.7) follows.
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B.2.2 Correlations and Data for Individual Evolved Species

Theoretical reaction rate expressions can be written
for each chemical species evolved during pyrolysis following
Egq. (B.7); i.e.,

o

r, = f k (E)E (E)AE} (V* - V) (B.11)
o
0
for each species a. Again, this is equivalent to saying that
each evolved species is formed as a result of an infinite num-

ber of first order irreversible decomposition reactions. 1In
fact, Suuberg, et al. [1977] have taken this approach in mea-
suring pyrolysis kinetics for individual species from Montana
lignite and Pittsburgh seam bituminous coals. That study
uses the technique of very rapid heating or pulverized coal
samples on an electrical grid to produce pyrolysis in an inert
gas environment. The experiments are done on a batch basis
and all products and residuals are retained and analyzed.
This data on lignite and bituminous coals indicates that the
application of Eq. (B.ll) must be modified depending on the
coal type. For example, in the case of lignite, the produc-
tion of a specific species appears to be characterized by
discreet activation energies rather than a continuous distri-
bution. This behavior is surmised from Figures B.3 and B.4
taken from Suuberg, et al. [1977] for individual yields as a
function of peak pyrolysis temperature. Each yield plateau
represents a rate process occurring at a specific activation
energy. For this reason, in the case of lignite pyrolysis,
individual species yield rates will be modeled with a single
activation energy or at most a linear combination of a few
different activation energies, not a continuous function or
distribution as in Eq. (B.1l). 1In S® modeling the kinetic
parameters and activation energies as obtained by Suuberg,

et al. [1978] will be used for lignite pyrolysis in inert
environments; see Table B.II.
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Table B.II. Kinetic Parameters for Lignite Pryolysis
Product | Stage| E,, log (kio/s-l) V¥, Wt.® of lignite
kcal/mole (as-received)
CO2 1 36.2 11.33 5.70
2 64.3 13.71 2.70
3 42.0 6.74 1.09
Co 1l 44.4 12.26 1.77
2 59.5 12.42 5.35
3 58.4 9.77 2.26
CH, 1 51.6 14.21 0.34
2 69.4 14.67 0.92
C2H4 1 74.8 20.25 0.15
2 60.4 12.85 0.41
uc? 70.1 16.23 0.95
Tar 1 37.4 11.88 2.45
2 75.3 17.30 2.93
HZO 51.4 13.90 16.5
H2 88.8 18.20 0.50
Total 44.0

a. Hydrocarbons other than CH4, o
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In contrast to the above lignite behavior, pyrolysis of
bituminous coal is in agreement with the concept of a distri-
bution of activation energies. Preliminary data on bituminous,
shown in Figure B.5, taken from Bush, et al. [1977], indicate
smooth yield versus peak temperature dependence with no steps.
Based on this it would appear necessary to model the species
pyrolysis rates in this case using a continuous distribution
of activation energies for each species as in Eg. (B.ll).

The data in Figure B.5 was obtained by Suuberg. As of now,
no actual kinetic parameters are available from MIT on the
bituminous coal; i.e., analogous to Table B.II. However,
this should be forthcoming.

The above discussion applies to pyrolysis in inert en-
vironments. Many investigators (Dent [1944], Fieldkirchner
and Linden [1963], Schroeder [1962], Hiteshue, et al. [1962],
Johnson [1971] and others) have observed and taken data of
coal pyrolysis in hydrogen rich environments at various pres-
sures of ambient hydrogen. This data shows a behavior which
is quite different from inert pyrolysis. DPepending on the
pressure, higher total volatile yield, dominated by methane,
can be produced in hydropyrolysis. The time scale and rate
of production of this so-called "rapid rate methane" are on
the same order as ordinarv (inert) pyrolysis at the same
heating rates. There have been several hypothesis as to the
nature of the mechanism involved in such a process. A
lengthy discussion of these theories will not be presented
here, and the reader is referred to the Anthony and Howard
{1976] review for a detailed account. However, the general
nature of these hypotheses may be discussed. Two leading
mechanisms have been hypothesized to provide some correla-
tion of the experimentally observed temperature and pres-
sure effects on volatile yield in hydropyrolysis; (1) an
active species model which postulates that coal pyrolysis
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produces, along with volatiles, activated carbon sites which
can produce methane upon reaction with hydrogen or a rela-
tively inactive char by cross linking; and (2) a sequential
reaction model proposed by Anthony and Howard [1976], which
involves the reaction of ambient hydrogen with reactive vola-
tile species immediately after they have been formed by or-
dinary pyrolytic decomposition. 1In this manner these volatiles
become stable methane and higher molecular weight hydrocarbons
(which of course can hydrocrack to produce more methane). In
the present model effort, this second hypothesis will be
adopted primarily due to its apparent ability to interpret the
effect of pressure on the rate of coke production. Both hypo-
theses include temperature and hydrogen partial pressure effects
through the use of a global kinetic expression of the type.

o"E/RT

r = k, £ (P (B.12)

)
4 H2

CH

where

f(PH ) ~ Py (B.13)

2 2

However, when one examines the influence of total system pres-
sure on volatile yield (Figure B.6, from Anthony and Howard,
[1976]) it can be seen that increased pressure results in a
dramatic decrease in total volatile yield (weight loss) for
both inert and hydrogen environments up to a total of about

10 atm. This phenomenon is associated with the retardation

of the transport of volatile species from within the coal par-
ticles to the exterior, allowing increased opportunity for
them to participate in coking reactions. With further
increases in pressures, the influence of hydrogen becomes
apparent. Volatile yield now begins to increase with Hj
pressure. A possible explanation, suggested by Howard,

is that the increased presence of hydrogen is interfering with
the cross-linking, coking type reactions by directly hydro-
generating the highly reactive and newly formed volatile species.
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Figure B.6.
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Of course, the process of "rapid rate methane" formation is
still the subject of much study. For our purposes we will
assume that during hydropyrolysis the dominant rate of forma-
tion of CH4 (and consumption of Hz) can be represented by

the first order form of Egs. (B.12) and (B.13). Rate con-
stants, activation energies, and stoichiometry will be esti-
mated from the data produced by Suuberg and Howard [1977].
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B.3 INTERPHASE MASS EXCHANGE DURING PYROLYSIS

The previous section indicates that some limited ex-
perimental data is now available to describe the evolution of
single species from Montana Lignite and Pittsburgh bituminous
coal. Mathematical expressions are needed for the rate of
evolution of species from single particles to ambient environ-
ments typical in entrained flow gasifiers. Such expressions
will incorporate that data in an appropriate manner.

The previous correlations for pyrolysis of lignite are

based on the following form

av
—& * _ i
I ka (Va Va)’ for species a (B.14)
-Ea/RTp
ka = kao e ’ (B.15)
where
Va = yield of species a at time t expressed as frac-
tional weight loss of the as received coal,
V; = fractional weight loss of species a at t - «

expressed as net fraction of as received coal.

The data in Suuberg [1977], Suuberg, et al. [1977], Suuberg,
et al. [1978] (c.f., Figures B.4 and B.5) show that for lig-
nite, an equation like (B.1l4) represents one or more stages

in the pyrolysis of each species. Hence devolatilization of

a species is described by a linear combination of rates for
each species with a distinct activation energy for each ele-
ment in the sum. In the S’ model, each of these distinct ele-
ments will be treated as a separate species during pyrolysis.

When the pyrolysis step is complete, each "sub-species" will
be summed to give the entire "total" species yield.

To appropriately use the correlational forms of Egs.
(B.14) and (B.l5) some structure must be given to what is
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being called a coal particle. In this initial phase of model-

ing, the coal will be taken as spherical and of unchanging
size. Also, the following assumptions regarding the rate
processes during rapid entrained flow pyrolysis will be made.

1. Particle sizes will be in the 20-75 um range,
resulting in unifoxrm particle interior tempera-
tures. This will be a good assumption for the
high heating rates (104-105°C/sec) of entrained

flow gasifiers.

2. The pyrolysis process will be taken as quasi-
static with respect to boundary conditions on

species mass conservation equations.

3. Other rate processes such as heterogeneous com-
bustion and gasification will be considered slow

enough to not impinge on basic pyrolysis.

4. The internal coal particle physical mass transfer
processes are assumed to be dominated by flux of
pyrolytic products to the particular surface. Con-
sequently, the mechanisms of pyrolysis, hydrogenation,
polymerization (coke formation) and particle~gas trans-
port of reactive volatiles are parallel phenomena
which comprise the quantitative reaction rate Ka (c.f.,
Suuberg [1977] or Anthony and Howard [1976]).

The following definitions will be used

Vp = % ﬂrg = the fixed coal particle volume,

Pa = the known coal particle density (as received
basis,

o = (V* - V. ) p_ = mass concentration of species a

sa o o c

(as identified in the gas phase) in the coal
particle which has yet to be evolved.
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The last definition further assumes that a single coal
particle is uniformly representative of the sample batch
from which V; is determined. We can now write for a single
particle the basic rate of evolution (locally) for species a
due to pyrolysis, i.e.,

r =k »p N (B.16)

Again ka is, in general, influenced by several competing

phenomena. For the reactive volatiles we expect that

where we use Suuberg's notation and where éa is the rate of
formation of a reactive volatile, KMa is the mass transfer
coefficient, Kla is the rate of secondary repolymerization
and Kza PH2 is the rate of hydrogenation. For the present,
there is not a sufficient data base and correlation of that
data to provide a complete definition of these individual
coefficients. Consequently we will primarily deal with the
overall values of ka defined for specific ambient environments
and discussed in Section B.2. When additional correlations
are available from Howard and his coworkers to quantify (éu'
KMa' Kla' Kza)for more general environments we will in-
corporate that additional structure into our representation
of pyrolysis.

The rate of evolution of species o from a single
particle (B.16) must be summed over individual particles to
provide the appropriate source terms in our continuum
representations of the solid and gas phases. The above rate
is based upon a unit volume of the coal particle; it provides
the following interphase exchange rate based upon the coal
particle surface area
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1
RaD = 3 k, Pgq (B.17)

Further, if all particles are, locally, the same, then the
use of the weighting function G(|xi-yi|) (c.f., Blake, et al.
[1976, 1977}) gives the interphase exchange rate, associated
with pyrolysis as,

)]
]

2
:g: G(Ixi-yil) 4rr, RaD (B.18a)

or

3 ky P
(1-¢) - R = (l-¢) =2 S2 (B.18b)

D v %p

S
a

]

For the more general case of locally different particles, the
former of these two equations must be used, with I, and Rap
having distinct values for each particle within the radius

of the weighting function.
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