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Modeling Pulverized Coal Conversion in

Entrained Flows

A detailed description of pulverized coal conversion in one-dimensional en-
trained flows has been formulated and correlated to hydrogasification data from
the Rockwell International Flash Hydropyrolysis (FHP) reactor using bituminous
coals. This analysis contains physical and chemical descriptions which have not
been included in previous mathematical models. These descriptions provide
further important insights into the nature of entrained flow coal gasification.

K. M. SPROUSE

Energy Systems Group
Rockwell International
Canoga Park, CA 91304

SCOPE

Entrained flow reactors are increasingly becoming an im-
portant concept in the processing of coal into synthetic fuels
and thermal energy for power generation. This is primarily
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due to the fact that entrained flow reactor concepts generally
produce faster coal gasification rates (through increased coal-
gas surface areas which reduce diffusional resistances) and
have a greater ease of operability than fluidized or fixed bed
reactors operating at the same coal-firing rates.
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Currently, at least two entrained flow coal reactors are
commercially available, with another ten in the early develop-
ment to pilot plant stages for a number of gasification and
combustion operating regimes. With this interest in entrained
flow coal conversion, it is imperative that the chemical kinetics
and hydrodynamics of such reactors be well understood.

The efforts of earlier workers in entrained flow reactor
modeling have been described and summarized by Field et al.
(1967). These early models basically analyzed the reactor’s
hydrodynamics as one-dimensional plug low. When initial mix-
ing processes of the reactants become important, these models
can be simply modified to account for mixing by treating the
mixing zone as a well stirred tank or by the inclusion of empiri-
cal mixing relations. Recently, Wen and Chaung (1979) have
used the stirred tank plug flow model with success in simulating
the Texaco downflow pilot plant gasifier, while Ubhayaker et
al. (1977) and Smoot et al. (1977) have employed empirical
mixing relationships with one-dimensional flow for modeling
their respective reactor systems.

One-dimensional entrained flow models can pose serious
limitations for use as scaling tools in commercial reactor de-
velopment programs due to their failure in adequately address-
ing nonuniform flow fields. For reactors in which mixing is
achieved predominately by means of recirculation, swirl, or
viscous entrainment, it is probably best to consider mul-
tidimensional models. One such model is currently being de-
veloped by Blake et al. (1979) for three-dimensional transient
flows in reactors of any geometry. This model is numerically
quite complex employing mixed finite element/finite difference

descriptions.

The present study describes, from first principles, the de-
tailed analytical model used in simulating the Rockwell Inter-
national FHP entrained flow reactor. The analysis assumes
one-dimensional plug flow throughout the reactor, an assump-
tion based on the findings of Oberg et. al. (1977) for reactors
with impinging-type injectors as used by Rockwell. The one-
dimensional reactor dynamic descriptions have been expanded
from those of previous models. Of particular importance is the
analysis concerning the transport of mass and energy through
the gaseous boundary layer surrounding a coal particle. The
boundary layer conservation equations are solved in a closed
form manner providing algebraic equations for the determina-
tion of gas composition at the particle’s surface and particle
temperature as a function of freestream conditions and inter-
nal particle chemistry. Previously, most models assumed the
gas composition and temperature at the particle’s surface sim-
ply to be the same as local freestream conditions.

The analytical model described here is capable, in the gen-
eral sense, of simulating reactor performance (for those re-
actors utilizing rapid mixing injection techniques) over a
number of gasification regimes. Entrained flow reactor operat-
ing regimes of interest today include synthesis gas generation
from partial oxidation, hydrogasification, hydroliquefaction,
and coal combustion. However, in the present study, this
model was only correlated with hydrogasification reactor data.
Extending this model to the other gasification regimes will
require further analytical development concerning coal parti-
cle and freestream gas chemistry.

CONCLUSIONS AND SIGNIFICANCE

Data taken from actual hydrogasification entrained flow re-
actor experiments with bituminous coals have shown excellent
agreement with results predicted by the entrained flow
analysis developed here. Measured and predicted values for
moisture ash free coal gasified, carbon gasified, reactor exit gas
temperature, and reactor exit gas composition were correlated
over a range of hydrogasification operating conditions. How-
ever, similar attempts to correlate this model with hydrogas-
ification data from subbituminous coals have proved unsuccess-
ful. This result is not surprising considering the coal chemistry
analysis employed in this study was developed from an earlier
model used by Anthony et al.(1976) for correlating bituminous
coal data. The fundamental problem of this coal chemistry
formulation as it applies to subbituminous coals, is in its inclu-
sion of coal conversion dependency on total system pressure, a
dependency not seen in the lower rank coals.

After fitting to integral reactor experimental data, this model
allowed inferences to be made concerning coal particle surface
conditions. For example, the model predicted that gas compo-
sition at the coal particle’s surface (for particle diameters on the
order of 50 um) is nearly the same as the surrounding free-
stream during all stages of devolatilization and hydrogasifica-
tion. This prediction is consistent with the assumption made in

many entrained flow reactor studies using small pulverized
coal particles; whereby, the gas composition at the particle’s
surface is simply assumed equal to that of the freestream gas,
However, the model also predicted that particle temperatures
can exceed the surrounding gas freestream temperature by as
much as 300°K during some stages of particle hydrogenation
due to the exothermic nature of this reaction. This result is
significant in that many studies additionally assume particle
and freestream gas temperatures equal. Such an assumption
according to the model would substantially lower the predicted
devolatilization and gasification rates found in this study.

The development of the entrained flow reactor model de-
scribed here represents a significant effort in the detailed
analysis and understanding of such reactor systems. Descrip-
tions for the many physical and chemical processes involved in
entrained flow reactors have been combined, providing a sys-
tematic analysis based on first principals and the previous
efforts of coal researchers. The model is capable of easily being
adapted to other regimes of entrained flow pulverized coal
conversion such as liquefaction and combustion, as well as
being able to handle newer coal chemistry schemes as they
become available. Such a model should greatly aid experimen-
tal programs in the development of entrained flow pulverized
coal reactors.

INTRODUCTION

As research and development continues in the various fields
of coal conversion, particularly for the commercialization of
entrained flow reactors, theoretical analyses will need to assume
greater responsibility in the directing of these experimental
programs. This responsibility is extremely important as these
reactors begin the scale-up process from bench scale to process
development unit (PDU) to pilot plant, and finally to a full-scale
commercial plant. Without the use of any detailed reactor
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model, a fundamental understanding of the dynamic processes
and interactions taking place inside the reactor will not be
known. If these fundamentals are not well understood, it can
probably be expected that the cost and length of any experimen-
tal program will be increased and that the final success of obtain-
ing a commercial plant will be diminished.

The analyses and discussions which follow are an attempt to
incorporate most of the known dynamic and chemical processes
which would be involved in any detailed one-dimensional de-
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Figure 1. Simplified schematic of flow field inside an entrained flow
reactor.

scription of pulverized coal entrained flow reactors. These for-
mulations will basically be divided into two major areas: (1) those
primarily concerned with entrained flow reactor dynamics; and
(2) those primarily concerned with the chemistry of coal conver-
sion processes within the confines of the coal particle. The first
area, entrained flow reactor dynamics, will encompass the phys-
ical and chemical descriptions common to entrained flow coal
reactors regardless of whether their function is gasification,
liquefaction, or combustion. The second area, chemistry of coal
conversion processes, will deal primarily with those descrip-
tions belonging only to coal particle chemistry itself; for this
treatise, devolatilization and hydrogasification of bituminous
coals in particular.

ENTRAINED FLOW REACTOR DYNAMICS

Any entrained flow reactor concept is basically concerned
with dispersing small condensed particles (here, the word parti-
cle can refer to either the solid or liquid state) into a gaseous
medium. Usually this gaseous medium is moving with enough
velocity to that its momentum can continually keep the injected
particles entrained. The idea behind this entrainment concept is
to provide the largest solid-gas (or liquid-gas) surface area possi-
ble; thereby reducing diffusional resistances, so that chemical
interactions between these phases are more rapid. In this way,
chemical reaction times are shortened which means that reactor
volumes, utilizing the same reactant flow rates, can also be
reduced. This is extremely important economically for high
pressure reactors, where any reduction in size can substantially
reduce capital equipment costs.

From a simplified viewpoint, the two-phase flow inside an
entrained flow reactor can be pictured as being compesed of two
regimes, one dominated by particle-gas mixing, and the other
by uniform plug flow as shown in Figure 1. A one-dimensional
coordinate system is placed on the reactor so that its axial
direction coincides with the z-axis and its injector is located at z
= (. At any location inside the reactor, a particle’s velocity is
denoted by u, and the freestream velocity by u,. Inside the
mixing section, the flow field will be predominantly charac-
terized by particle-gas stratification across any plane normal to
the z-axis, whereas the uniform plug flow section will be con-
sidered to have no such stratification.

In the analysis to follow the dynamical descriptions of the
mixing section will be neglected and the uniform plug section
will be considered to extend upstream to the injector, atz = 0,
thus allowing the entire reactor to be viewed as having complete
uniform flow throughout. This simplification is based on the
work of Oberg et al. (1977) for impinging type injectors in
conjunction with pulverized coal dense phase feeding tech-
niques as used in the Rockwell FHP reactor concept. It was
shown in their study that the degree of mixing for these injectors
is a direct function of the momentum ratio between the incom-
ing impinging jets within a single injection element. By operat-
ing these injection elements at the momentum ratio which
maximizes mixing, good penetration of the reactant jets can be
assured at the point of collision, thus rapidly producing a uni-
form mixed spray which expands and fills the reactor chamber.
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The one-dimensional nature of the flow field is maintained by
using as many injection elements as necessary to prevent sig-
nificant recirculation between elements. This feature of imping-
ing injectors assures that the one-dimensional flow field of the
Rockwell FHP reactor is preserved as these reactors are scaled
to larger sizes. Therefore, in describing the entrained flow
reactor dynamics, only mathematical formulations for the fol-
lowing physical and chemical phenomena will need to be con-
sidered. They are in order of discussion: (1) particle boundary
layer transport, (2) conservation equations of the bulk flow, (3)
chemical reactions of the freestream, and (4) thermochemical
and freestream transport properties.

Particle Boundary Layer Transport

Any particle that is placed within a gaseous medium, whereby
that particle is either pyrolyzing or at a temperature other than
that of the gas which surrounds it, will experience a boundary
layer effect. That is, temperature and gas composition at the
particle’s surface will be different from that of the overall gase-
ous medium. The purpose of this section is to quantitatively
understand how this boundary layer and its associated transport
processes will influence gas composition and temperature be-
tween the particle’s surface and surrounding gas. This is accom-
plished by writing the equations of mass, momentum, and
energy conservation as well as the diffusion equation for the gas
inside the boundary layer surrounding the particle.

The solution to these conservation equations in the past have
basically evolved into three forms. They categorically are: (1) the
vaporization approach, (2) the thin flame surface approach, and
(3) the kinetic diffusion approach. All of these forms make use of
the steady-state or quasisteady-state assumption whereby time
derivatives of the dependent variables found in these equations
equal zero. The basic differences among the three solutions are
as follows.

The vaporization approach, as first used by such researchers
as E1 Wakil (1956), further assumes that homogeneous chemical
reactions do not occur within the boundary layer. On the other
hand, the thin flame surface approach, as classically shown by
Williams (1965) for burning fuel droplets, allows chemical re-
actions to occur within the boundary layer, but assumes that
their kinetic rates are so fast that a spherical flame surface,
burning at stoichiometric conditions, surrounds the particle.
Finally, in the kinetic diffusion approach, as used by Axworthy
et al. (1976), or Caram and Amundson (1977) for carbon parti-
cles, the finite chemical kinetic rates for the production or
destruction of gaseous species within the boundary layer are
used. In this way, the restrictive assumptions of vaporization or
infinite kinetics are removed at the expense of a more complex
solution technique.

In regard to entrained flow reactors, where the particles are
constantly subjected to convective gas flow over their surface, it
has been found best to treat the boundary layer transport proc-
ess from a vaporization point of view. Combs (1972) explains this
reasoning in light of the fact that exposing a pyrolyzing particle
to even mild forced convection is likely to blow any flame or
chemical reaction surrounding that particle into its wake or even
extinguish it. In this way, flame-enhancement of boundary layer
transport is not likely to occur for particles traveling in bulk
turbulent flow fields. Previously, this reasoning has enjoyed
such success in predicting droplet vaporization or combustion
rates in convective flows that this vaporization approach is used
in the JANNAF (Joint Army, Navy, NASA, Air Force)
methodology of analyzing liquid rocket engine combustor per-
formance (see Combs, 1972, and Schuman and Beshore, 1978).
Therefore, given the arguments presented above, an analysis for
particle boundary layer transport in entrained flows will be
developed along the lines of the vaporization analogy. This
analysis begins as follows.

Consider a spherical particle surrounded by a gas undergoing
pyrolysis or heat exchange as shown in Figure 2. A spherical
coordinate system is placed on the particle so that the radial
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direction, r, extends from the particle’s center outward into the
gaseous boundary layer and freestream. The particle’s center is
givenas r = 0, and its surface is located at r = r,. Although most
particles are not spherical, this description is not altogether in
error since it has been found to predict results to problems of a
similar nature with excellent accuracy.

The generalized set of conservation equations describing the
dynamics of any multicomponent system can be found in many
theoretical books on transport processes. In applying these
generalized equations to those of mass, momentum, energy,
and diffusion through the particle’s boundary layer, a few
simplifying assumptions will be introduced, thus reducing the
complexities of their mathematical solution technique. These
assumptions are given as follows.

(@  The system of equations describing flow in the bound-
ary layer will be considered as quasisteady-state.

(b) The boundary layer transport process is one-
dimensional in the r-direction (only gradients in r
exist).

() All body forces are negligible.

(d)  The square of the Mach number relative to the particle
is much less than unity.

(e}  Viscous effects are negligible.

()  Gaseous radiation is negligible.

(g  The Soret and Dufour effects (thermal diffusion) are
negligible.

(h)  Pressure gradient diffusion is negligible.

(i)  All binary diffusion coefficient pairs will be considered
equal.

(i)  The Lewis number equals one.

(k) Chemical reactions within the boundary layer are neg-

ligible.

The validity of these assumptions, except for Assumption (k)
which has already been discussed, will not be expounded here.
Assumptions (a) through (j) traditionally belong to a particular
class of problem formulation (viz., the Shvab-Zeldovich, see
Williams, 1965), which has been thoroughly explained through-
out the literature.

Using this set of assumptions, Williams (1965) has shown that
the set of conservation equations describing the boundary layer
transport processes can be formulated into two governing differ-
ential equations, one for species mass fraction, Y;, and the other
for temperature. The equation for species mass fraction is:

d[r2 (pv Y — S ﬂ)]
cp dr

ar =0 @
and the one for temperature is:
T
. T N d /; , Cn dl
d pULOC,,dT*Tp'——dT—
=0
dr (2)

In Egs. 1 and 2, the velocity, v, is the mass averaged species
velocity through the boundary layer relative to the particle.
To solve Eqs. 1 and 2, boundary conditions for species mass
fraction and temperature will be needed at both the particle
surface (r = r;) and freestream (r = infinity). At the particle’s
surface species diffusion and mass continuity relationships will
show that:
— rhll

A ¢
r=rg 477'1‘?

¢, dr

1y

3

% gyl
where m, is the particle mass conversion rate and my; is the
species mass flow rate through the boundary layer. By perform-
ing an energy balance at the particle’s surface, the boundary
condition for temperature becomes:

dmrix = QOraa + Oreac + 4 7L Py Con 4T,

r=rg 3 dt

4

T
dr
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Figure 2. A spherical particle undergoing pyrolysis or heat exchange.

where Oraq is the rate at which heat is radiated away from the
particle’s surface and Oreac is the rate at which heat is absorbed
by the particle due to internal chemical reactions. Endothermic
reactions will give positive contributions to Qreac, Whereas
exothermic reactions give negative contributions.

Although this boundary layer development has been assumed
to be quasisteady-state, the dT,/dt term for changes in particle
sensible heat was included in Eq. 4, since experience has shown
that greater numerical stability in the computer solution for
particle temperature can be achieved with this term included in
the analysis. Also, Eq. 4 was developed by assuming that tem-
perature gradients within the particle are negligible, thus allow-
ing the temperature at the particle’s surface to be given by the
particle temperature, T,. This assumption is usually true for
small nonpyrolyzing spheres when the surrounding gas thermal
conductivity is much less than that of the spheres themselves,
therefore giving rise to extremely small particle Biot moduli.
While these particles are decomposing, their Biot moduli are
reduced even further due to heat transfer blockage from the
freestream to the particle produced by the convective flow of
mass away from the particle’s surface. The validity of this as-
sumption as it applies to the experimental situation studied in
this paper will be further discussed in the experimental results
section.

The boundary conditions for species mass fraction and tem-
perature at the freestream (r = infinity) are somewhat simpler
than those at the particle’s surface. The one for species mass
fraction is:

Y=Yy )
whereas the one for temperature is:
r=T1 ®)

Here, the subscript f denotes freestream conditions.

Solving the boundary value problems now formulated will
show that the gaseous species mass fraction at the particle’s
surface, given by the solution of Egs. 1, 3, and 5 for multicom-
ponent and countercurrent diffusion, is:

; — m, ¢ y;
b o)
& i , P\ Nuw rek 1, M

The change in temperature at the particle’s surface is found from
the solution to Eqs. 2, 4, and 6 with the result being:

dr, 3 1, ¢, (T, — Twg)
dt m, ¢
dmrtn, o1 - exp (?m)] ®

Eq. 8 used the particle’s wet bulb temperature, Ty, which is
defined as the limiting temperature that the particle can achieve
under the given set of quasisteady-state conditions. The wet
bulb temperature is found by solving Egs. 2, 4, and 6; only this
time, the derivative dT,/dtin Eq. 4is set equal to zero. This will
produce the result:
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The Nusselt number, Nu, has been included in Eqs. 7 through
9, since it is known that the ratio of mass flow rates for a
vaporizing or burning particle under stagnant to convective
atmospheric conditions is equal to Nu divided by 2.0. (See
Williams, 1965.)

Eqs. 7 through 9 provide a more detailed picture as to the
nature of the gas composition and temperature at the particle’s
surface in relation to freestream values. In most analyses con-
cerning entrained flow coal gasification, it is usually assumed,
since the coal particle is extremely small, that the gas composi-
tion and temperature at the particle’s surface are the same as in
the freestream. Practice has shown that in many circumstances
this assumption is not valid, particularly during stages of rapid
particle oxidation where particle temperatures have been ex-
perimentally found to exceed those of the gaseous freestream by
as much as 500°K for particle sizes on the order of 70 um. (See
Smith, 1971.)

Conservation Equations of the Bulk Flow

Determining the amount of change in many reactor param-
eters from one location to the next will require the solutions to
the bulk flow conservation equations for mass, momentum, and
energy, as well as the gaseous equation of state and particle-drag
relationship. Changes in such parameters as freestream veloc-
ity, particle velocity, species flow rates, reactor temperature,
etc., will be found from the following analysis. This analysis will
utilize the geometrical descriptions of the uniform plug flow
section as provided by Figure 1.

In developing the equations governing the reactor’s bulk
flow, the following simplifying assumptions will be introduced.

() The bulk flow processes will be considered as steady-
state, one-dimensional, uniform flow.

(m) Viscous effects are negligible.

{(n)  All body forces are negligible.

(o) Diffusion processes are negligible.

(p)  Thermal conduction and radiation ure negligible in the
axial direction.

Assumption (1) is usually satisfied after sufficient reactor oper-
ational times and good injection mixing. However, the validity
of Assumptions (m) through (p) as applied to various entrained
flow coal reactors will remain to be seen, although they have
been shown to yield adequate results for liquid rocket combus-
tor analyses.

Probably the most questionable assumption is the one con-
cerning negligible thermal conduction and radiation in the axial
direction, Assumption (p). However, if the mass-average tem-
perature of the initially injected reactant streams is high enough
to promote rapid chemical reactions once these streams are
mixed, the conduction and radiation of thermal energy up-
stream from the reaction zone is not required to heat the mixed
reactants up to the ignition temperature. Also, if the bulk flow
velocity is fast enough that only convective energy flow domi-
nates in the reaction zone, thermal conduction and radiation
over the entire reactor’s axial direction becomes unimportant.

By performing a species mass balance across any given control
volume in the uniform plug flow section of Figure 1 and by using
Assumption (1), the following two species conservation equa-
tions for gases and freestream condensed phases can be written.

di, N, i,
= Ayt S u” (10)
and
di,,
T = Aee 1y
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Here, #; and i, are the freestream mass flow rates of gaseous
and condensed species traveling in the axial direction, whereas
N, is the number flow rate of the j™ particle group.

Eq. 10 simply states that the change in freestream flow rate of
the i™" gaseous species is equal to the amount of that species
produced by homogeneous freestream reactions plus the
amount added by particle decomposition of all j particle groups.
On the other hand, Eq. 11 states that the change in freestream
flow rate of the i'" condensed freestream species is equal only to
that produced by homogeneous freestream reactions, since
condensed phases cannot diffuse through particle boundary
layers. It should be noted here that the term “condensed free-
stream species” refers to any homogeneous condensed phase
which is originally formed from gaseous freestream reactions,
such as the formation of carbon soot from homogeneous coking
reactions. These freestream condensed phases will travel at the
same velocity and temperature as the freestream gases.

Overall gas continuity also needs to be included in this set of
equations for mass conservation. This equation can be written
as:

i = by A, (12)

where the freestream gas density, p;, can be found from the
equation of state.

In Egs. 10 through 12, the effective cross-sectional area of the
total gas flow, A, is determined by knowing the total reactor
cross-sectional area, A, and the effective areas occupied by
condensed freestream species and particles, respectively.
Quantitatively, this can be expressed as:

1 i 47 N; g
A, =A— [—— o —’—"1] 13
! Uy E Pe; 3 ; Up; a8

In the following governing equations for overall bulk
momentum and energy, the following relation for the mass lost
by the j™ particle to the mass flow rate through its boundary
layer is used.

4a d(rl; p,) _ Ty,

3 dz U, (14)

Eq. 14 is also needed in determining the change in particle
radius for the j% particle group.

Now, by again using a control volume in the uniform plug flow
section of Figure 1, it can be shown that equating the change in
momentum across that volume to the sum of the forces acting
upon it will, after employing Assumptions (1) through (n) and Eq.
14, yield a bulk flow momentum equation of:

dp

du
(Eni+ Enﬁ) ! +A_E
= 2 N}' 7;11:_; - [ Z rs] P; N
i
(g Z‘Zl"")] a3

1

du,,

Finally, the control volume approach is used one last time for
the development of the bulk flow energy equation. Using As-
sumptions (1) through (p) and Eq. 14, an energy balance on the
control volume will show that:

u,«(z i + 2 ”c,) du,
dT
(Z Wi cpp 2 fiei c,,u) f
'S (b 5 ) S
J 2 uu;

EY 3 . dT, d“ )
- ['-3_ 2 ppj .\ (Cp,,] dlj + Uy (1;‘)

+Z<h+ )d"+z(hc,+ )
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dﬁci dOout
dz * dz

where Qoy is the rate of energy conducted through the reactor
walls and out of the system.

For low speed flows, specifically where u3/(P/p) << 1.0,
Egs. 15 and 16 can be greatly simplified. Eq. 15 would simply
state, for momentum, that pressure is constant, while Eq. 16
could be reduced by the elimination of all kinetic energy terms.
However, these equations were written in this longer format
because some reactors, such as coal-fired combustors for mag-
netohydrodynamic (MHD) power generation, can have internal
gas velocities approaching Mach numbers of unity.

In completing the physical descriptions of the bulk flow, one
final equation for particle-drag needs to be written. By equating
the force exerted on a particle by the freestream gas to the
particle’s mass times acceleration, the following equation of
change for particle velocity can be given as:

| e

du,, — 3 CDquf - “pj](uf - “p;) Pr
dt 8 74;Pp;

17

It has been shown by Abraham (1970) that the drag coefficient
for spheres, Cp, over a wide range of Reynolds numbers (i.e., 0
< Re = 5000) can be best correlated by the relation:

24
Cp, = - (1 + 0.1104 \/Re;)? (18)
J

R
In relating the time rate of change of various particle param-
eters, such as 4, in Eq. 17 and T, in Eq. 8, to the axial rate of
change, the dt terms in these equations (as well as others to be
developed later) should be replaced by dz/u,,;.

Chemical Reactions of the Freestream

The mass species production rates, ¢; and a@.;, found in Egs.
10 and 11 can be directly determined from homogeneous kinetic
reaction data among the various gaseous freestream species.
This is accomplished by knowing the basic series of reaction
steps or chemical equations involved in the overall reaction
process. For example, a generalized equation for the k™
homogeneous kinetic reaction step, can be expressed as:

2 Vli.k Zi ﬂ; 2 v"i,k Zi + 2 V”r,‘,k Zc,' (19>

In this equation, v’ and v" denote the stoichiometric
coefficients for reactants and products with the symbol Z repre-
senting the chemical formula of a given compound. The sub-
script k denotes a given kinetic reaction step. It should be noted
from Eq. 19 that condensed freestream species, given by the
subscript ¢, do not appear as reactants.

Now, from kinetic theory and the system of chemical re-
actions given by Eq. 19, the homogeneous mass production rate
of the i*" gaseous species is given by:

, pr Yy \K
o = M, E(V"i.k = Vik) kx H <——') (20)
k i Mi
whereas, for the i'" condensed freestream species, the mass
production rate is given by:
" P Yf' Vik
We; = Mci Z 14 ci,kkk H (T (21>
k i i
In Eqgs. 19 through 21, the homogeneous specific reaction rate
constant, ki, is given by an Arrhenius rate expression.

Many times a complete set of reaction rate data for the pro-
duction of various chemical species is not well known or there

are so many reaction steps involved that the determination of

these production rates becomes a costly and time-consuming
task. However, if the freestream temperature is sufficiently high
causing the reaction rates to be extremely rapid, it can be
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assumed that the finite kinetic schemes given by Egs. 19
through 21 can be replaced by a chemical equilibrium analysis.

The type of chemical equilibrium analysis employed for en-
trained flow reactors is given by a constant pressure process such
as those described by Huff et al. (1951) or Gordon and McBride
(1971). Therefore, by knowing the instantaneous changes in
freestream enthalpy and atomic flow rates across the control
volume, the rate of change of freestream species flow rates can
then be determined. Once equilibrium has been solved for
changes in freestream species flow rates, the two species pro-
duction rates can then be determined from:

L [di| QN rh,.,j]
Wi Ag [ dZ eo ; upj (22)
and
1 di,
v = (23)

where the subscript eq in these two equations means evaluated
from chemical equilibrium.

An equilibrium development for obtaining the d#/ dz)e, and
diic;/ dzle, terms will not be given here since complete deriva-
tions for chemical equilibria, such as those by Huff et al. (1951),
and Gordon and McBride (1971), do exist in literature and are
quite lengthy in volume to be merely repeated in this discus-
sion.

Thermo-Chemical and Freestream Transport Properties

The thermo-chemical properties used in this model for gase-
ous and condensed species were taken from the tables compiled
by Stull and Prophet (1971). These tables have been curve fitted
by Gordon and McBride (1971) for species specific heat, en-
thalpy, and entropy. The transport properties for dynamic vis-
cosity and thermal conductivity of gas mixtures were calculated
from kinetic theory as given by Hirschielder et al. (1954). A
complete listing of the values to be used for the force constants in
these equations has been compiled by Svehla (1962) for most
gases at elevated temperatures.

CHEMISTRY OF COAL PARTICLE
DEVOLATILIZATION AND HYDROGASIFICATION

With the completion of the analytical formulations in the first
major area (entrained flow reactor dynamics}, attention can now
be directed towards developing an analysis for the seeond major
area on chemistry of coal conversion processes within the
confines of the coal particle itself. Since this reactor study was
concerned only with entrained flow hydrogasification, the fol-
lowing coal conversion chemical processes will reflect only those
areas relating directly to devolatilization and hydrogasification.
That is, coal particle chemistry for liquefaction or other gasifica-
tion regimes will not be considered here.

Coal particle chemistry of devolatilization and hydrogasifica-
tion is far from being thoroughly understood. Numerous mech-
anisms have been proposed by which coal decomposes in inert
and hydrogen atmospheres. However, each of these proposed
mechanisms has various shortcomings and more fundamental
research is needed. The journal review article of Anthony and
Howard (1976) describes much of this previous work.

Even though the exact chemistry of coal devolatilization and
hydrogasification is not complete, an analytical formulation
based on current research was developed to couple with the
previous descriptions of the entrained flow reactor dynamics.
Two of the most promising treatises considered for incorpora-
tion into this work were those given by Johnson (1977) and
Anthony et al. (1976). After further examination, it was decided
to use the approach of Anthony et al. (1976), since they con-
sidered hydrogasification reactions to occur within and at the
coal particle’s surface during the initial onset of devolatilization,
whereas Johnson’s approach did not. For the entrained flow
model developed here which considers boundary layer trans-
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port, hydrogen appears at the coal particle’s surface throughout
most of devolatilization at concentrations very near those in the
freestream. Therefore, the analysis to be used, similar to that
presented by Anthony et al. will be developed as follows.
Consider only four types of gaseous species which can diffuse
through the boundary layer surrounding the coal particle. These
four gaseous species are classified as reactive volatiles,
nonreactive volatiles, hydrogenated volatiles, and hydrogen.
Reactive volatiles are high molecular weight hydrocarbons,
which once formed by particle pyrolysis can: (a) react with
hydrogen, forming hydrogenated volatiles; (b) deposit
themselves back onto the coal particle through deposition
reactions; or (c) diffuse through the boundary layer escaping
out into the freestream. Thus, the mass flow rate of reactive
volatiles, 1, through the boundary layer can be expressed as:

Ve

e = Ty Py @)
Now, nonreactive volatiles are lower molecular weight hydro-
carbons, which once formed by particle pyrolysis are able to
diffuse away from the coal particle and into the freestream
without being subjected to the secondary reactions of deposition
and hydrogenation encountered by reactive volatiles. Thus, the
mass flow rate of nonreactive volatiles, 7, through the bound-
ary layer is simply given by:

anrl‘

dt

On the other hand, hydrogenated volatiles are formed either
by homogeneous pore reactions of hydrogen with reactive vol-
atiles, or by heterogeneous surface reactions of hydrogen with
the solid coal matrix. The amount of hydrogenated volatiles
liberated by heterogeneous surface reactions is assumed by
Anthony to be directly proportional to the fractional completion
of reactive volatiles formation, for any hydrogen concentration
at the particle’s surface. This analysis further assumed that for
homogeneous hydrogenation reactions, the ratio of hydro-
genated volatile mass produced to reactive volatile mass con-
sumed is approximately 5/4, and that for heterogeneous surface
reactions the ratio of hydrogenated volatile mass produced to
carbon mass consumed is approximately 4/3. These mass ratios
were determined from the following two global reactions, re-
spectively:

CisHyO4(g) + 29 Hy(g) — 15 CHy(g) + 3 H,O{g)

(25)

Mppy =

and
C(s) + 2Hy(g) - CHy(g)

where C,3HgO04(g) has been chosen as a model formula for reac-
tive volatiles, this formula was determined from coal fragment
structures proposed by Wender (1975) for various coals. From
these assumptions then, the mass flow rate of hydrogenated
volatiles, 1y, through the boundary layer can be given by:

4k dV,, )

3ViFr  dt (26)

. 5
My = PSHz (T k2 Psry +
Finally, the mass flow rate of hydrogen gas, thy,, through the
boundary layer is of the same form as Eq. 26 for hydrogenated
volatiles, except that the two global expressions for homoge-
neous and heterogeneous hydrogen reactions dictate that:
ks dVrv)

. 1
thyy = = Py, (Z kz oy + BVE dr @7
f

Notice that the mass flow rate of hydrogen gas in the particle
boundary layer, hy,, is negative, since it will always be flowing
to the particle’s surface.

The devolatilization production terms of nonreacting vol-
atiles, dV,,,/dt, and reacting volatiles, dV,,/dt, found in Egs.
24 throngh 27 are directly adapted from the work of Anthony et
al. as:

anrv _ . " '/El ( - E)
T = Wia V . ko f(E) exp Rqu
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dt |dE  (28)
)]

and

- [*oew (7
exp | — 5 €X

PLT ) PR,
AV,

@ —_ E )
= W¢ kK
dt coal V —[El ku f(E) exP (

U

R,
t -E
exp [-— j;k,, exp (ﬁ) dt ] dE  (29)

utp

such that

f8) = @vamr ep [FEZEL] g

20

It should be noted here that f AEME = 1

The overall rate coefficients, k, and k,, for reactive volatile
deposition and homogeneous hydrogenation reactions, found in
Eqs. 24, 26, and 27, are given by the following two relations as:

47rs ART ¢,

= 3
b = @D
and
ky = 4mrs ART ¢, (32)
CI-’

where c,and ¢, are assumed to be constants which are deter-
mined from experiment. The constant ¢, is defined as the react-
ing volatile deposition rate coefficient, k;, divided by the react-
ing volatile pressure independent mass transfer coefficient, k;
the constant ¢, is simply the homogeneous reacting volatile
hydrogenation coefficient, k,, divided by k.. Eqs. 31 and 32
were determined by first finding an expression for k.. This was
done by assuming in Eq. 7 that iy, = my, Y5, = 0, Nu = 2, Y, is
very small, i = rv, and then substituting this equation into
Anthony et al.’s expression for the reactive volatile boundary
layer flow rate of:

. k.
Myy = Tpsn»
to get
47ry A\RT
kc =
Cy

where use was made of the perfect gas relationship.

Typical values used for the constants in this section are found
in Table 1. These constants, except for the hydrogen-coal
heterogeneous reaction rate constant, k3, and the volatile
molecular weights, were taken from the work of Anthony et al.
(1976) for bituminous coals. The value reported for k; was cho-
sen because it gave the best data correlation for the bituminous
coals tested in this study. The values used for molecular weights
of the volatiles are simply qualitative estimates: the reactive
volatiles being given by the C,sH3O, model formula previously
discussed, nonreactive volatiles given by an average of aromatic
molecules from benzene to chrysene, and the molecular weight
of hydrogenated volatiles simply given by that of methane. The

TABLE 1. DEVOLATILIZATION AND HYDROGASIFICATION
CONSTANTS FOR BrruMminous COALS

¢ = 553 x 10°% Pa~!
Ca = 195 x 1072 Pa?
Vxxk = 0.20

V* = 0.572

k, = 1.67 x 10¥s!
ks = 34 x 1078 Pa!
o = 7.2 x 10*J/mol
E, = 229 x 10° J/mol
E, = 2.57 X 10° J/mol
M,, = 236 g/mol

My, = 178 g/mol

M, = 16.0 g/mol

AIChE Journal (Vol. 26, No. 6)



100

T T T T

[a]

&

w

2 80 -
(G

2

&

m

<

< 60 |- .
£

w H

2o

w40 |- -
-l

=y

-

2

1w

2 20 -
o©

[17])

[+ %

=

0 I I ] 1
0 20 40 60 80 100

CALCULATED PERCENT CARBON GASIFIED

Figure 3. Reactor model calculated vs. experimental carbon conversions
for bituminous coal tests.

sensitivity of model results on the exact values chosen for these
molecular weights has been seen to be small. This is because
these molecular weights are used only in the calculation of
hydrogen partial pressure at the particle’s surface. Due to the
fact that the molecular weight of hydrogen is much smaller than
those given in Table 1, itis seen that their influence in hydrogen
partial pressure is small.

Should the exact chemical composition of all volatile material
diffusing through the particle boundary layer be known, this
discussion could be concluded after determining the mass en-
thalpy of the coal particle, h,, and QOreac needed in equations
previously described. However, this is not the case, and before
the bulk flow conservation equations already described can be
solved, the chemical species leaving the coal particle must be
further defined. From the earlier assumption of rapid reaction
rates in the freestream, thus allowing changes in freestream
species flow rates to be determined directly from chemical
equilibrium, the instantaneous changes in atomic flow rates
needed for this analysis can be found from data given by Gray et
al. (1973) for hydrogasification.

The data given by Gray et al. show the amount of mass
converted of the various atomic elements found in coal, as a
function of the coal atomic carbon converted during hydrogas-
ification. Using this data the following equations were empiri-
cally formulated.

Mhyd = it = Nox = Noar (33)

and

Nou = N (34)
where the fraction of species converted in the coal, 7, is given in
these two equations on a moisture ash-free (maf) basis. The
fraction of water vaporized from the coal particle was assumed to
be very rapid in this study and given by the relation:

Mo = Mear - (35)

All the ash is assumed to remain on the coal particle through-
out hydrogasification, without evaporating into the freestream.
Knowing that the particle mass consumption rate, r,, is given

by:

m, = ﬁlrv + ’hnrl' + rh’ll' + thz (36)

a continuity balance with the coal constituents will also show
that:
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TABLE 2. MAIN EQUATIONS AND DEPENDENT VARIABLES

Section Equations Variables
Particle Boundary Eqgs. 7and 8 Yy, Tp
Layer Transport
Conservation Egs. Eqgs. 10-17 %y, N, Ag, P, T,

of Bulk Flow
Chemical Reactions
of Freestream
Thermo-Chemical and Gordon and McBride

Uyp, Uy, T
@i d)c,'

Eqgs. 22 and 23

Coi> Cpepr hi, ke

Freestream Transport (1971)
Properties
Hirschfelder et al. [TRDN
(1954)
Chemistry of Coal Eqs. 24-27 and Mres Mgprs Mg, Mgy
Particle Devolatiliza- 36 m,
tion and Hydrogasifi-
cation

Eqs. 33-35 and 39 Thyd, Tinits Mox,
Nsul, MHz0, " Near

v

Eq. 40

. dn dn d
m, = Wiea (n%ar% + Nhya 7?;‘? + Mox ;tox
d'nnit d")s 1 dnH 0
+ m? + no u 3 2 )
Mhnit dt N 'sul dt + Mo dt

(37)

where the initial mass fraction of a given constituent in the coal,
7°, is given here on an as-received basis. For completeness, it
should be stated in this study that: '

Near + MNhya + Nax + Mhie + Nom + 77';{20 + n%n =10
(38)
Now by substituting Eqs. 33 through 35 into Eq. 37, the rate at

which atomic carbon is converted can be found directly from the
particle mass consumption rate, 1i,. This equation is given by:

dNear
dt

[n%ar + 0.201 7);2?1"799 (nhya + Nox + M)

+0.644 Moy Near™® + 0.004 N0 Mo

1,
== (39)
coal

where 1, is determined from Eq. 36.

In completing the chemical descriptions of a decomposing
coal particle under devolatilization and hydrogasification condi-
tions, the mass enthalpy of the coal particle must be deter-
mined. Since it has already been assumed that the ash material
does not enter the freestream but remains with the leftover
char, the mass enthalpy of the particle, %, is determined on an
ash-free basis. If it is assumed that the mass specific heat of the
ash free coal particle is very near that of the ash itself and
constant, the following equation for h, can be expressed as:

hy, = he + ¢, (T — T (40)

The mass enthalpy of formation of the ash-free coal, hjy, can
be determined from the coal’s ultimate analysis and heat of
combustion on an as-received basis. By assuming complete
oxidation of the as-received coal and treating the ash material as
inert during the combustion of coal with oxygen, the mass
enthalpy of formation of the ash-free coal can be given by:

1 n%ar MCOzh%
Rope = ——r [AH + e D ¢
afe (1 - n%sh) coal Mcar
Nhya M H20 ) Nsa M S0p hosoz ]
+ (Mhod TH20 e ) B2y + L TS02 RS0z | gy

( 2Mng NMH20 ¢Ho0 My (41)
where AH g Is the higher heat of combustion per unit mass of
coal on an as-received basis at reference temperature, T°. The
reference temperature, T°, in Eq. 41 is usually taken to be

298°K, so that any water that is formed will generally be in the
liquid state. Therefore, the enthalpy of formation of water,
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hpy0. in that equation must be given for the liquid phase with

AH .o equivalent to the higher heat of combustion. Enthalpies

of formation for oxygen and nitrogen molecules were not in-

cluded since at the reference temperature, T°, they are gener-

ally defined as zero (Stull and Prophet, 1971).

The rate of heat absorbed by internal coal particle reactions,
Qreac, was given for this study simply by the reaction C(s) +
2H,(g) — CH,(g), which produces a heat of reaction of approxi-
mately —1.87 x 107 J/kg of hydrogen consumed by the coal
particle. Therefore, Qeqc is simply this heat of reaction times the
hydrogen consumption rate. The negative number for the heat
of reaction with hydrogen indicates by convention that this
reaction is exothermic.

SOLUTION METHODOLOGY

The main body of 30 equations to be solved and their 30
dependent variables are listed in Table 2. These main equations
together with a few other relationships, such as the gas equation
of state and some simple continuity expressions required as
input for the determination of ¢, and g, from chemical equilib-
rium, constitute the complete description for this entrained flow
analysis. This set of linear and nonlinear equations was solved in
a finite difference computing scheme. Since all differential
equations found in this set are simple ordinary-first-order, only
one boundary condition is required for each differential equa-
tion at the upstream location. Therefore, the numerical iteration
solution begins at the injection plane, z = 0, where all depen-
dent variables are initialized, and then simply marches down the
reactor’s axial length one step at a time. The distance between
axial steps is denoted by Az.
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EXPERIMENTAL RESULTS

These analytical formulations were correlated against actual
entrained flow reactor tests performed by Rockwell Interna-
tional with bituminous coals in an adiabatic reactor (Friedman,
1979). Two types of bituminous coals were tested, a Kentucky
No. 9 hvAb (Island Creek), and an Illinois No. 6 hvCb coal. The
proximate analysis of these coals (as tested) was 5.52% moisture,
36.19% volatile matter, 49.92% fixed carbon, and 8.37% ash for
the Kentucky coal, with 6.48% moisture, 34.03% volatile mat-
ter, 50.32% fixed carbon, and 9.17% ash for the Illinois coal.
Keeping a fairly constant coal flow rate to the reactor of 0.05 kg/s
for all tests, the reactor operating conditions were varied across
the following parameter ranges. Pressure was varied from 6.8 to
10.3 MPa, gas-particle residence tinie varied from 0.94t0 3.12s,
average reactor temperature was changed from 1,070 to
1,340 K, and the mass ratio of hydrogen to coal was varied from
0.34 to 0.64.

Figure 3 shows a comparison of reactor model calculated and
experimental carbon conversions for the bituminous coal tests.
As seen from this figure, the computer model calculations
agreed quite closely with the actual experimental results. Simi-
lar comparisons between model and experiment for moisture
ash-free conversion, reactor exit gas temperature, and reactor
exit gas composition showed the same type of agreement.

As stated in the hydrogasification coal chemistry section, only
Anthony’s heterogeneous rate constant, ki, was changed to ob-
tain good data correlation (its value being increased from 0.010
MPa ' to 0.034 MPa™"). From the Moseley and Paterson view
on heterogeneous gasification as developed by Anthony and
Howard (1976), this change would mean that the coals tested in
this study produced more active sites for hydrogenation during
devolatilization than did Anthony’s Pittsburgh Seam No. 8
high-volatile bituminous coal.

As an example of the type of information which can be ob-
tained from such an entrained flow hydrogasification model,
Figures 4 to 6 show plots of various important reactor variables
as a function of reactor length. These computer results were
based on a test with Kentucky No. 9 hvAb coal where the
reactant flowrates for the coal, hydrogen, oxygen, and the coal’s
transport nitrogen were 0.0525, 0.0255, 0.0124, and 0.0076
kg/s, respectively. The hydrogen was preheated to 798°K and
the remaining reactants were fed to the reactor at ambient
temperatures. The reactor parameters for this test were a
reactor pressure of 10.42 MPa, reactor length of 4.57 m, and an
inside reactor diameter of 0.11 m. The data points shown in
Figures 4 to 6 are the actual experimental results at the
reactor’s exit.

Figure 4 shows that most of the gasification takes place within
the first 0.1 m. The computer, also tabulating average particle
residence times for the overall coal particle size distribution
(which for these tests was standard industrial grind), shows that
this length corresponds to an average particle residence time of
about 30 ms (shown on the scale at top of the graph). Figure 4
clearly demonstrates the extremely small time scales involved in
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hydrogasification with entrained flow-type reactors. Such small
time scales dictate the need to have accurate hydrodynamic
descriptions of the flow field for suitable reactor modeling.

As discussed earlier, the plug flow hydrodynamic description
is quite suitable for reactors using impinging jet-type injectors
where good penetration of the reactant jet streams is assured at
the point of collision, thereby rapidly producing a uniform one-
dimensional flow field with no recirculation. However, for en-
trained flow reactors using conventional-type injector burner
assemblies, hydrodynamical descriptions for reactant mixing
should be included.

Figure 5 shows the increase in reactor gas temperature over
the reactor’s length due to the exothermic nature of the chemical
process. Finally, Figure 6 shows the change in gas composition
over the reactor’s length. Note in the case of Figure 6 that the
experimental gas sample was taken on a dry basis, therefore the
data points shown at the reactor’s exit were determined by
correcting the sample for the amount of steam present in the gas,
calculated from the computer program.

A result, not shown in Figures 4 to 6 but extremely important,
is the fact that the model always estimated the hydrogen partial
pressure at the coal particle’s surface to be within 90% of the
freestream value. This was true for all particles over the entire
coal-size distribution and at all stages of devolatilization and
gasification. This result would tend to be at variance with those
analyses which treat hydrogasification as a two-step process: one
of rapid devolatilization followed separately by heterogeneous
gasification at the conclusion of pyrolysis. With hydrogen always
at the particle’s surface, heterogeneous hydrogenation can
definitely occur during devolatilization.

The computer calculations also predicted coal particle tem-
peratures exceeding the freestream gas temperature by as much
as 300°K during the early rapid stages of hydrogenation. This
result may be somewhat high, since the particle’s heat of reac-
tion rate, Qreac, Was only given by the exothermic reaction
between hydrogen and carbon, while the slight endothermic
nature of volatile production was neglected. Also, the rate of
heat radiated from the particle’s surface, Qrag, was assumed to
be negligible, an assumption which would predict, for this
study, slightly higher particle temperatures. However, this sig-
nificant increase in particle temperature does show that caution
should be exercised for analyses which assume the coal particle
temperature to be the same as the freestream gas temperature,
since this temperature difference can have a measurable effect
on the rates of devolatilization and gasification predicted.

The computer model also allowed for the determination of
each particle’s Biot modulus, a calculation required for the
assessment of the uniform particle temperature assumption
used in the particle boundary layer analysis. When a particle is
undergoing pyrolysis, a modification must be made to the con-
vective heat transfer coefficient used in the calculation of the
Biot modulus, since the flow rate of mass away from the parti-
cle’s surface will block the convective flow of heat from the
freestream to the particle. By performing a boundary layer
analysis similar to that used earlier in the discussion, it can be
shown that the particle’s convective heat transfer coefficient,
hur, is given by:

1y, ¢,

(42)

hHT = 0
m, ¢y

2 -
Ay [exp (2Nu7rrs}\) 1]

where it has been assumed that the dominant mode of heat
transfer inside the particle is by conduction. When 1, is zero, it
can be seen that Eq. 42 reduces to simply the Nusselt number
definition for spheres. For the hydrogasification experimental
conditions of this study, it was seen that the Biot modulus
ranged from less than 10™* during the initial rapid stages of
pyrolysis to 1.0 at zero 17, conditions. The Biot modulus was well
below 0.1 during most periods where the particle and free-
stream temperatures were not equal, thus showing the validity
of this assumption. For freestream environments other than

AIChE Journal (Vol. 26, No. 6)

hydrogen, the Biot modulus would be reduced even further due
to the significant decrease in freestream gas thermal conductiv-
ity.
Although the computer model correlated the experimental
data for the bituminous coals quite well, it could not be
adequately verified against results obtained with subbituminous
coals. This fact is not surprising considering the behavioral
differences of bituminous coals during devolatilization when
compared to lignites and subbituminous coals. That is, the
plastic behavior associated with many bituminous coals and
their associated secondary reaction effects (Anthony and How-
ard, 1976). In their initial study on coal devolatilization, An-
thony et al. (1975) found that pyrolysis yields from lignites were
not affected by total system pressure from 10~* to 10 MPa and
were able to model their data from a simple kinetic pyrolysis
standpoint. Further testing by Suuberg et al. (1978) on lignites
has continued to show little if any effect of system pressure on
overall lignite conversion.

However, Anthony et al. did find a significant change on
bituminous coal conversion with total system pressure, and in a
subsequent paper (Anthony et al., 1976) which included hydro-
gasification, they were able to model their data only after the
inclusion of secondary reaction effects. Since the model used in
the Rockwell study was developed from the bituminous model
of Anthony et al. (1976) and includes these secondary reaction
effects, the inability to predict entrained flow subbituminous
reactor data is not unexpected, considering subbituminous coals
behave more like lignites than bituminous. It is anticipated that
the subbituminous reactor data could have been modeled by
simply changing the coal chemistry model constants shown in
Table 1.
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NOTATION

A, A, = total reactor cross-sectional area and effective gas

flow cross-sectional area respectively, m?

Cp = drag coefficient for spheres

cps e = specific heat of gaseous species and freestream con-
densed species respectively, J/kg - K

Cop = specific heat of the particle, J/kg - K

¢ = k,/ k., a constant, Pa~!

Cy = ko/ k., a constant, Pa~?

D = diffusion coefficient, m%s

E = activation energy for coal particle pyrolytic reactions,
J/mol

E, = mean activation energy of the activation energy dis-
tribution for coal particle pyrolysis, J/mol

E, = maximum activation energy of pyrolytic reactions

forming nonreactive volatiles or minimum activation
energy of pyrolytic reactions forming reactive vol-
atiles, J/mol

h, h, = enthalpy of gaseous species and freestream con-
densed species respectively, J/kg

hy = enthalpy of the coal particle, J/kg

h°, h¢ = enthalpy of formation at reference temperature T° of
gaseous species and freestream condensed species
respectively, J/kg

h%s = enthalpy of formation of the ash-free coal at reference
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temperature T°, J/kg

hyp = particle convective heat transfer coefficient,
Js-m?- K

k = specific reaction rate constant of homogeneous free-
stream reactions

k. = pressure independent reactive volatile mass transfer
coefficient, Pa - m¥s

k, = frequency or pre-exponential factor for coal particle
pyrolysis. 57!

k, = gverall rate coefficient for the reactive volatile de-
position reaction, m¥s

ky = overall rate coefficient for the hydrogenation reac-
tion of reactive volatiles, m%Pa - s

ks = overall reaction rate constant for the hydrogen-coal
heterogeneous reaction, Pa™!

M, M. = molecular weight of gaseous species and freestream
condensed species respectively, g/mol

! = mass flow rate of gaseous species through the particle
boundary layer, kg/s

m, = particle mass consumption rate, kg/s

N = number flow rate of the particles, particle/s

Nu = Nusselt number for heat and mass transfer through

the particle’s boundary layer

mass freestream flow rate of gaseous and condensed

species respectively, kg/s

P pressure, Pa

(:)ou, . = rate of heat conducted through the reactor walls, J/s

QOrad. Qreac = rate of heat radiated away from the particle’s
surface, and absorbed by internal particle reactions
respectively, J/s

s
=
iz}

il

il

[

R = gas constant, J/kg - K

R, = universal gas constant, 8.317 J/mol - K

Re = Reynolds number for spheres

r, ry = spatial radial coordinate and particle radius respec-
tively, m

T, T,, T* = gas temperature, particle temperature, and species
reference temperature respectively, K

t = time, s

us, u, = axial freestream velocity and axial particle velocity
respectively, m/s

\% = mass of volatiles formed by particle pyrolysis, kg

Voksk = fraction of original coal mass which can form volatiles

v = mass average velocity of gaseous species in the parti-
cle boundary layer relative to the particle, m/s

Woa = original or initial as-received mass of the coal parti-
cle, kg

Y = gaseous species mass fraction

Z, Z, = chemical symbol of gaseous species and freestream
condensed species respectively

z = spatial axial coordinate, m

AH o = higher heat of combustion per unit mass of as-
received coal at reference temperature T°, J’kg

Az = distance between axial iteration steps, m

Greek Letters

7 = fraction of original coal constituents converted in the
coal

° = initial mass fraction of coal constituents in the as-

7
received coal

A = gas thermal conductivity, J/s - m - K

“ = gas dynamic viscosity, kg/m - s

v, V', v = stoichiometric coefficient for homogeneous free-
stream reactions of gaseous reactant species, gaseous
product species, and condensed product species re-
spectively

p. p. = density of gaseous species and freestream condensed
species respectively, kg/m?

Py = apparent density of the coal particle, kg/m®

o = standard deviation of the activation energy distribu-
tion for coal particle pyrolysis, J/mol

@, @ = homogeneous species production rate of gaseous
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species and freestream condensed species respec-
tively, kg/s - m®

Subscripts

ash = ash

CO, = carbon dioxide

car = atomic carbon

f = freestream conditions
H, = molecular hydrogen
H,O = water

ho = hydrogenated volatiles
hyd = atomic hydrogen

i = species

i = particle group

k = reaction step

nit = atomic nitrogen

nro = nonreactive volatiles
OX = atomic oxygen

ro = reactive volatiles

s = particle surface conditions
SO, = sulfur dioxide

sul = atomic sulfur
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Part IV. Design of Steady-State Optimizing Control Structures for Chemical

Process Units

The design of the steady-state optimizing control for a single unit is formulated
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within the framework of the nonlinear mathematical programming theory. Alter-
native implementational strategies are developed and a multilevel screening
procedure is proposed to arrive at the best optimizing control configuration.
Numerical examples on a fluid catalytic cracking unit and a distillation column
demonstrate the systematic design and the synthesis of the most promising op-

timizing control structures for these systems.

SCOPE

One of the most challenging tasks for a chemical engineer is
to design a chemical process that would operate safely in the
most profitable fashion to achieve certain design objectives.
Subject to varying market conditions, changing raw materials,
different product specifications, and other external distur-
bances, the chemical plant should operate smoothly over a
broad range of operating regimes to stay feasible and profita-
ble. The existence of such a dynamic environment around an
operating chemical plant necessitates the existence of well
designed control structures to maintain or improve the plant
operation on-line, in terms of economics, regulation, reliabil-
ity, and safety aspects.

Control objectives for a chemical process originate from
certain regulation tasks (i.e., product quality control, material
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Rensselaer Polytechnic Institute, Troy, N.Y., 12181,
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balance control, safety, environmental regulations, etc.) and
economic objectives (i.e., optimizing the economic perform-
ance). Such a classification of control objectives automatically
formulates the different design activities for the regulatory and
optimizing control structures. Whereas regulatory objectives
require certain variables to be kept at specified set-points or
within permissible bounds, economic objectives will call for
optimizing control actions. In the presence of different types of
disturbances, optimal set-point values for the controllers have
to be determined, and the necessary set-point changes have to
be implemented on-line.

In the previous process control structure synthesis methods
(Buckley, 1964; Govind and Powers, 1976; Douglas, 1977;
Umeda et al. 1978), the distinction between the different class-
es of control objectives and its impact on the design of the plant
control structure have not been addressed. Articles represent-
ing the industrial views have recently indicated that, the
steady-state optimizing control constitutes the most fruitful
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