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STEADY STATE AND DYNAMIC MODELLING
OF A PACKED BED REACTOR FOR THE
PARTIAL OXIDATION OF METHANOL
TO FORMALDEHYDE
I. MODEL DEVELOPMENT

LARRY C. WINDES,f MARVIN J. SCHWEDOCK, 1t
and W. HARMON RAY$§

Department of Chemical Engineering
University of Wisconsin
Madison, W1 53706

(Received March 10, 1987; in final form June 7, 1988)

Several levels of mathematical models involving one and two dimensions as well as single and multiple
phases are used to predict the steady state and dynamic behavior of a packed bed reactor for the
partial oxidation of methanol to formaldehyde. Parametric sensitivity is examined for several heat and
mass transfer parameters, kinetic parameters, and operating conditions. Yield is compared for various
models, and significant differences are observed between the one-dimensional and two-dimensional
models. The dynamic behavior after step changes in the operating conditions is found to be
qualitatively similar for different models.

KEYWORDS Packed bed Model Partial oxidation Formaldehyde.

INTRODUCTION

The tubular packed bed reactor presents a challenging problem for accurate
modelling and control. The detailed model is extremely complex due to the large
number of heat, mass, and momentum transfer processes occurring in the reactor.,
The randomly packed bed of catalyst particles with the fluid flowing around them
adds an element of uncertainty to any model, and makes exact mathematical
modelling of each catalyst particle impossible. Some difficult factors in developing
a good dynamic model for the reactor are:

the multi-dimensional distributed configuration,

the two-phase nature of the reactor bed,

the non-linear dependence of the rate of reaction on temperature,

the non-uniformity of the packing and the flow through it,

the uncertainty of several of the heat and mass transfer parameters,
parameters that vary depending on the location within the reactor bed.

Sk L=

In addition, many chemical species are often present with reactions represented
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by complex kinetic expressions having time-varying rates due to catalyst
deactivation.

By considering the reactor as a continuum, partial differential equations can be
written to account for a large portion of the known phenomena. However, some
simplifications must be made before a computational solution faster than real
time is feasible. The model must be simple enough so that unknown parameters
can be elucidated by appropriate experiment and also accurate enough to indicate
the maximum hot-spot temperature and product yield. The present study is
distinct from earlier work in that it is concerned with situations where packed bed
dynamic behavior has a strong effect on selectivity and product yield. Our goal is
a sufficiently realistic reactor model which can be incorporated into a model-
based control system which includes on-line yield optimization. The results given
in this paper can be readily generalized for other packed bed reactors with
moderately exothermic reactions.

A rather general complex mathematical model has been developed which
allows for a large degree of flexibility in simplification for specific applications.
This versatile reactor simulator is designed to:

1. evaluate the relative importance of various simplifying assumptions,

2. accurately represent results of real reactor experiments,

3. be solved quickly enough to be used in conjunction with real time state
estimation and control programs.

Packed bed reactor models described in the literature have usually been
substantially simplified at the outset, and few direct comparisons between
different types of models have been made. In this work we use our general model
to predict the behavior of experimental reactors and then compare the perfor-
mance of various simplified forms of the model in realistically simulating the
reactor. In the sequel (Part IT) we describe detailed comparisons of our model
with data from a pilot scale reactor in our laboratory.

EXPERIMENTAL SYSTEM STUDIED

To give the reactor modelling study greater practical importance, a reaction
system of industrial significance has been selected. The pilot plant reactor will
carry out the partial oxidation of methanol to formaldehyde over a commercial
iron-oxide/molybdenum-oxide catalyst. Two major technologies exist for the
direct oxidation of methanol with air to produce formaldehyde:

1. The older process based on a silver catalyst, in which the feed is on the
methanol-rich side of a flammable mixture,

2. The newer process used in this study based on an iron-oxide molybdenumo-
xide catalyst with the feed on the methanol-lean side of a flammable mixture.

The principle reaction is
CH,0H + 10,— CH,0 + H,0 (-AH) = 37.9 kcal/mol 1)
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Carbon monoxide is produced in an undesirable consecutive reaction by the
partial oxidation of formaldehyde:

CH,0 +10,—-CO+H,0 (—AH)=55.7 kcal/mol (2)

These reactions take place at atmospheric pressure and at 250-400°C. The typical
reactor has many tubes of ~1 m in length and 15-25 mm in diameter, and the
exothermic heat of reaction is removed by means of a coolant on the outside of
the reactor tube. The reactor modelling in this study will consider a single reactor
tube as shown schematically in Figure 1.

For a range of the operating conditions, the methanol reaction is limited by
diffusion in the catalyst pores, and the observed activation energy of the
secondary reaction (2) is higher than for reaction (1). Because of this ratio of
activation energies and the high conversion of methanol, there exists an optimum
temperature for the maximum yield of formaldehyde from the reactor. As part of
the practical part of this study, we shall seek to optimize the reactor with respect
to the manipulated variables which control the operation. For the experimental
system under study these are:

1. coolant or wall temperature, Ty : ~250°C
2. feed temperature, T;: ~250°C

3. feed mole fraction methanol, y;: ~0.05

4. flow rate, m: ~1.4 g/sec; G: ~2.5 kg/m2 sec

Let us now develop the reaction kinetics to be used. The catalyst is an
unsupported Fe,0;-MoO, mixture in a weight ratio of 20:80. The conclusion from
most of the reported research on the mechanism of methanol oxidation is that the
reaction proceeds by a redox mechanism (Dente er al., 1964; Jiru ef al., 1964;
Machiels and Sleight, 1982; Machiels, 1982). This model was originally proposed
for the oxidation of aromatic hydrocarbons on vanadium oxide catalysts (Mars
and Van Krevelen, 1954) and has not been qualitatively modified. Methanol
reacts with a lattice oxygen to produce formaldehyde, and simultaneously vapor

PACKED BED PARTIAL OXIDATION REACTOR
2 T

LA
L _
$ T’ ALY
€
Ty Cep .
INLET: CATALYST: OQUTLET:
Methanol MOL%%:N(:J):D%;IDE Formaldehyde
. Methanol
Exceas air

. O Carbon monoxide
g - Air

FIGURE 1 Schematic of packed bed reactor.
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phase oxygen replaces the lattice oxygen. The two-step redox mechanism is:

1. methanol + oxidized catalystL formaldehyde + reduced catalyst

k[l . g
2. reduced catalyst + oxygen — oxidized catalyst

Strong evidence for an oxidation-reduction mechanism is that small amounts of
methanol can be oxidized in a pulse reactor without the presence of oxygen if the
catalyst has been previously oxidized.

If the rates of these two reactions are equated and some algebraic manipula-
tions performed, the rate of oxidation of methanol in terms of partial pressures of
the reactants and surface-adsorbed species is:

k,prkopt 1 kipis
R, = 1PmM oPo n( )_) 1Pm o 3)
Nk, py+kopo \1+ ¥ K;p; 1+ (N_k’)
! kopto

Although numerous complex kinetic schemes may be formulated (for example,
Jiru et al., 1966), there is not sufficient data available to determine large numbers
of constants. Thus, a simpler rate is not necessarily accurate mechanistically, but
it can provide a good fit to data (Dente and Pasquon, 1965; Jiru, er al., 1966;
Pernicone et al., 1969; Santacesaria et al., 1981). A major simplifying assumption
in the final form of Eq. (3) is that no products or reactants adsorb on the surface
of the catalyst. Some studies have shown that water (Pernicone et al., 1968),
formaldehyde (Jiru, et al. 1966), and methanol (Bibin and Popov, 1969) are
adsorbed and consequently limit the fraction of surface available for the redox
reaction. The modified reaction rate is proportional to the available fraction of
catalyst surface. However, only water adsorption has been considered in
quantitative detail (Santacesaria et al., 1981), and only runs with excess water in
the feed required the adsorption term to adequately fit the data. Water
adsorption is of importance only at low temperature below 240°C when the
overall rate is small. Since our experiments did not include excess water in the
feed, water adsorption was not considered in kinetic parameter identification.

There is disagreement in the literature concerning the correct values of the
reaction order (the constants m and n in the rate expression). An overview of the
literature indicates that the order with respect to oxygen is either 0 or 3. Since
oxygen is in large excess, the quantity pg” is approximately constant so that the
reaction order with respect to oxygen is not important to the overall rate, and the
best approximation for N/pj* was found to be unity. The order with respect to
methanol is chosen by the values which give the best fit to data, and results of
various studies have given orders of either  or 1. Data from our reactor gave a
considerably better fit for m = 4.

Under these assumptions, the final rate expression for methanol oxidation is:

"(IPJI«;2
= 4
M 1+K,,,D}\g2 ( )
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K,= (L\’k_)
kopo
and the ratio of kinetic constants must be identified through experiment. Some
authors have indicated that k, ~ k, (Dente et al., 1964; Jiru et al., 1966), and a
recent study has fitted data to give values of both &, and k, (Santacesaria et al.,
1981). From our experimental studies, we have estimated values for the kinetic
parameters k, and K, of Eq. (4), where
kl =A| cxp(-—E,/RgT)
Ka = Nkl/kop(l)rz = Aa eXp(—Ea/RgT)

where

and these parameters are given in Table I.

The most important secondary reaction in the oxidation of methanol is the
subsequent oxidation of formaldehyde to carbon monoxide and water. Few
authors have presented a kinetic model for this reaction on this type of catalyst.
The most extensive treatment considers diffusion within the catalyst pores and the
reaction rate is assumed to be a power law expression in terms of the partial
pressures of formaldehyde and oxygen within the interior of the catalyst (Dente

TABLE 1

System parameters

A. Reactor
flow=1. 4E3Kg/s L=07m r,=0.0133m
G =2.52Kg/m*s P = 1.55atm £, =05
Re = ~300 oty = 1.3 atm 2 = 1000 Kg/m?*
F = (GC,); = 2400 )/m*-s-K

B. Catalyst
p, = 2000 Kg/m’ order =0.5 A, =27
e, =0.57 A, =6250 E, = 2000 cal/mole
4. =0.460 cm A,=5.6 tortuosity = 2
d, =0.537 cm E, = 19000 cal/mole D, = 0.049 cm?/s @600K
d.=0.284cm E, = 16000 cal/mole S, = 1050 m*/m*

dyxd; x1,=43x1.7x3.5mm
C. Dimensionless Parameters
Bi, =hy d, [2A=1\; Bi,, =k, d, /2D, =175
Pel, = Pe. =Fd. [k, =50
Pe,, = Fr,/k, = 150; Pe_, = FL{k, = 8000
Pe,, =Fd.lk, =8.6, Pe,, = Fr, [k, =25
Pe;,=Fd [k, =10.4; Pe,,—-Fr,’kf,—fSO
Pe,,- =Fd, /k( =0.44; Pe,, = FL[k,, = 68
Pe;, = Fd, / =2.0; Pe;, = FL/k,z =300
Pe;, = vdc/D, =6.6; Pe,,,=vr,/D =19
Pe c=ud /D, =2.0; Pe, =vL/D, =300
=h,r/k, =5.5; Btws =h,.rlk,=55
Bt,‘,—h r/k,, =5.5.
St,,=8,Lk,/v= 74 St, =S, Lh/F =90
Le'=(pC,)/(pC,), = 1350
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and Collina, 1965):
—Rco = k2 p7 iy ()

However, our experiments indicate that a redox expression of the form of Eq. (3)
gives a correct fit to data. By considering the selectivity of consecutive reactions
(Wheeler, 1957), approximating surface concentrations by those in the gas phase,
and using the value n' =0 (because of large excess oxygen), the redox rate
expression becomes:

kzP}r,2 .

w > (6a)

—Rco=

where the partial pressure of formaldehyde, pr, may be calculated by difference
as

Pr= (Ymi— Mm¥ms — Yco.r)Pr (6b)

An activation energy of 16Kcal/mole was used to successfully represent
experimental data (Schwedock, 1983).

DYNAMIC REACTOR MODELS

Dynamic models are the basis for control studies and the examination of transient
phenomena such as traveling waves and undamped oscillations. By contrast,
steady state models have usually been used for reactor design, fitting kinetic data,
and model verification or selection. Much early reactor modelling was limited to
steady state reactor behavior, because addition of the time “‘dimension” caused
considerable complications. However, accurate dynamic models are currently
much more tractable due to improvements in numerical methods and computers.
Earlier work on simulation of packed bed reactor dynamics and studies in which
reactor experiments were compared with the mathematical model have been
summarized elsewhere (Windes, 1986).

In the general case for spherical particles in a cylindrical reactor, the partial
differential equations are written in terms of three space variables and time. They
are:

Solid:

ac. 1 2 e,
S=D,-"__( 2 .s)_ ' ,
S (P 5E) R T) ()

mass: £
P 5t X

oT. 19 oT, 5T,

heat: (1-— e,,)(pCp)S?t' =(1- eh)APa (x2 5;) + k,vz?
12/ 2T,

tho o (10

“ror g or

)+ O-e)-amR@E T ®
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Fluid:
8 8¢, ( acf) 3ev)

: b S - - + 8.k, 9
mass b o D. az? D "rér\ or 3z tea=¢p) ®)

_ an azT, 13 ( a’r,)
heat: Eb(pC )f kfz kfr!‘ or ar

(vpC
- M + ST, — Tp) (10)

Jz

Some simplication of these equations is required before computation. Classifica-
tion of the relevant equations for various types of mathematical models and a
discussion of their development has been presented in several reviews (Amund-
son, 1970; Karanth and Hughes, 1974a; Froment, 1972; Hlavacek, 1970,
Carberry, 1981) and in standard reaction engineering texts.

The wide range of mass and energy transport phenomena in the typical packed
bed catalytic reactor is divided into three categories depending upon the size scale
in which it occurs:

1. kinetics of adsorption and chemical reactions which take place within the pores
of the solid catalyst;

2. mass and energy transport within the interior of the catalyst pellet and
between the solid and fluid interface;

3. reactor scale heat transport in the solid and fluid phases, mass and momentum
transport in the fluid phase.

In order to provide an efficient dynamic model acceptable for real-time
computation it is desirable to separate these three categories and attack each one
individually.

Modelling the Adsorption/Reaction Phenomena

For this reaction system, it is known that the dynamics of adsorption and
desorption are fast relative to the other time scales. Thus the quasi-steady state
may be applied and overall kinetic rate expressions, Eqs. (4, 6), may be used.

Modelling the Single Catalyst Particle

A separation of the single catalyst particle reaction-diffusion problem from the
overall reactor model is an important simplification. This means that a quasi-
steady state effectiveness factor can be calculated which is dependent only on the
local reactor concentration and temperature. This separation is readily accompl-
ished when

(i) the catalyst particle has no significant internal temperature gradients (isother-
mal particle)
(ii) the dynamics of gas phase diffusion in the catalyst particle are fast relative to
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thermal transients (quasi-steady-state concentration profiles in the catalyst
particle)

Both of these assumptions are valid for the present reaction system (and are
usually valid in general). Note that only the main reaction (1) is subject to
diffusion limitation; the secondary reaction (2) is relatively slow, does not rely on
diffusion to supply its reactant, and is not strongly influenced by diffusion.

The resulting reaction-diffusion problem is considered separately off-line, and
an effectiveness factor analysis has been developed to accurately incorporate
these results into reactor simulation. Because of the complexity of the reaction
rate expression, no analytical solution is available relating the effectiveness factor
to the Thiele modulus. Various asymptotic and approximate results were
investigated, but none gave resuits of the desired accuracy, especially in the case
when the catalyst temperature rise was not known. Therefore, the mass and
energy balance equations for the catalyst are solved numerically by orthogonal
collocation to provide effectiveness factor charts for the catalyst.

The dimensionless equations for a single reaction (methanol oxidation) with
one independent component (methanol) assuming constant effective thermal
conductivity and constant effective diffusivity in a porous catalyst particle are:

% = ;;15—5; (x2 g—i—) — ¢*(cs, T)R(c, ) (11)
Lepj—z =é% (x2 %) + Bo*(cs, THR(c, 9) (12)
with boundary conditions at x = 1:
=i, (1-c) (13)
- B,(-T) (19)

where the symbols are defined in the Nomenclature. The geometry of the Fe/Mo
catalyst particle in the reactor is a Raschig ring—a cylinder with a hole along the
axis. Since this geometry would be difficult in computations, the particle is
considered to be an ‘“‘equivalent” sphere with diameter which maintains the
same volume to surface ratio. After making the simplifications of isothermal
pellet and pseudo-steady state catalyst particle concentration profiles mentioned
above, the catalyst particle equations become:

143 o
F o (v 2) - 0 ThRG T =0 -
Biy(1=T.) + Bo™(cj, THE? f Y (pu)xdx =0 (16)

where Y{p,) is dimensionless partial pressure. The method of orthogonal
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collocation applied to this this problem is discussed by several sources (Hansen,
1971; Finlayson, 1972, 1974; Villadsen and Michelsen, 1978).
The equations which must be solved numerically are:

NP
> B.ack +q; — ¢*(c;, THEY, =0, i=1, NP (17
k=1
NP
3Biy(1-T,) + Bo*(c;, THE? 2, W, Y, =0 (18)
k=1

The surface partial pressure Yyp., has been eliminated by algebraic substitution
of the collocated form of boundary condition (13), and the interpolation weights
(W) modified accordingly. The boundary concentration (c,) is an explicit
function of the concentrations at the interior collocation points. From these
equations the effectiveness factor, 77, may be calculated as:

R' NP
=E* > WY, (19)

N= o
R (Cf, Tf) k=1

The effectiveness factor cannot be expressed as a unique function of the Thiele
modulus because of: (i) the complex redox kinetics expression for the dependence
of rate upon partial pressure, (ii) the temperature rise in the external boundary
layer of the pellet. Instead, the effectiveness factor is given as a two-dimensional
mapping as a function of two of the three parameters [¢, T, pyy]|. Alternatively,
some other quantity ¢ could be used which would collapse all curves to 1 = f(¢).
However, in our work we found that n =n(¢, py) worked quite well. To
illustrate, Figure 2 shows plots of the effectiveness factor versus Thiele modulus
at constant partial pressure in the fluid. A lower bound of effectiveness factor
occurs as p,, becomes small. In addition, the effectiveness factor is found to be a
linear function of partial pressure at constant Thiele modulus. Thus, knowing the

1.0

@
O
[
Q
<
w
v
o
w
rd
fru
>
=
Q
w
T
w
v}
OO T LS T T L L T L} T T T L] LA | LJ
0 10 20 30 40

THIELE MODULUS

FIGURE 2 Effectiveness factor versus Thicle modulus. Based on fluid conditions. Lines represent 4
different methanol gas phase partial pressures (atm). (1) — 0.002; (2) - - - - 0.02; (3) - — - - 0.04; (4)
--—0.06.



Downloaded by [University of Chicago Library] at 11:19 02 October 2014

10 L.C. WINDES, M.J. SCHWEDOCK AND W.H. RAY

effectiveness factor, n, as a function of Thiele modulus ¢, at two separate partial
pressures allows calculation of # for all fluid phase temperature and methanol
concentrations.

The procedure is efficiently accomplished by the following steps:

1. At a low value of bulk gas partial pressure p,,. (curve 1 of Figure 2) an
empirical formula n* = f(¢) is needed. However, f(¢) is a high order polyno-
mial, and a functional form suggested by an analytical solution for the
effectiveness factor in an ideal case is more efficient. n™* is represented in terms of
a modified Thiele modulus ¢* using the solution for a first order reaction in an
isothermal spherical pellet:

3

nt= [¢* coth ¢* —1] 20
(¢*)2 ( )

The modified Thiele modulus ¢*, introduced to account for deviations from the

ideal first order case in Eq. (20), is defined to be a polymial function of the actual

Thiele modulus:
¢*=P + P+ Pyp*+ P/o (21)

The constants are determined to minimize the least squares error between n*
predicted by Eq. (20) and the numerical collocation solution for 7 vs. ¢ at p,,.
computed by Egs. (17-19).

2. The influence of changes in bulk gas phase methanol partial pressures, p,,,
upon the effectiveness factor can be found for the relevant range of p,, values
Pme = pay = pn by the empirical formula:

n=0*+D*(pm—Pu) (PM—Pm.) (22)

Here the parameter D* is the rate of change i vs. Py, and is a function of ¢. D*
is determined by computing 5 numerically using Eqs. (17-19) at P}, (high partial
pressure), and then solving Eq. (22) for D*. By repeating this calculation at
several vaiues of Thiele modulus and constant P}, D* can be correlated as a
closed-form function of ¢ from the regression equation

D* =D+ Dy + Dyexp(Dagp) + Ds/ (23)

where the parameters, D;, i =1, ..., 5, are found from a least squares fit of Eqs.
(22, 23) to the numerical collocation solution (17-19) for 7.

This method is dependent upon the observation that the effectiveness factor is
effectively linear in partial pressure at constant Thicle modulus, but is found to be
a good method for obtaining a rapidly computable form relating reactor
conditions to the observed reaction rate when intrinsic kinetic parameters are
known.

THE PACKED BED REACTOR MODEL

Incarporating the effective reaction rate expression into the general model gives
the following dimensionless equations for methanol, carbon monoxide, fluid
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temperature, and solid temperature:

mass (species j):

1 &y a 13/ 3y 9y 3
1 oy, (r-é-;') — =/~ (1= &)DaRy(p; T))

Pe,,, 3z>  Pe,, ror

energy (fluid):

1 3T, a 1a(aT,) aT;

= oy + ST~ T,
Pe;, 9z°  Pe;rar "ar] 5z T~ Tp)

energy (solid):

T, 1 &1, a 1a(aT,.

= — + - ——
81, Pe,, 3z2° Pe,ror "5r

Le

Boundary conditions:

3T,
=1 = Bi, (T, - T,
4 ar . f( f)
oT.
= B‘w: Tw - T;
or e )
E)
z=0 -a—y=Pe,,,z(y—)’,-)
Z
3T,
5;’ =Pe (1 +0)T; - T)=pT;, = T)
aT,
Pyt vl —T)
dy
=1 =0
‘ oz
aT,
a—z" =Pe Q- o) - T)=y(T, - T,)
aT.
— = T.— 7::.:
3z (T )

)= ST} = 1)+ (1 - ) BuR.

11

(24)

(25)

(26)

(27a)
(27b)
(28a)
(28b)
(28¢)
(29a)
(29b)

(29¢)

where o and u, are parameters accounting for radial transport at the inlet and

exit (which is similar to the approach of Young and Fintayson, 1973)
24Bi,, 12
o= [l + ! fa ]
PEfrPefz(Blwf + 3)

68Bi, .a ]”2_ “o
Pe,Pe(Biy, +3)] * 7

ufl:Pexz[

(30)

€2y
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and the dimensionless quantities are defined by

30 ! ! ! !
L Cum, Yum, T, 1,
_z' _r L _ulL vyl,
z= T r= r, a= . Pe,,. = D. Pe,,, = D,
Pey, = prCyul _ GGyl Pe, = GGy Bi, = Bt
kfz kfz kfr kfr
GC,L GC,r, Ao,
P, — pf = pfl ;o [twshe
€y ————k” Pe,, —_k_,, Bi,. k. (32)
_ Rip, T, . - _
R=M Re=RM+(_AHCO/_AHM)RCO
noRu(po, To)
B. = (—AH)NoRM(po, To)L Da = NoRu(po, Ty)L _ noRu(po, TH)LM,,
o GC,T, CoVa Go
St, = Suh .FL Le = (1 - Eb)(pcﬂ)-\‘v(' — (1 - Eb)(pcp)s
= il L = =
chf (pva)f pfuCPf

Note that all equations involving the fluid phase are considered to be at
pseudo-steady state, since the thermal time constant of the solid is approximately
1500 times greater than the.fluid time constants. A commonly used simplification
is to consider the entire reactor as a continuum with appropriately averaged
properties. This results in a one phase or pseudohomogeneous model, which
contrasts to the two phase or heterogeneous model described above. The
pseudohomogeneous model has advantages that (i) only one temperature
equation must be solved, and (ii) the parameters for the heat transfer properties
of the solid and fluid which are difficult to identify separately in the heteroge-
neous model are more conveniently lumped into overall properties in a one phase
model.

To compare the one and two phase models one must:

1. match the heat transfer parameters so that effective heat transfer is equivalent
(Dixon and Cresswell, 1979),

2. use the appropriate effectiveness factor functions, either one based on the
solid phase temperature for the heterogeneous model, or one for the
pseudohomogeneous model based on the fluid temperature with a built-in
steady state catalyst temperature rise.

Both the one and two phase models may be either one or two dimensional
depending upon whether or not radial gradients are considered. Also, axial
conduction and dispersion terms may either be considered or omitted. Considera-
tion of all these possibilities gives a hierarchy of models as shown in Figure 3.
Determination of the appropriateness of these models depends upon comparison
by simulation, comparison with experimental results, and/or a priori selection
and evaluation of parameter values.
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FIGURE 3 Hierarchy of reactor models.

PARAMETER SELECTION

There are far too many parameters influencing a packed bed catalytic reactor to
allow completely empirical parameter estimation. Values of some parameters
must be selected through correlations found in the literature. A priori estimation
of all the reactor parameters has been carried out in order to:

1. determine which important parameters could not be easily estimated and had
to be determined experimentally,

2. provide a qualitative prediction of the reactor behavior before construction
was completed,

3. assess the feasibility of eliminating experimental work at the design stage
through a priori computer simulation.

The first two of these goals were accomplished, and the simulation provided
excellent qualitative prediction of reactor performance. However, the uncertainty
of crucial parameters such as kinetic rate constants and radial heat transport
made precise a priori simulation impossible in this case. Some experimental
identification of parameters was necessary to supplement those obtained from
correlations. It appears that at least one experimental stage in scale-up is still
required for good quantitative model development. Since the introduction of
powerful numerical tools such as orthogonal collocation for solving this type of
non-linear boundary value problem, the problem of obtaining accurate parameter
values (rather than the task of solving the equations with speed and accuracy) is
the limiting factor in improvement of packed bed reactor models.
The model parameters can be divided into four categories:

1. Kinetic parameters as discussed in a previous section.

2. Heat and mass transfer in the catalyst particle—conductivity, diffusivity, and
interphase transfer. These parameters are estimated through correlations
found in the literature.

3. Heat and mass transfer in the packed bed reactor: a) conductivity and
diffusivity in the radial and axial direction in the solid and fluid phases, and b)
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heat transfer at the wall of the reactor. Radial heat transfer and wall heat
transfer have been estimated experimentally.

4. Dynamic parameters involving characteristic times for various processes. The
ratio of solid to fluid thermal capacitance determines the rate of change of the
temperature.

A listing of the various parameter values used in simulation is given in Table 1,
important correlations are listed in Appendix A, and a detailed discussion of how
these parameters may be estimated is provided by Windes (1986).

Mass transfer occurs through mixing of the fluid elements since molecular
diffusion has a negligible effect. Heat transfer includes conduction in the solid
phase and conduction and dispersion in the fluid phase. The heat transfer is often
expressed in terms of a stagnant thermal conductivity and a dynamic, flow
dependent contribution which is due to fluid mixing effects. Although this
partitioning is convenient experimentally, the individual components related to
each phase must be determined for use in a heterogeneous model.

Radial and axial solid phase conductivity Since the catalyst is randomly packed,
the bed of pellets is assumed to have the same conductivity in the radial and axial
directions. This parameter is independent of flow. The most extensive treatment
and the only consideration of hollow cylinders has been the geometric model of
Schiunder and co-workers (Schlunder, 1978; Bauer and Schlunder, 1978b). The
solid phase conductivity depends upon the conductivity of each pellet, radiation,
pressure, area of surface contact, particle shape, and influence of the wall. After
considering several additional correlations (¢.g., DeWasch and Froment, 1972)
the effective solid conductivity was taken to be approximately five to six times the
molecular conductivity of the gas, yielding a solid Peclet number Pe, of 50.

Fluid phase radial thermal conductivity For reactors cooled at the wall, the
radial thermal conductivity is one of the most important parameters, and the
majority of radial heat transfer takes place in the fluid phase. The mechanisms for
fluid phase heat transfer are the molecular conductivity of the gas, radiation
between voids, and dispersion of thermal energy due to the mixing of fluid
elements. The most detailed model of these phenomena correlates experimental
data with particle shape and reactor/particle diameter ratio (Bauer and Schlun-
der, 1978a). Hollow cylinders give a large improvement in radial mixing and long
cylinders with thin walls are the most effective, with observed improvements of as
much as 1000%. However, the packed bed in this study exhibited lower radial
heat transfer than predicted by the correlations of Bauer and Schlunder.

Effective radial thermal conductivity The effective radial thermal conductivity
is given as a combination of static and dynamic contributions or as the sum of
the solid and fluid effective conductivities. These components have been calcu-
lated in the previous two sections, and the overall value can be obtained by
addition of the reciprocal Peclet numbers (Kulkarni and Doriaswamy, 1980;
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Schlunder, 1978).
1 1 1

=—+ 33
Pe;, Pe; Pe,, (33)

A more detailed representation includes the interphase heat transfer and the heat

transfer between the fluid and the wall (Dixon and Cresswell, 1979):
(Bi,, +4)/Bi,,

8/N, + (Bi., +4)/Bi,,

1/Pe;,, = 1/ Pes, + (1/ Pe,,) (34)

More detailed expressions which include heat of reaction effects have been
developed (Windes, 1986); however, these additional terms do not have a
significant effect on the overall Peclet number for the operating conditions of our
study.

Heat transfer to reactor wall For a heterogeneous reactor model, the heat
transfer to the wall must be partitioned between fluid and solid phases. An
overall wall heat transfer coefficient is sufficient for the pseudohomogeneous
model. A detailed series-parallel mechanism has been used for several years
(Yagi and Kunii, 1960), but experiments have shown a large amount of scatter in
the results. Experiments estimating wall heat transfer from wall mass transfer
(Olbrich and Potter, 1972) indicated a wall heat transfer coefficient much higher
than that found in other experiments. Various forms for correlating the wall heat
transfer in terms of a Nusselt number are compared and discussed in Li and
Finlayson (1977). A few authors have correlated the heat transfer coefficient in
terms of the Biot number (Dixon et al., 1978).

There are almost no published data on the solid/wall heat transfer coefficient.
An estimate obtained from the series-paralle]l model neglecting all fluid phase
terms indicates a Biot number Bi,, of ~6. Due to the large uncertainty of the
correlations for the wall heat transfer coefficient, this parameter was estimated
from experiments without reaction (Schwedock, 1983). These experiments
indicate a larger amount of wall heat transfer than predicted by Dixon’s
correlation. For the heterogeneous model, the Bi, and Bi,, were set to the same
value since we had no method of separately identifying them.

Effective axial thermal conductivity The axial Peclet number (Pe,,) includes
stagnant and flow dependent components. In using and comparing one and two
phase models, an equivalence relationship is needed between the effective
conductivity of the pseudohomogeneous model and the parameters of axial
conductivity in the heterogeneous model. Two different equivalence relationships
have been proposed (Vortmeyer and Schaeffer, 1974; Dixon and Cresswell,
1979), compared, and discussed (Vortmeyer and Berninger, 1982; Cresswell and
Dixon, 1982). Since experimental data indicate that Pe, is substantially less than
the asymptotic value of Pe,,, =2 at high flow rates (Votruba et al., 1972; Gunn
and Desouza, 1974), inclusion of the interphase heat transfer in the effective axial
conductivity (Vortmeyer and coworkers) seems justified. Cresswell and Dixon



Downloaded by [University of Chicago Library] at 11:19 02 October 2014

16 L.C. WINDES, M.J. SCHWEDOCK AND W.H. RAY

modified the equivalence relation to include wall-cooled reactors:

L_L[y, S (B ], L s
Pe,, Peg, Pe,, \Bi, +4/\d, Pe., St (35)
For our reactor system, this expression gives Pe,;, =0.44, Using this value (as

opposed to neglecting axial heat transfer) has little effect on conversion and
affects the temperature profile by no more than 5 C.

SOLUTION OF THE REACTOR MODEL

The previous sections have laid the foundation for executing an efficient
simulation of the packed bed methancl oxidation reactor. As commonly done in
reactor modelling, the partial differential equations were converted to ordinary
differential equations and algebraic equations by the method of orthogonal
collocation (Villadsen and Stewart, 1967; Finlayson, 1971, 1974; Young and
Finlayson, 1973; Villadsen and Michelsen, 1978). The collocation was done in the
radial and axial directions, and computations for collocation points and weights
were executed by subroutines given by Villadsen and Michelsen (1978). The final
equations consisted of one set of non-linear ODE’s for solid temperature to be
integrated in time, a linear set of algebraic equations for fluid temperature, and
two sets of non-linear algebraic equations for two independent reaction species,
methanol and carbon monoxide. The algebraic equations were solved at each step
in time. The number of equations in each set was equal to the number of interior
collocation points, since the boundary collocation points were eliminated in terms
of the interior points. The final collocation equations for the heterogeneous
model are shown in Appendix C.

As indicated above in Eqgs. (28-31), the fluid phase equations include the
classical axial boundary conditions used for the pseudohomogeneous model,
except that these boundary conditions are modified to account for the two
dimensional nature of the problem (Young and Finlayson, 1973). The inclusion of
radial heat transfer in the axial boundary conditions (28b) results in decreased
heat losses from the entrance end of the reactor. The 2-D boundary condition
effectively alters the axial Peclet number by ~10-15%. However, the resultant
change in temperature profiles, conversion, and selectivity is insignificant.

Nontrivial solid phase axial boundary conditions have been derived for the two
dimensional heterogeneous model. The boundary conditions (28c, 29c) are based
on the method used by Young and Finlayson (1973) without fluid flow terms. A
one-point collocation solution is applied to axial conduction in a solid cylinder,
and the solid phase heat flux at the exit is assumed to be zero.

After application of the orthogonal collocation method to a particular type of
reactor model, three numerical factors which determined the speed of solution for
a particular transient simulation were the solution method, error criteria, and
number of collocation points. A standard polyalgorithmic package “EPISODE”
(Byrne and Hindmarsh, 1975) was used to integrate the equations in time. A
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variable step-size, variable order Adams method, with functional iteration
suitable for non-stiff problems was satisfactory and was faster than other options.
The slow step in the solution procedure is repeatedly solving the nonlinear
algebraic equations at each time derivative evaluation. A successive substitution
method using an initial guess matching the solution of the previous time step and
a “damping parameter” to achieve convergence proved to be the most effective
method. An alternative method with a user-written Newton’s method used
substantially fewer iterations and had better convergence properties, but it was
30-50% slower due to Jacobian evaluations. A standard non-linear eguation
package was an order of magnitude slower still.

Convergence of the temperature and concentration profiles was observed as the
number of collocation points increased; however, the number of collocation
points is critical in adjusting the speed of the simulation. The most important
difference is in changing from one to two radial collocation points. Two radial
points takes three to four times as long to solve as one radial point, but significant
differences in the results occur due to the steep radial temperature profiles and
the highly nonlinear reaction rate. Three radial collocation points give only a
slight improvement over two while taking at least three times as much computer
time; therefore, two radial collocation points is the recommended choice.
Solutions with six axial collocation points often show numerical artifacts for steep
profiles, and fewer axial points give inaccurate results. Ten axial points give
accurate results for all stable cases modelled for this reactor, but eight axial points
appear to be sufficient for experimentally realistic operating conditions. In
general, the number of collocation points required to represent a converged
solution will depend upon the steepness of the profiles and the adequacy of
profile representation by peolynomials. The axial profiles of the methanol
oxidation reactor are moderate, otherwise more complicated collocation schemes
would be necessary.

COMPARISON WITH EXPERIMENTAL DATA

The realism and validity of a mathematical model can best be evaluated by
comparing simulations with experimental data. The reactor model has been
compared with other work dealing with methanol oxidation in a packed bed
reactor. In Figure 4, the circular points represent the pilot plant reactor data for
one set of experimental conditions (Emig et al., 1972; Panthel, 1977). The solid
lines represent calculations made using literature correlation parameters with only
the kinetic pre-exponential factor adjusted to account for the unknown catalyst
activity. The hot spot occurred too close to the entrance of the reactor, and the
temperature decreased too rapidly downstream of the hot spot. However, Panthel
and Emig er al. fit all of their data using a much lower wall heat transfer
coefficient than is given by published correlations. If the Biot number at the wall
is reduced by a factor of two, then a good match is obtained with the results of
Panthel for three different experimental conditions, and the dotted line in Figure
4 shows one such case.



Downloaded by [University of Chicago Library] at 11:19 02 October 2014

18 L.C. WINDES, M.J. SCHWEDOCK AND W.H. RAY

700 7] Y o
] 3 N
J R

g g
J 111
\\
-
//
ra
ra
S d
rd

v Bi, YIELD CO ¥
550+ /--"' —— 385 0917 0.065
1 --- 1.5 0823 0.066

ooo expt 0.934 0066

CENTERLINE FLUID TEMP, {OK)
| S |

500 LI | Illlil'llill" rTTrrr

0 10 20 30 40 50
REACTOR LENGTH

FIGURE 4 Comparison between simulation and experiment. 7, = T,, = 513°K, y,; =0.05. Data from
Panthel (1977).

The second example is from work done in Italy in the 60’s and early 70’s
(Dente et al., 1966; Dente et al., 1972). Figure 5 shows that good agreement is
obtained between our model and their experiments by adjusting only the
pre-exponential kinetic parameter. Half order dependence on methanol partial
pressure as indicated by their experiments gives better results than a first order
dependence as suggested by some later literature. The later paper of Dente
showed reactor modelling which predicted excessive hot spot temperatures for a
feed mole fraction of (.07. Our simulations also gave hotter temperature profiles
than the experimental data.

Results comparing model to experiment for our methanol oxidation reactor are
presented in the sequel.
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FIGURE 5 Comparison between simulation and experiment. 7; = T,, = 555°K, y,; = 0.03, 0.05. Data
from Dente er al. (1972).
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STEADY STATE SIMULATION RESULTS

Having established that the model can successfully represent experimental data
from a variety of laboratories, it is useful to study the effect of operating
conditions and reactor parameters on reactor behavior.

Sensitivity of the model to kinetic, transport, and operating parameters has
been assessed by steady state simulation. Strong interactions exist between many
of these parameters, and the sensitivity depends on the set of values chosen for
the standard steady state about which the parameters are varied. Here the base
case parameter set was selected to match the experimental results from our
reactor.

Parametric Sensitivity

Figure 6 shows steady states for different values of the kinetic pre-exponential
factor (i.e., catalyst activity) for the primary reaction. As the rate increases, the
hot spot shifts toward the entrance of the reactor. The temperature increase is
limited for fast reaction rates because of depletion of the methanol in the inlet
region of the reactor. The chief factor in limiting the parametic sensitivity to
kinetic parameters is the significant diffusion limitation within the catalyst. If the
effectiveness factor is taken to be unity, the reactor exhibits runaway behavior
with small variations in the reaction rate parameters. However, in reality,
diffusion limitations are significant and changes in the effective diffusivity within
the catalyst pores has a large effect near the reactor hot spot (cf. Figure 7).
Radial Peclet number and wall Biot number have similiar effects on reactor
performance and are the most important heat transfer parameters. Reactor
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FIGURE 6 Steady state parametric sensitivity to kinetic pre-exponential factor. (1) —40%: (2)
=20%; (3) base case, 0%; (4) +20%; (5) +40%. A: Centerline axial temperature profiles; B:
Performance with parameter variation: (i) Yield, (ii) Conversion @ 25 cm, and (iii) CO production;
C: Axial methanol conversion profile; D: Axial profile of mole fraction carbon monoxide production.
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temperature and composition profiles are shown in Figure 8 for changing values
of radial Peclet number. Due to the large radial temperature gradients of up to
80°C over a distance of 1.3 cm, the radial Peclet number is the most important
heat transfer parameter. The majority of the radial heat transfer takes place by
mixing in the gas, and varying the effective radial thermal conductivity by 20% can
change the hot spot temperature by 40°C. Since this reactor exhibits a large wall
heat transfer coefficient, the sensitivity to the Biot number is considerably less
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FIGURE & Steady state parametric sensitivity to radial fluid Peclet number-Pey,. (1) —40%:; (2)
=20%:; (3) base case, 0%; (4) +20%; (5) +40%. A: Centerline axial temperature profiles; B: Radial
temperature profile at 25 cm; C: Axial methanol conversion profile; D: Axial profile of mole fraction
carbon monoxide production.
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than for radial Peclet number. Thus, heat transfer within the bed rather than at
the wall is limiting. The particle/fluid heat transfer coefficient has been estimated
by correlations, and the reactor was found to be operating in a region of
parametric insensitivity where a large increase in fluid-particle heat transfer
causes little change in reactor performance. However, the reactor is highly
sensitive if A is decreased below ~50% of the base value. Sizeable variations in
radial or axial mass dispersion caused little change in the modelling results and
the compositions are predicted to be approximately uniform over the reactor
radius.

Operating Conditions

The effect different operating conditions have on the two-dimensional heteroge-
neous model is shown in Figures 9-11. Each of the operating variables—wall
temperature, feed temperature, feed mole fraction, and feed flow rate—have a
value for which the yield is maximized. The carbon monoxide production changes
nonlinearly as a function of the operating variables. Increasing the feed
temperature (Figure 9) shifts the hot spot toward the entrance and increases the
temperature in the first portion of the reactor; however, this causes a decrease in
temperature in the latter half of the reactor. Increases in wall temperature
(Figure 10) or feed mole fraction cause the temperatures throughout the reactor
to rise with the greatest effect at the hot spot. The position of the hot spot shifts
only a small amount. Increasing the flow rate through the reactor shifts the hot
spot toward the exit and makes the hot spot less severe (Figure 11).

The effect of reactor operating conditions are compared for four different
model types (Figures 12—14), and the model equations for each model type are
listed in Appendix B. The different models show qualitatively similar yield

é’ )
a
- A . B
& 500 . o 450 5 —fiuid
3400 a :% .---soli
; ) a 325 L—%
. 300_{ 1 k ] -1 1
5 200 5 250+t
v 0 70w 0 5 1
Axial Distance, cm Normalized Radius
4
L e 2015 D
2o 3 o 1
= 4
Ty 1 g ] 4 3 [
Wz b . 1
230 04
o]
0 70 o 0 70
Axial Distance, cm Axial Distance, cm

FIGURE 9 Steady state profiles for variations in feed temperature. 7; = (1) 200, (2) 220, (3) 240, (4)
260, (5) 280. A: Centerline axial temperature profiles; B: Radial temperature profile at 15cm; C:
Axial methanol conversion profile: D: Axial profile of mole fraction carbon monoxide production.
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curves, but the position of the optimal yield for the operating variables is different
for the one and two dimensional models. Some trends are noted which give
insight into the differences between models.

On the low temperature side of the optimal yield operating point, the feed flow
rate and the wall tempeature have a dominant influence (cf. Figure 12). Feed
temperatures (Figure 13) under 250°C and feed mole fractions (Figure 14) less
than 0.05 have only a small effect on product yield. By contrast, at high feed
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FIGURE 11 Steady state profiles for variations in feed flowrate (g/sec). m = (1) 1.0, (2) 1.2, (3) 1.4,
(4) 1.6, (5) 1.8. A: Centertine axial temperature profiles; B: Radial temperature profile at 17.5cm; C:
Axial methano) conversion profile; D: Axial profile of mole fraction carbon monoxide production.
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FIGURE 12 Formaldehyde yield with varying wall temperature—model comparison. (1) — 2-D
heterogeneous: (2) - - -~ 1-D heterogeneous; (3) - - - 2-D pseudohomogeneous; (4) ---- 1-D
pseudchomogeneous.

temperatures and feed mole fraction methanol, the reactor is quite sensitive and
approaches runaway conditions.

Figure 14 shows a distinctive local minimum in yield at ~3% methanol feed.
This minimum is seen in simulations with all models and was also observed
experimentally. It is not a characteristic of the model choice but results from the
half-order redox kinetic expression. First-order redox kinetics do not show this
type of behavior.
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FIGURE 13 Formaldehyde yicld with varying feed temperaturc—model comparison. (1) — 2-D
heterogeneous; (2) ---— 1-D heterogeneous; (3) ——- - 2-D pseudochomogeneous; (4) --- 1-D
pseudohomogenecous.
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Model Comparison

In choosing between different models for a packed bed reactor with large radial
temperature gradients operating at a stable steady state, we consider both one
and two dimensional models and pseudohomogeneocus and heterogeneous mod-
els. Some factors neglected in going from a two dimensional to a one dimensional
model (as discussed by Pereira Duarte et al., 1984b) are a non-parabolic radial
temperature profile, axially varying overall heat transfer resistance, and the fact
that interphase heat transfer causes interactions between solid and fluid phase
heat transfer. However, the primary difference between the one and two
dimensional representation is due to the nonlinear temperature sensitivity of the
reaction rate. The radial mean temperature used in the one dimensional model
indicates a lower rate of reaction and higher selectivity than the mean rate
calculated from the multiple temperatures at radial collocation points in the two
dimensional model. Thus a two dimensional model gives a better representation
of the high temperature regions, more rapid reaction rates and greater by-product
formation at the severe conditions near the center of the reactor. Use of a two
dimensional model is most crucial when severe conditions exist in the reactor and
the apparent activation energy is large, giving strong reaction rate dependence
upon temperature. A reactor design based on a one dimensiponal model has a
larger diameter and is longer than one based on a two dimensional model.

For the methanol oxidation reactor in this case study, severe conditions exist
when the reactor operates near the optimum yield point. As can be seen from
Figures 12-14, when the reactor operates at low temperatures (below the
optimum yield point), the two dimensional model will give higher yields than the
one dimensional model due to the larger average conversion rate of methanol to
formaldehyde. When the reactor operates at temperatures above the optimum
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yield point, the production of the by-product carbon monoxide gains importance,
and the two dimensional model indicates lower yields than the one dimensional
model. As a result, the two dimensional model predicts a lower optimum value
for wall temperature, feed temperature, and feed mole fraction methanol, and a
larger optimal flow rate.

The other major model assumption is the choice of either a single or two phase
model. Some factors to be considered in comparing one and two phase models
are:

(a) s;lection of a pseudohomogeneous temperature (7*) within the range 7} to
yr
{b) selection of pseudohomogeneous heat transfer parameters Pe,, and Bi, to
give the best approximation to the two phase radial heat transfer parameters;
(c) calculation of a nonisothermal effectiveness factor so that the pseudo-
homogeneous reaction rate equals the rate for the heterogeneous model:

n* (T, T, = T)Ru(T") = ({T)Ru(T,)
(one phase) (two phase)
(d) compensating for a slower secondary reaction rate (carbon monoxide
production) for the single phase model if T* <T,, because the rates in the
two phase model are based on T,.

The comparison between the one and two phase models is little affected by
axial heat transfer. However, the model comparison is comphcated by the fact
that radial heat transfer occurs in both the solid and the fluid phases for the two
phase model rather than in the fluid phase only for the one phase modet (see
discussion in Pereira Duarte et al., 1984a). To see these problems more clearly,
let us consider the one dimensional energy balance given in Appendix B:

two phase:

dT,
2= ST~ 1) + ay(T,~ T)) (36)
0=5t(T, - T.)+ (T, — T.) + (1 — &,) BgR.(T}) 37
single phase:
daT* _
Fr a(T, —T*)+ (1 — &)BgR.(T*) (38)

If radial heat transfer is lumped in the fluid (a; = o, a, =0), then the proper
selection of T* would be T* = T,. If there were equal heat transfer in solid and
fluid (a; = a;), then T* could be chosen as

T*=Top=(T; + T)/2 (39)
even though some mismatch would still exist due to

aT*
af,_, dr*

dz = dz ’ (40)
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Since the radial heat transfer rate in the fluid phase is approximately five times
that in the solid, for the present case, we chose T* =T,

For some special cases almost perfect matching can be achieved between the
pseudohomogeneous and heterogeneous models. For example, if T*=7; and
there is no radial solid heat transfer (&, =0), then the pseudohomogeneous heat
transfer parameters are equal to those of the fluid: Pe,, = Pe;, and Bi, = Bi,. In
this case, the one and two phase models are equivalent for a single reaction
within the accuracy of the nonisothermal effectiveness factor representation for
calculation of the pseudohomogeneous reaction rate. Similarly, in the limit of
large interphase heat transfer (8¢, and hy— ), then T, = T, and a = ay + «,, and
the two model types are again equivalent.

However, for the realistic case of moderate interphase heat transfer resistance
and radial transfer in the solid phase, the interphase catalyst temperature rise of
the two phase model will be less than the temperature rise assumed in the
nonisothermal effectiveness factor calculation of the single phase model. This is
due to the presence of unmodelled heat losses of the solid particle to adjacent
solid particles. Comparing terms of the one and two phase models:

[Sta(T, = T;) = (1 — £)BxR(T,) - (T, — T.,)] 2-phase

[S4(T, = T,) = (1 — €)BeR(T,) = (1 — £,)BeRAT)] L-phase 1)

Thus, the pseudohomogeneous model has a higher reaction rate because
(T, = T }i.phase = (T; = T¢)2.phase Which results in slightly higher reactor tempera-
tures and conversions.

Note that the heat flux to the wall for the one phase and two phase models is
given by:

¢O=a(T"~T.);  ¢P=o/(T; = T)+ (T~ T.) (42)

Now to compare them, let us assume the heat transfer coefficients are added
(o = ay + ;) and T* = T;; then the respective wall heat fluxes are:

q" =(as + a)(T; - T.) (43)
q(2) = a’f(rf - Tw) + WV(T}' - Tw) + as(rr - ’rf) (44)
The single phase wall heat flux is less than that of the two phase model. To force

equality of the heat flux for the two models, a varying overall coefficient must be
used:

1,-T,
af=aff+as(7;_Tw) (45)
Thus it is difficult to exactly compare these models because one must make
assumptions about parameters.

The differences between the one phase and two phase models are summarized
in Table II together with proposed compensations to the single phase model.
Based on our experience with the present system, these compensations can be
very effective in matching the results of the two models. The extent of the
maximum error in formaldehyde yield (AYy),,i, methanol concentration (AY,,)e.n
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Effects of assumptions in the pseudohomogeneous model—comparison with heterogeneous model

Effect

Cause

Results for single-
phase model simu-

lation compared to
two-phase model

Suggested compen-
sation within single-
phase model

1. R(TY)=R(T)

2 MM&>]

(7_‘\' - 7})2»phnsc
in effectiveness factor

No explicit calcula-
tion of fluid and
solid temperature
and T* =T,

Conduction through
solid phase in 2-
phase model

AY,  =—8%
AT, = —23°C
AYy = +18%

nonisothermal
effectiveness factor
so that n*(T*,
T,-T)R(T) =
n(T) R(T)

correlate larger

apparent inter-
phase heat

calculation transfer coefficient
in single-phase
mode] effectiveness
AYFuu =+2% factor
AYy  =+5%
3 (radial heat flux), jhuse <1 Larger driving force AT = +9°C correlate larger ap-

" (radial heat flux), ppas. for radial heat parent radial heat
transfer in the solid transfer in the 1-
phase than in a phase model
lumped phase be-

cause I, =T*

4. Reo(T*) = Reo T;) lower No explicit calcula- AY. =+02%\ approximate AT =

secondary reaction rates tion of fluid and AY,,  =-3% T, — T}, then use
solid temperature AT = —7C Reo =f(T*, AT)
and T* =T, max OR adjust kinetics

AYco,, = —20% 50 that kcq(1-phase)

>keol(2-phase)

CO formation (AY,)cxi and temperature (AT),,,, are indicated for the operating
conditions and parameters given in Table 1. In general,

(primary reaction) S (radial solid heat) S (secondary reaction)

rate effects transfer effects rate effects

The primary reaction rate effects are proportional to the interphase temperature
difference. The radial solid heat transfer effects are most significant at lower Aow
rates when the radial heat transfer through the solid (a;) is a significant fraction
of overall radial heat transfer (o). As a,/a becomes small (<0.1), then radial
lumping of the fluid and solid is appropriate. The secondary reaction rate effects
are most significant under conditions when the secondary reaction rate is
substantial (>10% of products), when the secondary reaction is highly exother-
mic compared to primary reaction, or when the interphase temperature difference
is large.

For the model comparisons presented in Figures 12-14 and in the dynamic
simulation, only compensation in the effectiveness factor calculation (Effect #1 in



Downloaded by [University of Chicago Library] at 11:19 02 October 2014

28 L.C. WINDES, M.J. SCHWEDOCK AND W.H. RAY

Table II) has been made. The differences due to the remaining effects can be seen
in the figures. Since the solid and fluid temperatures differ by less than 15°C for
the methanol oxidation reactor, only modest differences between the one and two
phase models are observed. The main point of difference to be noted is that the
pseudohomogeneous models give consistently higher reactor temperatures and
formaldehyde yields. Reactor designs based on the pseudohomogeneous models
indicate similar tube diameters and mass flow rates to the heterogeneous models
but slightly underestimate the necessary tube length.

DYNAMIC RESPONSE OF THE REACTOR MODEL

A study was made of model predictions of reactor dynamics for step changes in
the operating variables. Figures 15-19 show the effects of step changes in wall
temperature, feed temperature, feed mole fraction, and feed flow rate. These
figures show the two steady state temperature and composition profiles and a few
of the intermediate transient profiles for the two dimensional heterogeneous
model. Ancther way to observe the dynamics is to plot in time the temperature
and conversion at a particular location in the reactor and the yield and carbon
monoxide production at the exit (Figures 20-23). These figures show comparisons
of the different types of models.

A step increase in wall temperature (Figure 15) shows an overall increase in
mean reactor temperature with subsequent increases at the hot spot. The
temperature changes first near the wall (Figure 15b), and then a greater increase
takes place in the interior of the reactor due to a large increase in reaction rate.
The two dimensional model shows a delay in the centerline temperature response

[&] Q
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= 350 S 350 —poma=i53aE
- -~ PPy
= 300 7 2300 T =as
w | w ]
o 250 T 1 a 250 L S o B S e R |
z 0 35 woE 0 50 i
-
" Axial Distance, cm Narmalized Radius
C a 10 9]
_ag L y 5 I-IQJ : 5
gl._n - 1 o
= ] a
:‘;‘ o :
'u-az i | E 0
200 1 ]
© 0 35 70 8 0 35 70
Axial Distance, cm Axial Distance, cm

FIGURE 15 Reactor dynamics—Response to a step in wall temperature. 240 to 260 C. (1) Steady
state @ 240 C: (2) 0.5min; (3} 1.0 min; (4) 1.5min; (5) Steady state @ 260 C. A: Centerline axial
temperature profiles; B: Radial temperature profile at 25 ecm; C: Axial methanol conversion profile;
D: Axial profile of mole fraction carbon monoxide production.
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FIGURE 16 Reactor dynamics—Response to a step up in feed temperature. 230 to 270C. (1)
Steady state @ 230C; (2) 0.5min; (3) 1.0min; (4) steady state @ 270C. A: Centerline axial
temperature profiles; B: Radial temperature profile at 15cm; C: Axial methanol conversion profile;
D: Axial profile of mole fraction carbon monoxide production.

(Figure 20a) which is more physically realistic than the immediate response of the
radially tumped, one dimensional model. A transient maximum in yield occurs as
the reactor temperature increases to, and passes through the conditions of
maximum yield (Figure 20c). The carbon monoxide production (selectivity) is
largely controlled by the hottest temperature region in the reactor, and so it
responds somewhat more slowly than the methanol conversion (Figures

20b, 20d).
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FIGURE 17 Reactor dynamics—Response to a step down in feed temperature. 270 to 230 C. (1)
Steady state @ 270 C; (2) 0.5 min; (3) 1.0 min; (4) 1.5 min; (5) Steady state @ 230 C. A: Centerline
axial temperature profiles; B: Radial temperature profite at 15cm; C: Axial methanol conversion
profile; D: Axial profile of mole fraction carbon monoxide production.
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FIGURE 18 Reactor dynamics—Response to a step in methanol feed. 4% to 5%. (1) Steady state
@ 4%; (2) 0.5 min; (3) 1.0 min; (4) steady state @ 5%. A: Centerline axial temperature profiles; B;
Radial temperature profile at 25 cm; C: Axial methanol conversion profile; D: Axial profile of mole
fraction carbon monoxide production.

For an increase in feed temperature (Figure 16), the initial decrease in hot spot
temperature due to depletion of reactants is followed by the rapid development of
a new hot spot closer to the reactor entrance. A decrease in feed temperature
(Figure 17) results in a transient increase in the maximum reactor temperature as
the hot spot moves downstream and then the temperature drops. The severe
transient hot spot is due to increased methanol contacting the original reactor hot
spot before it has been cooled by the lower temperature feed. This wrong-way

]
° A -4
: 400 B N u;
> 3
= 325 z 2
: ] <
5 ' 5 300 |
250 —1 a TTTT [ TTrr[rrory
= 0 35 70 = 0 1 2 3
- -
Axial Distance. cm TIME (MIN}
z c z D
-0 7] > 9 10 1
OG - 7
Ze ] 5 4 1 2
:N - = -
E; 0 ] 2 4] ] ’
2 T 1 a 1
0 35 70 ° 0 35 70
Q
Axial Distance, cm Axial Distance, cm

FIGURE 19 Reactor dynamics—Step increase in feed flow rate. 1.12 to 1.68 g/sec. (1} Steady state
@ 1.12 g/sec. (2) 0.5 min; (3) 1.0 min; (4) 1.5 min; (5) Steady State @ 1.68 g/sec. A: Centerline axial
temperature profiles; B: Centerline temperature at (i) 17em, (ii) - —-- 25cm, (iii) ----
35cm; C: Axial methanol conversion profile; D:. Axial profile of mole fraction carbon monoxide
production.
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FIGURE 20 Keactor dynamics for wall temperature step, 240 to 260 C—Model comparison. (1)
2-D heterogeneous; (2) - --- 1-D heterogeneous; (3) ~ - - — 2-D pseudohomogeneous; (4)

- 1-D pseudohomogeneous. A: Centerline temperature at 25cm; B: Methanol conversion at
25 ¢m; C: Yield; D: Mole fraction carbon monoxide production,

temperature response is more severe in the pseudohomogeneous model than the
heterogeneous model (Figures 21a, 22a). Wrong-way behavior of the carbon
monoxide production is shown by the two dimensional pseudohomogeneous
model due to the large amount of wrong-way behavior in the hot spot
temperature. If the heterogeneous model is used, the catalyst temperature near
the entrance of the reactor will not change as rapidly as the pseudohomogeneous
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FIGURE 21 Reactor dynamics for feed temperature step, 230 to 270 C—Model comparison. (1)
2-D hcterogeneous; (2) +— - - 1-D heterogencous; (3) -~ — - 2-D pseudohomogeneous; (4)

- I-D pseudohomogeneous. A: Centerline temperature at 25 cm; B: Methanol conversion at 25 cm;
C: Yield; D: Mole fraction carbon monoxide production,
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FIGURE 22 Reactor dynamics for feed temperature step, 270 to 230 C—Mode! comparison. (1)
2-D heterogencous; (2) - - - - 1-D heterogeneous; (3) — — — — 2-D pseudohomogeneous; (4)

- 1-D pseudohomogeneous. A: Centerline temperature at 25cm; B: Methanol conversion at
25 em; C: Yield; D: Mole fraction carbon monoxide production.

model temperature, which undergoes a step change. Therefore, the reactant
stream contacting the reactor hot spot undergoes more severe transients in the
single phase model. The response to feed temperature is generally slower than
the response to wall temperature because changes must be propagated down the
reactor bed rather than through the short distance from the wall toward the
reactor centerline.
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FIGURE 23 Reactor dynamics for methanol feed fraction step, 4% to 5%—Model comparison. (1)
2-D heterogeneous; (2) - — - — 1-D heterogeneous; (3) - - ~ ~ 2-D pseudohomogeneous; (4)

- 1-D pseudohomogencous. A: Centerline temperature at 25cm; B: Methanol conversion at
25em; C: Yield; D: Mole fraction carbon monoxide production.
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FIGURE 24 Comparison between one- and two-phase models—Centerline temperature profiles for
a step decrease in feed temperature. 270 to 230 C. (1) Steady state at 2720 C; (2) 0.5 min; (3) 1.0 min;
(4) 1.5 min; (5) steady state at 230 C.

An increase in feed concentration (Figure 18) causes the temperatures to
increase in the reactive region near the hot spot with little upstream or
downstream shift. Figure 19 indicates the dynamics of an increase in feed flow
rate including the appropriate changes in the transport parameters which depend
on flow rate. Although the temperature profile shifts downstream, there is no
increase in the maximum reactor temperature. Figure 19b indicates how different
regions of the reactor show widely varying dynamic temperature responses such
as wrong-way behavior and overshoot.

For all types of step changes considered, one and two dimensional models show
similar qualitative behavior, but the two dimensional model is more sensitive, and
external changes cause larger transients. However, the response of the two
dimensional model is generally slower, due to the finite propagation speed of
radial variations, particularly the radial temperature profile. Another major
difference is that the two dimensional models often show transient maxima or
minima in yield due to dynamic variations-in reactor selectivity as the radial
profiles develop (Figure 23). By contrast, the one dimensional models generally
give a monotonic yield response.

The differences between the one and two phase models can be more important
for dynamic responses than for steady state behavior. Even if the one and two
phase models are matched for steady state conditions, the dynamic responses may
not match. This is primarily due to the individual phases of the heterogencous
model correctly having transient deviations from the steady state catalyst particle
temperature rise. A steady state interphase temperature rise is an assumption in
the non-isothermal effectiveness factor calculation of the pseudohomogeneous
model. An example is shown in Figure 24, which compares the temperature
profiles of the heterogeneous and pseudohomogeneous models after a step
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decrease in feed temperature (Figures 17, 22). The steady state agreement is
good, but the transient profiles show significant differences in the fluid
temperature.

CONCLUSIONS

The dynamic simulation of a detailed packed bed reactor model on a mini-
computer in less than real time is feasible. However, it is necessary to incorporate
an efficient method for effectiveness factor calculations, The most important
parameters for determination of reactor performance are the pre-exponential
kinetic constant and the radial heat transport parameters. A priori correlations
for these parameters are not sufficient for quantitative computations. The
interphase heat transfer coefficient and wall Biot number show non-linear
parametric sensitivity, but the methanol oxidation reactor operates in the region
of low sensitivity to these parameters.

A detailed comparison has been made between the different types of models
(one and two dimension, heterogeneous and pseudohomogeneous). The heterog-
enecus and pseudohomogencous models show good qualitative agreement,
particularly for moderate steady state conditions. The coincidence of the results
from the two models could be made even better by parameter adjustment, such
as in experimental parameter identification. The dynamic behavior of these two
types of models is substantially different in some cases (such as in the case of
axially travelling thermal waves), even if the steady states are similar. The source
of differences between the one- and two-phase models has been analysed in a
systematic manner, and methods to allow the pseudohomogeneous model to
more accurately mimic a heterogeneous model have been given.

The one dimensional and two dimensional models show different hot spot
sensitivity and different yield maxima positions. The two dimensional model is
much more effective than the one dimensional mode! in predicting decreases in
selectivity due to excessive hot spot temperatures. For conditions less severe than
the “optimal yield point” the one and two dimensional models give similar

dynamic responses.
Both steady state and dynamic effects of the operating conditions have been

investigated. The wall temperature has a much greater effect on reactor behavior
than the feed temperature. However, while the steady state yield declines slowly
as the feed temperature is decreased, reactor runaway can occur at excessive feed
temperatures. In addition, significant wrong-way behavior can occur for feed
temperature changes. These are especially undesirable for feed temperature
decreases which produce large transient increases in the maximum reactor
temperature. High yields are obtained for all methanol feed mole fractions in the
range of 0.01 to 0.05. However, there is a distinctive yield minimum at ~3%
methanol feed concentration, making the methanol-rich feeds more desirable.
Although feeds with more than 5-6% methanol offer increased productivity, they
can lead to less selectivity by creating an excessive temperature rise within the
reactor, and are in close proximity to the explosive regime of methanol-air
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mixtures. Thus good safety practice and process control are essential for the
higher methanol concentrations. Feed flow rate variations shift the reaction zone
in the axial direction, and can be used to adjust performance to account for
catalyst activity and reactor length. No wrong-way behavior in the reactor

PACKED BED REACTOR MODEL

maximum temperature is observed for step changes in the flow rate.
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NOMENCLATURE

A Lir,

A; Arrhenius frequency factor for reaction j

Bc matrix for particle collocation solution

By dimensionless reactor temperature rise, = —AHR,L/FT,

Bi Biot number

c Concentration

o heat capacity

d diameter

dp outside cylinder diameter

d; inside hole diameter of hollow cylinder

d, diameter of surface-equivalent sphere

d, diameter of sphere with same volume to external surface ratio
d, diameter of volume-equivalent sphere w.r.t. a solid cylinder

d.\'z’ dsn dfz; dfn dyz

vectors of boundary collocation terms
effective diffusivity

effective radial dispersion coefficient
effective axial dispersion coefficient
dimensionless Damkohler number, = R,,,,LM.,./G,
dimensionless, E* = exp(y(1 — 1/©))
activation energy for reaction j
thermal velocity, = (vpC,),

mass velocity, = (vp),

two phase heat transfer coefficient
heat of reaction j
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thermal conductivity

rate constant for reaction j, = A; exp(E;/R,T)
catalyst-fluid film mass transfer coefficient
adsorption constant of component f

redox kinetic constant incorporating oxidation and reduction rates;
analogous to MeOH adsorption term

length of cylindrical pellet

length of reactor

Lewis number, ratio of fluid to solid heat capacity
Lewis number for catalyst particle

mass flow rate

molecular weight of reaction mixture

reaction order

parameter for heat transfer ~125

number of collocation points in the catalyst particle

number of radial interior collocation points

number of axial interior coliocation points

partial pressure of component j, = y; Py

Peclet number based on reactor length or radius

Peclet number based on catalyst diameter

total reactor pressure

vector of constants in collocation formulation for catalyst particle
radius of reactor

effective rate of methanol reaction which would release the equivalent
heat as the sum of all reactions occuring

gas constant
dimensionless effective rate of reaction for component j, = (9,R,)/R,

rate of disappearance by reaction for component j, based on catalyst
volume, (mol/s cm’cat atm)

Reynolds number, based on particle diameter
external surface of catalyst per volume reactor
Stanton number

Stanton number based on particle diameter
time

temperature

overall heat transfer coefficient

superficial velocity
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W, interpolation weights
Wo, Wo, We, W, W, W,

matrices of collocation constants
x catalyst particle coordinate
i mole fraction of component i, = C'R, T
Y’ partial pressure dependency of reaction rate, = R}, /k,
Y dimensionless partial pressure, = Y'/Y,
Greek Letters
B dimensionless adiabatic temperature rise in catalyst, = —AHD,C,/AT;
Y dimensionless activation energy, = E,/R, T,
£ void fraction
7 effectiveness factor
e dimensionless temperature inside catalyst, = (T;/T;)
A effective thermal conductivity of catalyst particle
Mo, t axial solid boundary condition terms
p density
1, dimensionless time for catalyst particle, = 4D,t/d>¢,
T, dimensionless time for reactor
¢ Thiele modulus, = d, /2(Ro/D,Cy)"*
Yo, Yy axial fluid boundary condition terms
Subscripts
b bed of reactor
co carbon monoxide
e effective
ex at reactor exit
f fluid phase
F formaldehyde
h heat transfer
i at reactor inlet
m mass transfer
M methanol
o reference
o oxygen
p catalyst particie

by radiation between solid surfaces
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qu by radiation in the voids

r radial

s solid phase

¢ reactor tube

u at the catalyst surface

w at the reactor wall

X particle coordinate (spherical)
z axial
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APPENDIX A
HEAT TRANSFER PARAMETER CORRELATIONS

39

A. Solid-Fluid Interphase Heat Transfer Coefficient (Fig. 3.2.b-1 Froment and

Bischoff, 1979)

Nu, = hy, d.[k; = 1.27 Pr'® Re" = 32 (A1)

B. Solid Phase Conductivity (Bauer and Schlunder, 1978b)

Shape factors: C,.=2.5(1 + (d;/d,)*) =2.9
d.=dy3l/2d,)"* =0.46 cm

- 1019
BC — Cc (_l (AZ)
£
Radiation: N, =k, /k; =40458T d [k, = 4.2 (A3)

Radiative Transfer Factor: {=e¢=0.8

(see Vortmeyer, 1980 tables 1 & 2 for alternatives)

Stefan—Boltzman constant: og; = 5.67 X 107 W/m® — K*
X=i/k =8  P=1+NJ/X~B./X=116

(S L NCE

c

f
B.-1 B.+
—+

P 2B,

! (N, — B()] =44 (A4)
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C. Fluid Radial Thermal conductivity

Stagnant Fluid Conductivity: ko
Geometric model: k.qo/k; = (1+ g,N,)(1 - (1 —¢,)"") =1
Series-Parallel: k.pof/ky = £,(1 +0.72k,,/k;) =2.2

kq. Eb 1_e
Se_y T3dc/(1+—(—)) —4.
KOs -\ e =27

Convective Transport Coefficient: kg« (Bauer and Schlunder, 1978a)

Mixing length = L, = AyF. d_ + (1 — Ay)F, d,
Y=Y+ (L -y )(di/doY; D= (di/dy)?
Ay =P, = (1~ D/y,)/(1 - D)=0.815

FE=175 F,=28 d,=(2L%"=0.495¢cm
Ly, =091cm

ko« GC,L

ff = #,f =34.3

K=82-(1-d,/r))=13.2

Ky = Kopo + kpya
kylky =36;  Pej,=6.4

Pe;; = GCpo/kf,.d =K

D. Overall Effective Radial Thermal conductivity

1 1 1

_ + (Bi,s +4)/ By
Pe;, Pe; Pe,

8/N, + (Bi,s + 4)/Bi,,

= (.197

_ 6(1— &)(n/d.)?
"k, 1 0.125
t et x)

=125 (Dixon and Cresswell, 1979)
Nu, X
E. Wall Heat Transfer

Method A: from Specchia ef al., 1980

_hude_hude husd,
ok Ky k¢

1 w
Nittyo = £,(2 + ko /Ks) + (1 — Eh)/(m+ Y})
w q3

v.=0.14 8, =0.0024(d,/d,)"** =0.043

Nu,, = Nu,»+ H,, Re"

(A5)
(A6)

(A7)

(A8)

(A9)

(A10)

(Al1)
(A12)

(A13)

(A14)

(A15)

(A16)
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Constants:

Reference H, n Nu,o

41

Li and Finlayson, 1977 0.16 0.93 no
Specchia et al., 1980 0.084 091 yes
Gunn and Khalid, 1975 42 0.475 no
DeWasch and Froment, 1972 0.066 1.0 yes

Method B: Compute wall-fluid and wall solid coefficients
Ao d.
ky
Nu, s Pey,
Re Pr

Nu,s = =H,, Pr'” Re?

Bi,, = = PeyH,; Pr=*? Retr—"

Constants:

Reference H,; p

(A17)

(A18)

Yagi and Wakao, 1959 0.2 0.8
Dixon and Cresswell, 1579 0.06/£3, 0.75
Olbrich and Potter, 1972 8.9 0.34

Wall-Solid Heat Transfer Coefficient
h, =212k, [/d.; Bi,=1.06d,/d =6.
(Dixon and Cresswell, 1979)
Overall Wall Heat Transfer Coefficient

Pe;,
Nu,, = S‘It(dc/d,) + Nuwf(l + ¥ EC—P;) ; Nuwf =135

_ kolks
8/N, + (Bi,, + 4)/Bi,,
Method C: Direct correlation of Biot number
Bi, =5.3(d,/d.)'* Re"***=2.8 (Dixon et al., 1978)

=2.5 (Dixon and Cresswell, 1979)

APPENDIX B
MODEL EQUATIONS

A. Two-Dimensional Pseudohomogeneous Model

mass:

1 &, 178 odyy oy _
T (2,2 - P (1 6,)DaRy(p, T)

Pe,,, 3z* Pe,,r\or or/ 3z

(A19)

(A20)

(A21)

(B1)
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energy:

Le

L o7 1 82T+ a l ( g o 3T+(1 VB R
= — “|=r—)—— €
3t, Pe,, 3z Pe,r bITR e

ar or 0z
Boundary Conditions:

L, OT_av_
a ar o
8T 3y,
=1 "= BifT,~T); —2=0
’ or bl T = T); or
oT i o
220 —=Po(140NT-T) L= Peuly—)
aT 1 3y
=1 —=Pe,-(1-0*WT-T,); —=Z=0
‘ 5z~ Py (1m0 =T o
; 172
o = [1 + 24Bzwa:t ]
Pe,, Pe,.(Bi, +3)
B. One-Dimensional Pseudohomogeneous Model
mass:
1 &y, ady N
= —t -1 - Ap:
0 Pe,,, dz* 3z (1= &)DaRj(p;, T)
energy:

eT 1 82T oT -
Le*a_'[_Pe az az+(1_£h)BRRe+a’(Tw—T)
r hz

Boundary Conditions:

aT ay
=0 ——=PF 2z T_T;a —_=sz = )i
z 3 € ( ) 5, Fe (y—»)
-1 T _ ay
= az T

C. One-Dimensional Heterogeneous Model

mass.
1 &%, oy
=mg——’— (1 - &)DaR(p;, T)
energy:
(Auid):

1 2
_ a Tf 87} 4
Peg, 8z> 3z

+S86(T = Tp) + (T, — Tj)

(B2)

(B3)

(B4)

(B5)

(B6)

(B7)

(B8)

(B9)

(B10)

(B11)

(B12)

(B13)
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(solid}:
aT. 1 3T,

Le 81’, = ]:,ESz ? + Sth(T} - T.;) + (1 - Eb)BRRe + a/.i'(TW - Tr) (B14)

Boundary Conditions:

3y T, aT,
=0 _=sz - Yi) _=P1T_7:1 - =
z 32 €z (¥ — V) 32 e, (T; ) 3 0 (B15)
3y 8T, oT,
z 9z 9z 0Oz (B16)
The dimensionless quantities not previously defined are:
Le* = Eb(pcp)f + (1 — Eb)(pcp)s
C.),

GC, L e GC h (B17)

T . wh?

Pe,, = k: Pe,, = —k:f Bi, = k.

Using a one point collocation approximation at r = (0.707, the dimensionless
overall heat transfer parameter is:

2U0L 2L [ 4Bi, ]

a =

Fr, =r, Pe,, L Bi, + 4 (B18)
oo 2L [ 4Bzwf] _ 2L [ 4Bi,, ]
7 r Pe; LBin, +4 " r Pe, LBi, +4
APPENDIX C

COLLOCATION EQUATIONS FOR THE TWO
DIMENSIONAL HETEROGENEOUS REACTOR MODEL

dT. .. NZ NR
Le'ﬂ = 2 W.\'Z‘fkTJ,ik + Z Wsr,ikn,kj + dsz.j + dsri
dr, 2 k=1 '
+86(Ty;~ T,.) + (1 — &,)BrR, (€1)

NZ NR
O = E sz,jka.ik + Z Wfr,ika,kj + d[z, -+ dfr,i <+ S!h(r\‘.lj - va’l) (CZ)
k=1 k=1
NZ NR _
0=2 W, axymu+ kZ WyraYmu+dy. j— (1 — £,)DaRyy (C3)
k=1 =1

NZ NR
0= Z W, ixYco.ix + 2 W,, ixYcoux+dy, ;+{1— Eb)Daf\’co.ff (C4)
k=1 k=1

where j=1,... ,NZ;i=1,..., NR.



