Excerpt from the Proceedings of the COMSOL Conference 2009 Boston

Multiphysics Simulation of a Packed Bed Reactor

Alfredo E Varela” and Juan C Garcia

University of Carabobo, Valencia, Venezuela 2001

“Email; avarela@uc.edu.ve

Abstract: Most reactor designs are based on
pseudo homogeneous models. This paper studies
the COMSOL simulation of a packed bed reactor
using a 2-D heterogeneous model. The inter-
pellet regions have been approximated with
uniform gaps representing uniform void fraction,
in consideration of the problems on mesh quality
and limitations in memory capacity for a high
number of degree of freedom. The case
considered was a packed reactor with spherical
catalyst for oxidation of o-xylene in air to
phthalic anhydride. Large differences in intra-
pellet temperature were found in comparison
with the average temperatures resulting from
simulations reported in the literature using a
pseudo homogeneous model.
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1. Introduction

Packed-bed reactors are employed in the
petrochemical and oil refinery industries for a
large variety of catalytic processes, ranging from
cracking,  hydrogenation,  dehydrogenation,
polymerization to oxidative synthesis. The
reactor and catalyst dimensions are selected for
the desired heat transfer performance in order to
avoid possible undesired reactions, high pressure
drops and local overheating.
Pseudo-homogeneous  models are  most
commonly employed for design of packed bed
reactors [1, 2]. Due to the simplifying
assumptions such as uniform catalyst pellet
surroundings, the effects of catalyst pellet design
changes in the near-wall environment or around
hot spots might be lost. Simulations with
heterogeneous models would allow localization
hot spots for exothermic reactions and heat
effects near wall catalysts for strongly
endothermic reactions such as steam reforming
[3]. Additionally, they are useful for to improve
understanding the effects of changes in
operational ~ conditions on  fluid flow,
temperatures, catalyst activity and product
selectivity.

The main characteristic of a fixed-bed reactor
design for strongly endothermic or exothermic
reactions is the height to diameter scale and the
tube to particle diameter ratio. Since it is
necessary to have high mesh resolution around
the catalyst particle, thus the number of the
degree of freedom could be too high for a
practical solution along whole reactor.

Several authors suggest that void fraction
distribution may change in the direction
perpendicular to the flow (References 4 - 7). This
variable is associated to packed elements shape
and size. Temperature and heat flux values are
also associated to this geometrical distribution.

2. 2-D Reactor Model

The example provided by COMSOL [8] from the
work developed by Lerou and Froment [9] using
the 2D pseudo-homogeneous model s
implemented in this study. This is the partial
oxidation of o-xylene (A) in air to phthalic
anhydride (B) given as
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where C denotes carbon monoxide and carbon
dioxide, k;, i=1, 2, 3, are the rate constants.
These reactions are highly exothermic, thus the
reactor is cooled to avoid overheating.

Figure 1 shows a schematic illustration of a
packed-bed reactor. To a first approximation to a
model of this complexity, we initially studied the
packed bed reactor using a 2-D geometry divided
into equally spaced segments as shown in Figure
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Figure 1. Schematic of a tubular packed-bed reactor.
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Figure 2. Segmented reactor geometry.
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2.1 Reaction Kinetics

All of the rate equations are considered to be
pseudo-first-order because of the large excess of
oxygen at the reactor input, thus

ry= k;PA, r; = k’zpB, r3 = k’3pA: (1)

The rate equations are written consequently [8,
9]
T1 = PpYoYVaoki(1 —xy4)
T2 = PpYoYaokaXp (2)
T3 = PpYoYVaoks(1 —xy4)

where X, is the total conversion of o-xylene, and
Xg IS the conversion of o-xylene into phthalic
anhydride. If x¢ is the conversion into carbon
monoxide and carbon dioxide, then the total
conversion of A is Xa = Xg + Xc.. Consequently,
the reaction kinetics are represented by

T8 = Ya0YoCrot k1 (1 — xg — x¢) — kpxg] 3)
T¢ = YaoYoCrot[K2xp + k3(1 — x5 — x¢)]

Rate constants are defined by the Arrhenius
equations

ki =Aiexp(—2), (i=1,23) ()

where T is the temperature in kelvins, and A; and
B; are characteristic parameters for each reaction.
These parameters are given [9] as: A; =
exp(19.837), A, = exp(20.86), A; = exp(18.97),
all in kmol/kg h, and B, = 13588 K, B, = 15803
K, and B3 = 14394 K.

The model used for this system ([8, 9]) consist
on a mass balance and an energy balance:

1
CtotY Ao (5)
P C,V - T — V- (—kopfVT) = T3, (—AH )T

\'A (—D,_,ffo,- + usx,-) =

where the heats of reaction (AH;) are given by
[9]: AH; = -1.285x10° J/mol, AH, = -3.276 x10°
J/mol, and AH; = AH; + AH,

The boundary conditions are insulation for the
mass transfer equations at the axis symmetry, or
reactor centerline (0,z) and heat flux for the heat
balance equation at the reactor wall (R,z), as seen
in Figure 3, which are resented by

Z2(0,2) = 2£(0,2) = 0,5.(0,2) = 0 (6)
25 (R, 2) = Z£ (R, 2) = 0,k (R, 2) = —a(T — T,).
()

the mass transport and the heat transport
dominate At the reactor inlet, the concentrations

are zero and the temperature equals To. At the
outlet, assume that the convective parts of.
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Figure 3. Schematic 2-D representation of the reactor.

3.Model Implementation Using COMSOL
Multiphysics

In order to simplify the geometry of packed bed
reactor to a 2D geometry, we need to select a
uniform void fraction. This is determined as

e=(LA- Wcalps/LAc) (8)

where L and A. are the tube length and cross
sectional area, Wy and ps the catalyst weight
and density, respectively. Then each segment
inlet is defined by

L=jL, j=0,..,N, )

here Ly = 0.00873 m, is the chosen segment
length, and N is the maximum number of
elements.

The reactor segment is described by 2D axis
symmetry geometry as shown in Figure 4 using
reactor centerline as the z axis and radius as the r
axis. We choose a segment length of 0.00873 m
and a radius of 0.0127 m. This model is an
arrangement of six circles of 0.00159 m radius,
describing six catalyst spherical pellets with
0.00079 m of separation, which represents a
packed bed with uniform void fraction.
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Figure 4. Geometry for a reactor segment.
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The application modes used, for a steady state
analysis, were selected from the Chemical
Engineering Module as: Momentum Balance
(Incompressible Navier-Stokes) for subdomain 1
(rectangle R1 in Figure4), and Mass Balance
(Convection and Diffusion) and Energy Balance
(Convection and Conduction) for subdomains 2-
6 (circles C1-C6). Models equations and their
respective boundary and initial conditions for
these application modes are given in Tables 1 to
3.

Table 1: Navier-Stokes equations (Subdomain 1)
pgu-Vu =V [—pl+ pu(Vu + (Vu)7)]
V-u=0

Initial conditions
Uy =0
{vm =0
Pio = Po
Boundary 1: Symmetry
n-u=0
t-[-pl+u(Vu+ (Vu)Hn=0
Boundary 2: Inlet

Segment 1 {:":

0.

uS
u, = uprev
Other segments {Ua = Vprew

Boundary 3: Outlet
Pio = Po
n(Vu+ (Vu)Hn=0
Boundary 4 and 5-28 (circle segments): No
slip, u=0

Table 2: Convection and diffusion equations
Subdomain 1
V- (—DVcp) = —u-Veg,u = [u v]"
V- (-DVcp) = —u-Veg,u = [u v]"
Subdomains 2, .., 7 (circles)
v- (_DeffVCB) =718/Ya0r
v- (_DeffVCC) =7¢/Yao

Initial conditions
tho = O! cCtu =0

Boundary 1: Axial symmetry
r=0
Boundary 2: Concentration
Segment 1, cg, = 0,¢¢, = 0,
Other segments,
Cgo = CB,prev' Cco = CC,prev
Boundary 3: Convective flux
n-(—DVcg) =0
n-(—DVc;) =0
Boundary 4: Insulation
n:N=0,N=—-DgVcg + cpu,
n-N=0N=-D,Vcg + cgu

The inlet conditions (boundary 2), z = 0, are
uniform concentrations, uniform temperature,
and uniform velocities. Thus, for j=1, u=0, v =
Vg, cg =Cc =0and T =T,, and for j>1, cg =

Ceprevs Cc = Ccprevs 1 = Tprevs U = Uprev, V = Vprey.
Here the sub index prev denotes variables
determined at the segment output of the previous
segment. The inlet, at boundary condition, z = 0,
for each segment are considered to be the outlet
average property values of previous segment at z
= Ls. From output data, the average values at
boundary 3 (output) over a circular cross section
of the reactor segment of area A = n R® of are
evaluated as

¢ = % fOR @i(r)rdr 9

where ¢; denotes velocity components (u, v),
conversions (Xa, Xs, Xc) or temperature (T).

Table 3: Energy balance equations.
Subdomain 1
V. (=k-VT) = —p,Cyqu - VT;
u=[uv]
Subdomains 2, .., 7 (circles)

V- (=kysp - VT) = (=AH)15 + (=AH)1e — p,Cyu - VT
Initial condition T,, = Ty;
Boundary 1: Axial symmetry

r=0
Boundary 2: Temperature
Segment 1, T, = Ty;
Other segments,
Tto = Tpreu'
Boundary 3: convective flux
n-(-k-VT)=0
Boundary 4: heat flux
n-q=-a(l-T,)
q=—k-VT +p,C,);Tu

The approach using COMSOL GUI and
COMSOL Script can be summarized as follows:
a. First set up the 2D-axis-symmtry geometry, as
shown in Figure 4, and application modes.

b. Mesh generation by selecting a maximum
element size of 1x10™ m for boundaries 1, 2, 3
and 4, and 0.5x10° for interior circle boundaries.
c. Next set up subdomains 1 and subdomains 2-6
for the different application modes and boundary
conditions.

d. Now solve the problem. First choose the
Navier-Stokes equations to compute the velocity
components (u, v) for subdomain 1. Then save
variables and solve energy and mass balance
equations.

e. Save the above process as a matlab file and
modify it for the successive changes in boundary
and input conditions of each reactor segment.

f. Execution of the matlab file and analysis of
results under Comsol Script environment.



4, Results and Discussion

Model parameters are given in references [8] and
[9]. For a reactor radius of R = 1.27 cm, a
superficial velocity vy = 1.064 m/s, (m/s), inlet
temperature T, = 627 K, operating pressure
P, = 1.013x10° Pa, inlet total concentration Cy
= 44.85 mol/m® mol/m, inlet mole fraction of o-
xylene ya, = 0.00924, inlet mole fraction of
oxygen Yo = 0.208, catalyst bulk density p, =
1300 kg/m®, gas density py = 1293 kg/m®, gas
heat capacity C, = 1046 J/(kg K), heat transfer
coefficient « = 156 W/(m? K).

Figure 5a. Temperature distributions for segment 1.
(L =0.00873 m).

The effective diffusion constant is D¢ = 3.19e-7
m?/s, the diffusivity of xylene in air is D =
8.074x10™° m?/s (estimated form reference [10]),
effective thermal conductivity ke = 0.779 W/(m
K), and gas thermal conductivity [10] k = 0.0318
W/(m K).

Figure 5 shows preliminary results of
temperature for the first (j = 1) and sixteen (j =
16) segments respectively. Fig. 5a suggests that
the temperature increase is about 5 K near
reactor inlet. However, intra-pellet hot spots are
observed at j = 16 and temperatures differences
could reach wvalues up to about 200 K.
Simulations further than this high temperature
levels cause unstable solutions.
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Figure 5b. Temperature distributions for segment 16.
(L =0.13968).
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Figure 6. Average temperature profile, L = 0.13968 m.
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Figure 7. Average conversions, L = 0.13968 m.

The average temperature difference, T — T,, and
average conversions (Xa, Xg, Xc) along the axial
direction, for a reactor length of L = 0.13968 m,
are given in Figures 7 and 8, respectively.
Although, this location is close the reactor inlet,
for a typical 3m reactor length, these variables
increase exponentially indicating the reactions
are very rapid and the heat transfer through the
wall might not be enough to maintain the
temperature close to the inlet temperature T,.
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Figure 7a. Conversion of A for segment 1.
(L =0.00873 m).

5. Conclusion

It was concluded for the case examined that high
temperatures increases or hot-spots occurred near
reactor inlet. In order to study possible undesired
conversions and catalyst damage, a more detailed
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Too high temperatures, the so called hot-spots, as
indicated in Fig. 5b could affect catalyst activity.
Figure 7 presents the distribution of conversion
Xa for segments 1 and 16, respectively. The
maximum stream conversion is about 35%, while
the maximum intra pellet conversion is 100%.
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Figure 7b. Conversion of A for segment 16.
(L =0.13968 m).

model is desirable. For a future work we suggest
consideration of a geometry model with intra
pellet gaps and in contact with each other for the
packed bed reactor simulation. This study should
include sensitivity analysis of inlet temperature
and heat transfer through the wall.
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