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Optimal Design of a Packed Bed Reactor

with Turner’s Mixing Model

Kenji Kuso*, Daisaburo Karo*

ABSTRACT

Optimum temperature profiles were computed along the axial direction of a packed bed flow reactor, by
utilizing two types of simplified Turner’s side pocket models for the description of non-ideal mixing character-
istics. Comparison is also made with the profile when Taylor’s diffusion model is cited.

The finding is that, for large variance of residence time distribution, i.e. for shallow bed condition, the
optimal temperature profile calculated with simplified Turner’s models is higher at near after the entrance of
the reactor and lower at near before the exit than that with Taylor’s model. By operating a reactor according
to the optimum temperature profile with the Turner’s models, the length of the reactor can be greatly reduced.
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Introduction

In designing a thermal reactor packed with
catalyst, exact knowledge of the optimum tem-
perature profile is important to operate the reactor
at its maximum yield. Many papers have dealt
with the problem of the optimum temperature
profile along its axial direction. Some are based
on the assumption of piston ﬂow(3’4"g_24*26),
some are on the basis of CSTR® 2839 and the
others are of Taylor’s apparent diffusion (dis-
persion) model®16:18:25.26) a5 an axial mixing
model. They show that the optimum temperature
profile along the axial direction of the reactor is
affected by the non-ideal mixing characteristics.

According to the results of dynamic model
identification®®*®  of flowpattern observa-
tion®'%) and of measurement of residence time
distribution®*3 in packed beds, the side pocket
type models”:1%28) can describe the non-ideal
mixing characteristics more exactly than Taylor’s
diffusion model, especially in a transition flow
region for shallow bed condition. In the present
study, computation of optimum temperature
profile has been executed by employing Turner’s
side pocket models in describing the non-ideal
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Figure 1 Flow pattern in transition region at a void of a
tube bundle bed.
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fluid mixing. Computation with Taylor’s apparent
diffusion (or dispersion) model is also done. Dis-
cussion was made by comparing the both results
with the same kinetic data.

Simplified Turner’s Models

Figure 1 shows a typical example of flow
pattern in a transition region observed in a void of
a tube bundle bed as a two dimensional model of
packed bed. At the center of the void, the fluid is
very rapidly flowing and seems to be in piston
flow. The fluid at both sides of the void space is
observed to be in rotating flow. From these
facts and another observations®:2+1%:13:15) jt hag
been decided to describe the characteristics in
packed beds in laminar and transition regions by
two types of macro-axial mixing models after
Turner®®) as follows.

1) Distributed side mixing model (DSM model)
DSM model is intended to simulate the be-
havior of flow pattern in a transition region. Main
flow at the center of the void is assumed to be in
piston flow, and side flow part, corresponding to
rotating fluid in the side pocket part of the void, is
taken as distributed perfect mixing cells along the
bed after Cholette and Cloutier”. There exists a
resistance to mixing between the two parts.
2) Distributed side diffusion model (DSD model)
In this model it is assumed that the main flow
part is in piston flow and the side flow part has
only side diffusion, but no axial diffusion.
Schematic illustrations, governing equations
and boundary conditions of these two models are
shown in Table 1. These models are modified
versions of Turner’s side pocket model®® and
have two parameters; volume fraction, §, and side

Table 1
Simplified Turner’s models, having distributed side pocket

MODEL DISTRIBUTED SIDE MIXING DISTRIBUTED SIDE
MODEL (DSM) DIFFUSION MODEL (DSD)
aF 1 oF, aF,
“x‘a_x‘—m(Fz-—Fl) Ux 3% L, =L ( )y=Ly
GOVERNING —(1-HR, =0 (1) -(1-pR,=0 (3)
EQUATION
L ® -F)+sR, =0 Ey 20Xz 4gR, =0 @
Ry 2 ay?
BOUNDARY _ . aF, _ F;=F,(aty=Ly)
CONDITION Fi=0 @t x=0) Sy 2v=0=0 E =0 (atx=0)
—u, v(1-8) —'-Ux Fi 1 vi-8)
ILLUSTRATION yiLy
L H Hvﬂ | £, F2 V2
¥y=0
Xzl Xz=0 X=Lyx
MEAN =10 7=1.0
VARIANCE =28*/M T2 = (2/3) B*Pey
3RD MOMENT = =68°/M? T3 = (4/5)8°Pey?
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mixing factor, M, for the DSM model, and  and
side mixing Peclet number, Pey, for the DSD
model, while the Taylor’s diffusion model has only
one parameter; axial mixing Peclet number, Pe.
These parameters (8 and M, or § and Pey) can be
evaluated from the variance and the third moment
(?2‘ 13) of experimental residence time distribu-
tion, since 12 7 of each model are derived and

listed in Table 1.

Computation of Optimum Temperature profile
1) DSD model A first order reversible reaction

A
A k‘——‘ B is employed as a model reaction. It is

B
desired to maximize the yield of the B component

at the reactor outlet (¢ = 1.0) by adjusting the
temperature profile along the reactor. Let the
pure A be fed to the reactor inlet. The governing
differential equations associated with the DSD
model are given by Equations (5) and (6). Where
F, and F,, respectively, are the mole fractions of
the component B in the main and side flow parts.

3F, , 1 _ 3F,
+
ot Pey ( an

In=1

~(1=B) () [ka(l ~F) ~kpFi] =0

22F L )
( < )+5(u—)[kA(1-F2)—kBF2]

X

=0 (6)

where ko and kg are the reaction rate constants,

Pey is the side mixing Peclet number and f is the

volume fraction of the side flow part. The

boundary conditions are written as Equations (7),
(8) and (9).

1

F,=0 at £=0 )
F,=F, at n=1 ®)
oF, _ _

3n =0 at n=0 &)

Equation (6) is solved with the boundary condi-
tion of Equation (9), and F, is given by Equation
(10).

F, = F,(0) cosh\/(A+B)n

B [cosha/(A+B)n—1] (10)
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where A =B (Ly/ux)Peyks, B =pB(Lx/ux)Peykp.
By utilizing Equation (8) as the other boundary
condition, Equation (10) becomes Equation (11).

_ A _ F,—AJ(A+B)
Fa A+B " cosh+/(A+B) cosh [V(A+B)n]
(11)

Thus, substituting Equation (11) for F, of Equa-
tion (5), the required state equation of this process
is derived as Equation (12).

ggl =-[ A+ tanh+/A+B +X (ks tkp)] Fy

+ ——tanh\/A+B + Xk, (12
VA+B Pey A (12)

where X = (L,/uy) (1 —f8). The Hamiltonian, H,
is given by Equation (13).
oF,

o

and the adjoining equation is expressed by Equa-
tion (14) which can be obtained by differentiating

H=Zl

(13)

H in Equation (13) with F,.
02, .M _, [VA*B i hJATE
¢t aF, Pey

+ X(ka +kg)] (14)

As the object is to maximize F, at outlet of the
reactor, the boundary condition on Z; at outlet
(& = 1.0) is given by Equation (15).

Z,(1)=1.0 (15)

For simplification of mathematical handling, the
temperature in main flow part is assumed to be
equal to that in side flow part. The optimal
operating condition is given by partial differentia-
tion of Hamiltonian of Equation (13) with tem-
perature, T, and by equating it to be zero. By this
procedure, optimum concentration F, is derived
as Equation (16).
= [2E, AVA+ —\/__ ——==—(EsA

A(EAA+EgB)
(A+B)cosh’\/A+B

+ EgB)tanh+/A+B +
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tanhy/ A+B
VA+B

1
+ —————— )+ 2Pey X(Eaka + Egk
coi/ass ) T FevX(Eaka+Ep ")(116)

Dimensionless reactor length, & for given T can
be computed by numerical integration of Equa-
tion (17), via aF,/9¢ of Equation (12) and via
oF /0T which is given by partial differentiation
of F, of Equation (16) with temperature, T.

'T=T
—- (£=1) aFl aFl
= — dT
¢ ST=T(E=O) oT / 13

+ 2PeyXEAkA] / [(EAA+EBB)(

an

Temperature profile along the reactor length, £,
can be plotted from this £-T relation. Concentra-
tion profile, Fy-£, can be also computed from
this &-T relation and Equation (16).

2) DSM model The optimum temperature and
concentration profiles with the DSM model are
computed in the similar manner as mentioned
above with the DSD model.

The mathematical development and numerical
computation for the both types of the modified
Turner’s models are found to be easier than those
for Taylor’s diffusion model.

Table 2
Kinetic Data Used to Compute Figures 2 to 5

kAo 251 x 10° h

kpo 1.995 x 10? h!

Ea 5.556 x 10° g-cal/g-mole
Eg 1.111 x 10* g-cal/g-mole
Rg 1.987 g-cal/g-mole K
L, 3048 cm

uy 3048 m/h

Computational Results and Discussion

1) DSD model Figures 2 and 3 show the comput-
ed optimum temperature and concentration pro-
files. For convenience of comparison, kinetic data
are adjusted to those of Fan’s numerical data®, as
was listed in Table 2, that had been cited for com-
putation with Taylor’s model. Figure 2 shows

DSD MODEL

pz0.7

0 0.5
S

Figure 2 Optimum temperature and concentration pro-
files with DSD model by letting 8 constant at
0.7.

10

optimum temperature, T, for the DSD model
plotted as a function of dimensionless reactor
length, £, for Pey = 0.03, 0.3, 3.0 and 30.0 by
letting B be constant at 0.7. The corresponding
concentration profiles of substance B are also
plotted in Figure 2. It has been noted that, if
Pey is less than 0.06, the optimum temperature
and concentration profiles become nearly the same
as the profiles without side diffusion. It can be
noted that the yield of B decreases as Pey in-
creases, that is, as the side diffusion is reduced.

In the case of employing f* as a variable, the
profiles of temperature and concentration were
also computed for constant Pey. According to the
results, the yield of substance B increases with a
decrease in B, i.e. volume fraction of side part.
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When § is less than 0.1, the profiles are agreement
with the profiles of piston flow condition without
side diffusion within 1.0% of maximum error.

Therefore, if a higher yield is disired to be
attained, the reactor should be designed so as to
have smaller value of f§ or Pey by selecting a
proper shape of packing or flow conditions, to
reduce §; the fraction of side flow part.

— DSD MODEL

---~ DSM MODEL
-~ 6N == Taylor's MODEL
x
NQ_ ? =0.5
x 5F
[—
4}t
10 '
— ,J
- <
— 7
<5 ,//’/
W ,/
0 .
0 0.5 1.0

Figure 3 Comparison of optimum temperature and con-
centration profiles among three models under
the same variance, 7 = 0.5, Pe =2.56, Pey =
30,M=10,8=05

2) DSM model The variances of the DSM model
and the DSD model are 28%/M and (2/3)82Pey,
respectively. By equating these both variances, M
is equal to 3/Pey. Considering above relationship
between M and Pey, the profiles of T and F, with
the DSM model are similar to those with the DSD
model in their shapes as shown in Figure 4. With
value of $§ below 0.3, the profiles of two side
pocket models show agreement with each other

Bull. of Osaka Pref. Col. of Tech. Vol. 22

within 1.0% of maximum error. As is the case
with the DSD model, § and M are found to affect
the yield of reactor, when we employ the DSM
model as a non-ideal mixing model. In order to
increase the yield of reactor, it is important that
the reactor should be designed and operated by
making B and 1/M as little as possible. Pulsation
of feed flow rate may also promote the mixing in
the side flow part, therefore, can decrease 1/M.

3) Comparison of profiles among two side pocket
models and the diffusion model In the upper part
of Figure 3, the optimum temperature profiles are
compared among the DSD, the DSM and the diffu-
sion model with an identical variance. It is shown
that optimum temperature profiles with two

-
N

v—

T(x102 °R)
® © o =

-

DSM model
ol "
0 05 10

3

Figure 4 Optimum temperature and concentration pro-
files with DSM model by letting g constant at
0.7.
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distributed side pocket models are rather higher
at the entrance part of the reactor and lower at the
outlet part than that with taylor’s diffusion model.
The axial concentration profiles are converted into
the form of the selectivity, F,/(1—F;), which
represents F;p/F14, and shown in the lower part
of Figure 3. The profiles of the selectivity show
clearly that a reactor which is designed and
operated by the optimum profile computed with
Turner’s distributed side pocket models is
expected to have higher selectivity for substance B
than that with Taylor’s diffusion model. Asfora
trickle bed type reactor, Tumer’s model is also
reported to be able to describe more accurately
non-ideal mixing than Taylor’s diffusion model19),
So, these optimum profiles can be applied directly
the design of a trickle bed type reactor.

4) Comparison of length of reactor among two
side pocket models and diffusion model Ratio of
reactor length (saving fraction: ¢) calculated with
the DSD or DSM model to the length calculated
with Taylor’s model is plotted in Figure 5 against
the variance, when a reactor is operated according
to the optimum temperature for each model with

1.0
©

05t
—— DSD Model
~-- DSM Model

0 .
0 0.5 1.0
2

Figure 5 Saving fraction of reactor length
¢ = (reactor length with DSD or DSM model)/
(reactor length with Taylor’s model)

an identical variance, As the base for the com-
putation, the length of the reactor with taylor’s
model is selected to be 3m. The length of the
reactor with DSD and DSM models are determined
so as to give the same yield of the Taylor’s reactor
of 3m. The Figure uses $=0.3, which is obtained by
the experiments for long and shallow beds(>1%),
This shows that the reactor length decreased with
the increase of variance for DSD or DSM models.
The length of the reactor with the side pocket
models is saved nearly 50% at 72 = 0.6 and is
approximately 70% at 72 = 09. These circum-
stances of large variance are found to be re-
alized>)  for example, under a transition flow
for shallow bed condition. Length of a reactor can
be shortened considerrably by operating a reactor
according to the optimum temperature with side
pocket models in comparison with the diffusion
model. So, for the design and operation of a
thermal reactor, the thermal policy which utilizes
the side pocket models is very desirable from the
viewpoint of saving the reactor length, especially
in a transition flow for shallow bed condition.

Conclusion

The optimum temperature profile computed
with Turner’s side pocket type model is rather
higher at immediately after the entrance of
reactor and lower at near before the outlet than
that of Taylor’s model. The design or operation of
a thermal reactor by utilizing the side pocket
models as a non-ideal mixing model is able to bear
full fruit from the viewpoint of saving the length
of reactor, especially in a transition flow for
shallow bed condition.
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Nomenclature

EA, Eg = activation energies
Ey = side diffusion coefficient
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F = dimensionless concentration of B com-
ponent

H = Hamiltonian function

ka,kg = rate constants

Kag,kpe= frequency factors

Ly = axial length of packed bed

Ly = length of side diffusion in DSD model

M = side mixing factor (= Ly/Rypuy)

Pe = Peclet number

Pe, = side mixing Peclet number (= u,L,?/
EyLy)

R = reaction term

R, = gas constant

Rum = side mixing resistance

T = temperature

Uy = interstitial linear velocity

X = axial distance, flow direction

y = distance normal to x, lateral to flow
direction

< Greek letters >

B = volume fraction of side part in a void

£ = dimensionless axial length, at inlet & =
O,atoutlet £=1

n = dimensionless length of side direction

¢ = saving fraction of reactor length
[=(reactor length with the DSD or
DSM model)/(reactor length with
Taylor’s model)]

T = dimensionless time

T = mean residence time, in terms of 7

7 = variance of residence time with regard
tor

73 = 3rd moment

< Subscript >

1 = main flow part

2 = side flow part
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