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Dynamic Modelling of Multitubular Catalytic Reactors

Andrzej Stankiewicz and Gerhart Eigenberger*

This paper presents a study on modelling and simulation of transient operational characteristics
in multitubular fixed-bed reactors. The dynamic model of the reactor is based on a “porous
body” approach which regards the intertubular space as a pseudo-homogeneous environment.
Such an approach permits to take into account most factors in the geometrical design of the unit
and thus to study the influence of various shell-side geometrical and operational parameters on
the reactor behaviour. Based on the model, the dynamic responses of the two most common in-
dustrial reactor designs, i.e. the parallel flow unit with distributing plates and the crossflow reac-
tor with disk-and-doughnut baffles have been investigated and compared. In addition, some pro-
blems of correct space discretization and use of time-dependent regridding procedures, are

discussed.

1 Introduction

In their previous papers [l —4], both authors considered
various aspects of multitubular reactor operation. Stankiewicz
[4] proposed a mathematical model of the cocurrent
multitubular unit operating under steady-state conditions.
There, it was found that some of the geometrical (design) fac-
tors, such as tube diameter/tube pitch ratio or tube-to-batfle
clearances, can exert a strong influence on the operational
characteristics of the unit.

The aim of this study was to create a reliable and user-friendly
mathematical model for simulation of the dynamic behaviour of
multitubular catalytic reactor systems. The numerical package
based on the model is expected to be incorporated into the
DIVA programme [5, 6], a tool for the dynamic simulation of
process plants.

The hitherto developed models of fixed-bed reactors applied
either single-tube units with uniform conditions of heat removal
along the tube or idealized rectangular tube bundles with no
leakage by-pass flows via the tube-to-baffle clearances and con-
stant coolant velocity throughout the intertubular space [7 —9].
In contrast, the present model should allow to include the
details of the shell-side phenomena in the consideration, and
thus to investigate the influence of the geometrical design of in-
tertubular space on the dynamic behaviour of the reactor.

2 The Model

The main assumption and a novel feature of the present model
is a “porous body” approach, which implies that the entire in-
tertubular space is regarded as a pseudo-homogeneous environ-
ment with coolant flow in radial and axial directions, taking
local variations of heat transfer from the reactor tubes into ac-
count.
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All the mass and heat balances on the shell and tube sides are
based on the unit volume of the shell. Therefore, it is necessary
to introduce several parameters which would relate certain fac-
tors in the reactor geometry to unit volume of the shell,
namely:"

external area of tube walls :
al, =
“ unit volume of shell (incl. tubes) 0

internal area of tube walls

aly = P ; @
n unit volume of shell
inner cross-sectional area of tubes
a, = — —
! unit cross-sectional area of shell
internal volume of tubes 3)
"~ unit volume of shell ’
. .volume of coolant
g = shell voidage = “

unit volume éthJ

volume of tube walls
g\g’ = . k4 (5)
unit volume of shell

volume of reacting gas
g = £ . 6)

unit volume of shell

It can be seen easily that

g =c¢ca, . (N

where ¢ is the porosity of packed bed.

1) List of symbols at the cnd of the paper.

0930-7516/91/0612-0414 $03.50+.25/0



Chem. Eng. Technol. 74 (1991) 414 —420

Definition of such parameters leads to the formulation of the
general model equations as follows:

Coolant heat balance:

aT.(r,z,1) B aT.(r,z,1)
QCCP'-‘ng - 6t + u,(r,z,t)
_ aT.(r,z,1)
+u,(r,z,1) |7 ho(r,z, ) allT(r,z, 1) — T (r,z,1)].
(8)
Tube-wall heat balance:
oT,(r,z,t)
chpwg\z _._ »B_I— = U(r,z,t) aivn[Tf(r:Z:t) - Tw(r,z.t)] -
—hc(r,z, t) aeux[Tw(r,Z’ t) - Tc(r,z,t)] .
9
Tube-side heat balance:
aTy(r,z,1)
ay [(1 _8) Qscps +£chpf] T + athCpfus X
oTi(r,z,1) 1
*’F' =g Z (—AHg)riw, @, Tp) —
4 1
UGr,z,0) aiy[Ti(r,z,1) — T,(r, z,1)] (10)
Mass balance of reactants:
aw;(7,2,1) dwi(r,z,1) I
£ Qf——b—f + ol o EM; Z vyrilw, 06, Tp) .
I3 9z 1
(1D

In order to account for gas density and pressure changes in the
catalyst filled tubes, the above model has been completed with
the following equations:

Ergun’s equation:

ap
N f]us +f2u52

0z - (12)

Ideal gas law:

rz,t J M.
pran o M (13)
R Ty(r,z,t) T wir,z,0)

Qr =

As can be seen from Egs (8) — (11), several assumptions have
been made in the development of the present model, namely:

— The tube-side process can be approximated by the one-
dimensional pseudo-homogeneous model with axial diffu-
sion/conduction terms neglected.

— Axial conductivity in the tube wall is neglected. Heat
capacity of the tube wall is, however, taken into con-
sideration.

— In the reactor shell, the cylindrical symmetry of the coolant
flow is preserved, i.e. coolant inlets/outlets are uniformly
positioned along the shell (or central tube) circumference,
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so that there is no circumferential component of the coolant
flow by-passing the tube bundle.
2.1 Initial and Boundary Conditions for the Model

The model described by Egs (8) —(13) can be completed with
the following initial conditions:

T, = To(r,2)
T, = Tho(rn2)
t=0- 3T = T(r,2) , (14)
WJ = Wjo(r’z) s
p = por.2)

As far as the boundary conditions are concerned, their formula-
tion for the tube-side variables is rather obvious:

Ty = Ti (@) 15)

z=20
-

0<r<R
wy = w; (1)
However, the boundary conditions for coolant temperature
largely depend both on reactor configuration and on the pro-
blem under investigation. In our case, it was assumed that the
coolant temperature is
T.=T,;,@ for r = R, ,

mn

(16)
0 < < Hin

where R;, is the radial position of coolant inlet (in practice R;,
is equal either to the radius of the reactor shell or to that of the
central tube), while H;, denotes the height of the coolant inlet.

On the other hand, assumption of a perfect insulation of the
reactor shell and axial symmetry of coolant flow allows to set
aT, aT,

=0
ar o 0z

=0 amn

at all other boundaries, except for coolant inlets/outlets, as
shown schematically in Fig. 1 for the case of reactor with disk-
and-doughnut baffles.

2.2 Solution of the Model

The tube-side balances of the presented model were space-
discretized by backward finite differences, while the shell-side
was approximated by a network of corresponding two-dimen-
sional CSTR’s for which local coolant velocities z, and u, were
determined, based on the earlier developed method for the
calculation of coolant flow distribution in the intertubular space
[4]. Typical distributions of radial and axial coolant flows, ob-
tained by the above method, can be found elsewhere [4, 10].

When solving the model, the number of space grid points in
both directions varied depending on the run but, on the
average, the total number ranged between 800 and 1200. In or-
der to solve the resultant very large systems of ODE’s
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Cld > N
Tc=Tc.in aTg =0 X
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S04
o
AMe _
i\ > 0
e

(4000 — 8000), the LIMEX integrator, based on semi-implicit
Euler’s method [11, 12] and utilizing the AERE Harwell sparse
matrix code [13], was used in this study.

3 Analysis of Results

The above dynamic model of the multitubular reactor was used
for numerical simulation and comparative analysis of the
dynamic behaviour of two basic alternatives of cocurrent in-
dustrial units, i.e. the crossflow reactor fitted with three disk-
and-doughnut baffles and the parallel flow reactor fitted with
distributing plates. Both investigated units have the same basic
geometrical parameters, namely:

4,652 m ,
12,144 tubes ,
31.8x 1.5 mm ,
40 mm

0.2 mm ,

12 mm ,

3.0m

I T

N =g A2

In both types of reactor, the coolant is fed circumferentially and
its inlets are assumed to be uniformly distributed along the shell
perimeter.

On the tube-side, a highly exothermic reaction of the type

resembling the oxidation of benzene, is assumed, with kinetic
data of Naim [14]. The inlet values of operational variables at
steady state (initial conditions) are as follows:

——>
e
Fig. 1. Boundary conditions for shell-side heat balance.
G = 0.86 kg/m’s
w,in = 0.031 kg/kg
T.;n = 703K ,
Tyin=T03K ,
Tiin = 703K
P, = 1.5x10° Pa.

out

The local heat transfer coefficients, both on tube and shell sides
(in crossflow and in parallel flow) were calculated from cor-
relations recommended in [3].

As a rule, the parallel flow reactor is more sensitive to various
input disturbances in the operational variables. This especially
applies to the tubes positioned further from the coolant inlet and
subjected to unfavourable conditions of heat removal, due to
coolant leakages through the tube-to-baffle clearances. Fig. 2
shows the time responses of reactant temperature to a step in-
crease in inlet concentration by 5% of the initial value, in the
reactor with parallel coolant flow for tubes positioned near the
coolant inlet (reactor circumference) and on the opposite side
of the tube bundle (reactor axis). Fig. 3 presents the correspon-
ding situation in the reactor with three disk-and-doughnut baf-
fles which appeared to be much less sensitive, regarding both
the response amplitude and the positions of the catalytic tubes.

A similar situation can be observed in the case of a step
decrease in the coolant flow rate by ca. 50%. The reactor with
parallel coolant flow responded strongly (Fig. 4) via significant
increase of temperature in the fixed beds while, in the unit fitted
with disk-and-doughnut baffles, there was practically no
change in the temperature profiles (Fig. 5).

The observed behaviour is mainly due to the considerable dif-
ferences between the crossflow and parallel flow heat transfer
coefficients on the shell-side which, in some cases, may differ
by as much as an order of magnitude. Local irregularities,
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Fig. 2. Response of parallel flow reactor to step increase in reactant concentration. a) tube near coolant inlet (reactor circumference), b) tube on opposite

of bundle (reactor axis).
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Fig. 3. Response of reactor with disk-and-doughnut baffles to step increase in reactant concentration. a) tube near coolant inlet (reactor circumference),

b) tube on opposite side of bundle (reactor axis).
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Fig. 4. Responsc of parallel flow reactor to step decrease in coolant tlow rate. a) tube near coolant inlet (reactor circumference), b) tube on opposite

side of bundle (reactor axis).



418
i

1.80
w180 l

a 1.70

E 170 da

1.60
E 160
% 1.50
B o1
1 1.40
S 10
il
[<5]
g
B

Chem. Eng. Technol. 14 (1991) 414 — 420

Fig. 5. Response of reactor with disk-and-doughnut baffles to step decrease in coolant flow rate. a) tube near coolant inlet (reactor circumference), b)

tube on opposite side of bundle (reactor axis).

which can be seen in the initial steady-state profiles in Figs 2a
and 4a, correspond exactly to the axial position of the
distributing plate, i.e. the location where the shell-side heat
transfer coefficients changed their value from ca. 4000 to ca.
700 W/m’K.

It is worth noting that, at very strong disturbances, especially
in the tubes with poor heat removal, the density of the space
grid may play an important role in obtaining reliable results
from the simulation runs. This is illustrated by the example
shown in Figs 6 and 7. Fig. 6 presents a false result of simula-
tion of a response to a double-ramp increase in the inlet gas
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temperature with the amplitude of 20 K, in the centrally posi-
tioned tubes of the parallel flow reactor. The simulation run
was carried out with an equidistant grid of 80 points over a tube
3 metres long. The simulation shows a transition to an apparent
upper steady state. However, multiple steady states are not
possible with the initial value problem considered. The result
is obviously an artefact, introduced by the coarse spatial
discretization. Here, every spatial element of the considered
tube behaves as a stirred tank in a cascade and the apparent
multiplicity constitutes a well-known feature of a CSTR
cascade.

Indeed, increase of grid density by a factor of 4 produced the
expected moving front with the reconstruction of the initial
steady-state profile (Fig. 7).

Fig. 6. False response in parallel flow unit to a double-ramp increase in gas temperature, due to insufficient density of axial grid.
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Fig. 7. Correct response for the case of Fig. 6, obtained by quadrupling the density of space grid.

Obviously, refining of the space grid is uneconomical from a
computational viewpoint and for such cases other techniques,
involving time-dependent regridding procedures, are recom-
mended.

Several such procedures were proposed in [15] and their ap-
plication to the problems presented in this study has produced
quite promising results.

Fortunately, disturbances such as those shown in Figs 6 and 7
are not common in industrial practice on account of careful con-
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trol of the feed parameters. In addition, the incorporation of an
inert entrance section into the tubes, acting as reactant
preheater, allows to avoid such strong responses to the distur-
bances in gas temperature. This can be seen in Fig. 8 where the
same disturbance as in Fig. 7 has been simulated assuming the
presence of an inert packing upstream of the active catalyst bed.

4 Conclusions

The dynamic mode! of multitubular fixed-bed reactors propos-
ed in this study showed potential differences in responses to
various disturbances, depending on the geometrical configura-
tion (type) of intertubular space. It has been established that
parallel flow reactors show much more sensitive behaviour,
especially in tubes far from the coolant inlet. This is attributed
to the sheli-side heat transfer coefficient which, in parallel
flow, is many times lower than that in crossflow.

Fig. 8. Response to double-ramp disturbance of Figs 6 and 7, assuming an inert bed section at tube entrance
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In the case of very sensitive exothermic reactions, if the
equidistant axial grid in model discretization is not sufficiently
dense, false results may be obtained. Therefore, in such cases,
the appropriate regridding procedures should be employed dur-
ing simulation runs.
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Symbols used

&
k=]
6

{J/kg K]
[V/kg K}
[J/kg K]
[¥/kg K]
[m]

(m]

[N s/m*]
[Ns2/m*)
[m]
[kg/m? 5]
[W/m?K]
[m]
[J/mol]
[m]
[kg/mol]
(-]

[Pa]

[m]
[mol/m?>s]
[¥/mol K]
[m]

[m]

{s]

o
-]
=

QRS AS D
]

a

e

5

T
>
5

_.“"UZ.__QP‘

5

oo

specific heat capacity of coolant
specific heat capacity of reacting gases
specific heat capacity of catalyst
specific heat capacity of tube wall
external diameter of catalytic tube

diameter of reactor shell
coefficient in Ergun’s equation
coefficient in Ergun’s equation
baffle thickness

mass flux of reacting gas

shell-side heat transfer coefficient

height of coolant inlet

heat of i-th reaction

tube length

molar mass of j-th component
number of catalytic tubes
pressure

radial coordinate

rate of i-th reaction

universal gas constant

radial position of coolant inlet
tube-to-baffle clearances

time
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L, [m] tube pitch
T, K] coolant temperature
T; K} gas temperature
T, K] tube-wall temperature
u, [m/s] coolant superficial velocity in radial direction
U [m/s}] superficial gas velocity
u, [m/s] coolant superficial velocity in axial direction
U [W/m?K] tube-side heat transfer coefficient
w; [kg/kg] mass fraction of j-th component
b4 [m] axial coordinate
€ [-1 porosity of fixed bed
Vi [-1] stoichiometric coefficient of j-th component in
i-th reaction
Q. {kg/m?] coolant density
05 [kg/m®} gas phase density
Qs [kg/m?] solid phase density
Ow [kg/m?] tube-wall density
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