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Abstract

Packed-bed reactors are widely used in chemical industry. Most of them are
designed for steady-state operation. However, deviations from such conditions are often
realized in practice because of disturbances or the inevitable transient such as startup
or shutdown of reactor. This work focuses on the thermal behavior of packed-bed
reactor operating exothermic reaction with the presence of catalyst deactivation.
Mathematical modeling was used to study the effect of catalyst deactivation rate on the
transient temperature in the reactor and resonance behavior due to input temperature
perturbations. It was found that deactivation of catalyst can cause moving hot spot in the
reactor. Fast deactivation, however, suppresses this phenomenon. Under forced input
temperature perturbations, the amplification of temperature inside the reactor grows due
to the catalyst deactivation. Finally, the proposed model for estimating the resonance
frequency of packed-bed reactor is

Resonance frequency — 1 4 1 5]/—0.133 Le —-0.986 Pel -0.126 Pe20.513 Da0'23b_0'298
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Due to the thermal instability of the packed-bed reactor running an exothermic reaction, unsteady-state
operation (for example a fluctuating inflow temperature) can result in a variety of thermal responses. These
include the amplification of input temperature perturbations and high-temperature pre-extinction waves.
Catalyst deactivation adds further dynamical features to these scenarios. We explore them numerically,
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are found, as well as a non-uniform activity profile of the catalyst. At high deactivation rate, however,
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the reactor. The amplification of input temperature perturbations is generally enhanced by the presence
of catalyst deactivation. Finally, a power-law model is derived numerically that predicts the resonance
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frequency for amplification as a function of operating parameters.
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1. Introduction

Packed-bed reactors (PBR) are widely used in chemical, petro-
chemical and petroleum industries and in pollution abatement, etc.,
where they are commonly designed for steady-state application.
There are circumstances, however, where the reactor is subject
to transient conditions, for instance to accidental upstream dis-
turbances or to intended periodic operation to improve reactor
performance (Silveston, 1990). PBRs running exothermic reac-
tions are dynamically unstable in the sense that they tend to
amplify transient perturbations of input temperature, rather than
attenuating them. This dynamic, thermal instability (Menzinger,
Yakhnin, Jaree, Silveston, & Hudgins, 2004; Yakhnin & Menzinger,
1995) results from the inherently different rates of matter and
heat flow (the so-called differential flow) through the reactor
bed, together with the positive thermal feedback inherent in
exothermic reaction. The instability of the PBR, also called differ-
ential flow instability in a broader context (Menzinger & Rovinsky,
1995; Rovinsky & Menzinger, 1992), in which the differential
flow unleashes the inherently explosive potential of exothermic
processes, is quite general. It has been elaborated theoretically
(Yakhnin & Menzinger, 1995; Yakhnin & Menzinger, 1998; Yakhnin

* Corresponding author. Tel.: +66 2 9428555x1229; fax: +66 2 5614621.
E-mail addresses: fengasj@ku.ac.th (A. Jaree), bboonlerd@hotmail.com
(B. Boonsomlanjit), fscijrl@ku.ac.th (J. Limtrakul).

0098-1354/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compchemeng.2008.02.004

& Menzinger, 2004) and confirmed experimentally (Jaree et al.,
2001; Jaree et al., 2003a; Jaree et al.,, 2003b; Menzinger et al.,
2004).

The different rate of flow of heat and matter is a general charac-
teristic of packed beds since heat gets absorbed by the high capacity
packing and its rate of propagation (or flow) is thus slowed down
relative to the more rapidly flowing reacting fluid. It is this dif-
ferential flow that unleashes the inherent tendency (Menzinger &
Rovinsky, 1995; Rovinsky & Menzinger, 1992) of exothermic reac-
tions towards thermal runaway or explosion. As a result, PBRs tend
to amplify, rather than attenuate, perturbations of inflow tempera-
ture. While the tendency to amplify temperature-transients is quite
general in exothermic PBRs, the consequence of this dynamical
instability often, but not always, turns out to be not very dramatic
(Menzinger et al., 2004).

For instance, when a sudden drop of the input temperature is
introduced to a steady-state operated PBR, the decrease in the rate
of reactant consumption induces a concentration wave prior to the
reaction zone. This wave travels with the mean speed of the flow
stream while the thermal wave lags behind, because it gets “caught”
in the packing due to the high thermal inertia of the latter. When the
fast wave of reactant concentration thus overtakes the slow-moving
hot spot, the resulting increased rate of reaction can cause large
temperature excursions before the new steady-state is established
(Yakhnin & Menzinger, 1998). This is generally known as “wrong-
way behavior” (WWB), a phenomenon illustrated numerically
by Crider and Foss (1966) using a simple pseudo-homogeneous
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Nomenclature

a catalyst activity coefficient

A pre-exponential constant of the main reaction

Ap pre-exponential constant of the deactivation reac-
tion

b dimensionless adiabatic temperature rise

C concentration

Co inlet concentration

Cog heat capacity of gas

Cps heat capacity of solid

D, effective axial diffusivity

Da Dambkoehler number of the main reaction

Dap Damkoehler number of the deactivation reaction

E activation energy

Ep activation energy of deactivation

AH heat of enthalpy

k effective axial conductivity

l reactor length

Le dimensionless thermal inertia (Lewis number)

Peq Peclet number for axial mass dispersion

Pe, Peclet number for axial heat dispersion

R gas constant

t time

T temperature

To inlet temperature

u axial fluid flow velocity

X1 dimensionless concentration

Xo dimensionless temperature

z axial position

Greek letters

y dimensionless activation energy

¥D dimensionless activation energy of deactivation

e void faction

& dimensionless axial position

Pg density of gas phase

Ps density of solid phase

T dimensionless time

(single phase), one-dimensional model. Chen and Luss (1989) stud-
ied the effect of inter-phase transport on the wrong-way behavior
by comparing the two-phase model with the one-dimensional
one-phase model. Both models predict the same magnitude of
the transient temperature rise if there is a unique steady-state
for all feed temperatures. A significant difference between the
predictions from the two models occurs only when steady-state
multiplicity exists. The high interstitial gas velocity increases
the rate of inter-phase heat transfer and reduces the differences
between the two models. Since the kinetic model studied here has
a unique steady-state, its pseudo-homogeneous version suffices.
The dynamical instability of PBRs is a resonant phenomenon
(Yakhnin & Menzinger, 1998). The gain factor, the ratio of the
amplitudes of maximal temperature and inlet temperature vari-
ations, for such systems depends on the perturbation frequency.
If the frequency is too high, the system is not affected because
the consecutive peaks of perturbation are too close to each
other and will be attenuated by thermal diffusion. On the other
hand, if the frequency is too low, the system moves within the
adiabatic temperature envelopes. At intermediate frequencies,
maximal amplification or resonance occurs. This phenomenon was
experimentally demonstrated by CO oxidation over Pt/Al;03 in a
near-adiabatic packed-bed reactor (Jaree et al., 2003a).

The effect of periodicinlet temperature perturbation on exother-
mic reactions carried out in packed-bed reactors can be viewed
as a series of wrong-way temperature responses resulting from
repetitive, transient increase and decrease in inlet temperature.
When the inlet temperature is increased, the reaction rate rises
at the front of the bed. As a result, less reactant enters the high-
temperature region of the steady-state reactor. Consequently the
maximum temperature of the bed drops because of the compound
cooling effects of heat dispersion, of convection by the flow, and
of reduced heat generation. Later, heat released by the reaction
at the front of the bed, due to increased reactant concentration,
propagates through the bed, resulting in a temperature increase
when this heat reaches the reaction zone. If the inlet temperature is
dropped at this moment, less reaction occurs at the front of the bed;
and more reactant is available to enter the high-temperature region.
Therefore, the maximum temperature shoots up, often above the
adiabatic temperature rise, because of a combination of high reac-
tant concentration and high temperature in the reaction zone.
Yakhnin and Menzinger (1998) proposed that amplification of rela-
tively small amplitude inlet perturbations can be explained through
a differential flow mechanism. The periodic perturbation may raise
the temperature fluctuation well beyond the steady-state adiabatic
temperature envelopes. In this case, the reactor is always in an
ignited state during the inlet temperature perturbations—in con-
trast to Onken’s work where both extinction and ignition occurred
(Onken & Wicke, 1986).

The thermal behavior of PBR during its transient operation is
also affected by the deactivation of catalyst, which is inherent to
most catalytic processes. Since the heat is released by the surface
reaction, the rate at which the catalytic activity is lost is conceiv-
ably one of the factors contributing to the thermal instability of
the system. There are four types of catalyst deactivation mecha-
nisms, e.g. poisoning, sintering, vapor transport, and coking (Butt
& Petersen, 1988). Mechanistic models have been proposed for
some specific reaction system while a power-law model is generally
applied in the analysis of catalytic activity. For irreversible deac-
tivation, Yakhnin and Menzinger (1999) numerically investigated
the effect on the thermal instability of PBR. This simulation study
showed that a localized deactivation can entail a traveling ther-
mal front with a much higher temperature compared to a catalyst
bed with uniform activity. Jaree et al. (2003b) showed experimen-
tally that the reversible self-poisoning of the Pt/Al,05 catalyst by
CO triggered a dramatic temperature excursion when the system
changed from ignited state to a complete extinction. As succes-
sive layers of catalyst switch off, a pronounced concentration wave
forms. Subsequent layers of catalyst are exposed to such waves as
they become inactive. The resulting high amplitude, rapidly mov-
ing concentration and temperature wave is called “pre-extinction
wave”. The interaction of high concentration and high temperature
in the reaction zone causes the dramatic pre-extinction wave to
slowly propagate downstream.

Our objective is to establish the existence of thermal patterns
in a packed-bed reactor associated with catalyst deactivation. This
includes the effect of catalyst deactivation on the catalytic activity
profile, pre-extinction waves, and resonant amplification of input
temperature perturbation. In the last part of the paper we present
a power-law model which allows one to predict the time scale (or
perturbation frequency) at which the amplification is maximal and
potentially most problematic.

2. Mathematical model

There are various mathematical models developed to describe
phenomena in packed-bed reactors. In this study, a one-



A. Jaree et al. / Computers and Chemical Engineering 32 (2008) 2897-2902 2899

dimensional pseudo-homogeneous model was used to simulate
an adiabatic packed-bed reactor operating a first-order exother-
mic reaction. The mass and energy balances expressed in terms
of dimensionless reaction parameters and variables were devel-
oped by Jensen and Ray (1982) as shown in Egs. (1) and (2). A
first-order deactivation model was applied in order to study the
effect of catalyst deactivation on the thermal behavior.

§eXq = —f+P€;18%2.X1 —8%-)(1 (1)
drxy = (bf + Pe?&?xz — 8gxz)Le”! 2)
§:a = —Dapx; e(ro—(yn/x2)) 3)
=l =l ,_E _Eb ,_ZAH-G

1= CO’ 2 = TO ) Y= RTO 5 YD = RTO 5 = pgcpgTO s
Le — epgCpg + (1 _S)IOSCps’ Pe; — il’ Pe, — M’

£0gCpg D, k
tu z 1 1

=— — % Da=-AeE/RT)  Dan = —An e~ (En/(RTp))
T el ) S [ ) a U e s ap u pe
where
f =axyDaexp [y (1 — l)}

X2

-0, j=1,2
-1

0X;i 0X;i
. _pe- 101 — ¥ il
("J Pe; ag)’go"%’ %

Initial conditions: x1, X, =1.

This system of partial differential equations was solved numeri-
cally using a software package (FlexPDE; PDE Solutions Inc.), based
on afinite element method, to obtain the space-time dependence of
dynamical variables for both steady-state and dynamic responses,
due to inlet temperature perturbation and catalyst deactivation.

3. Results and discussion

The first part of the study is the simulations of a catalytic
packed-bed reactor operating a first-order exothermic reaction in
the presence of a first-order catalyst deactivation. Initially, the reac-
tor is at steady-state without catalyst deactivation. Then the rate of
catalyst deactivation is switched on, causing a slow transient. Fig. 1a
shows that due to deactivation, the catalyst activity is not uniform
throughout the reactor as generally perceived. The front section of
the bed has a small degree of deactivation due to the thermal effect
in the Arrhenius term in the rate of catalyst deactivation. The tem-
perature increases along the reactor coordinate until it reaches the
adiabatic temperature rise. This causes a rapid decline in catalytic
activity in the reaction zone. After most of the reactant molecules
are consumed, the deactivation rate decreases rapidly as indicated
by the jump in catalyst activity near the exit-end of the reactor
bed. The effect of deactivation energy (yp) was found to cause sen-
sitivity in the reaction zone. Increasing yp speeds up the reaction
which releases thermal energy and in turn accelerates the deac-
tivation rate. Notice that the activity profiles are almost the same
in the front section of the bed, while the thermal effect separates
the three cases in the reaction zone towards the end of the reac-
tor. Decreasing yp causes the zone of catalyst deactivation to shift
forward to the front section of the reactor while the reaction zone
is still further down in the catalyst bed as demonstrated in Fig. 1b.
For the case of zero deactivation energy, the rate of catalyst deac-
tivation depends solely on the reactant concentration. The rate of
deactivation is fastest at the entrance to the catalyst bed where the
concentration is highest. This suggests that locating the reaction
zone and knowing the deactivation energy could potentially help
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Fig. 1. Effect of deactivation energy (yp) on the catalytic activity profile
(Dap =4 x 10-, Pe; =300, Pe; =40, Le =2000,Da=0.4,b=0.35, = 15,and 7 = 50,000).

reduce the cost of refilling catalyst significantly. Other conditions
were also simulated and gave similar results.

The effect of the dimensionless deactivation rate constant, the
Dambkoehler number (Dap ), is demonstrated in Fig. 2. Again, deac-
tivation is switched on after the steady-state has established itself.
Higher Dap causes the catalyst to deactivate faster. However, the
zone of catalyst deactivation still coincides with the reaction zone
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Fig. 2. Effect of Dap on the catalytic activity profile (Pe; =300, Pe, =40, Le=2000,
Da=0.4,b=0.35, y=15, yp =15, and t=50,000).
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Fig. 3. (a) Concentration profile (Pe; =300, Pe, =40, Le=2000, Da=0.4, b=0.35,
y =15, yp=5.5, Dap =0.004, and t=30,300). (b) History plot of temperature at dif-
ferent axial positions (Pe; =300, Pe, =40, Le=2000, Da=0.4, b=0.35, y =15, yp =4,
and Dap =0.004).

at the same axial position. The activity profile along the entire reac-
tor coordinate is shifted downward in proportion to the increase in
the Damkoehler number.

To study the effect of relative rates of main reaction and
catalyst deactivation on the temperature excursion behavior, 80
cases of simulation (all have complete conversion prior to the
start of catalyst deactivation) were performed by randomly vary-
ing y (9-25), yp (5.5-25), Da (0.2-0.7), and Dap (103 to 10-8).
Results (Figs. 3 and 4) were analyzed by focusing on the rates
of catalyst deactivation and of the main reaction at the location
of the steady-state maximum temperature, where it is believed
to be the starting point of the temperature overshoot, right
after the deactivation is switched on. Slow catalyst deactivation,
relative to the main reaction (e.g. [f/8:alat gmax temp) = 20,000),
results in the dislocation of the reaction front slowly propa-
gating downstream without causing local temperature excursion
((X2, transient, max — X2, ss, max)/X2, ss, max < 0.05). On the other hand,
relatively faster deactivation (e.g. 500 < |f/8:a|4¢ g max temp) <20,000)
decreases the rate of reaction in the zone adjacent to the
reaction zone generating high local concentration. The induced
concentration wave travels through the reactor bed at high
velocity (the average gas velocity) entering subsequent part
of the bed and the hot spot region. The result is the tran-
sient temperature overshoot. However, the phenomenon is
suppressed by the very fast rate of catalyst deactivation (e.g.
1820l at &(max temp) < 500).
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Fig. 4. Maximum temperature during inlet temperature perturbation (Da=0.7,
Dap =4 x 1077, yp =18, frequency = 0.0016, Pe; =300, Pe; =40, Le=2000,b=0.35,and
y=15).

Fig. 3a is a snapshot of a concentration profile along the reac-
tor taken when the moving reaction front is close to the exit of the
bed. It shows the local concentration developed due to fast cata-
lyst deactivation. Most of the catalyst becomes inactive in a very
short time leaving the reactant un-reacted in the front part of the
reactor. In some parts of the reactor, the local concentration is even
greater than unity. This is a typical response when the reactor bed
is quenched by adjusting inlet conditions. It can also be viewed
as another version of WWB. Fig. 3b shows transient temperature
change at different axial positions along the reactor during fast cat-
alyst deactivation. The system is initially at steady-state and the
deactivation is switched on at time zero. In the pre-reaction zone
temperatures decrease because less reactant molecules are con-
verted to product and heat due to the catalyst deactivation and the
wave of un-reacted molecules is pushed downstream. When the
concentration wave arrives at the reaction front, the auto-catalytic
nature of the main reaction takes on and releases additional heat
of reaction. This effect can be considered as chain reactions; there-
fore, the resulting traveling thermal wave can be at significantly
higher temperatures than that of the adiabatic value. Subsequently
the reactor is in the state of complete extinction upon the passage
of both thermal and concentration waves, as indicated in Fig. 3b
by the temperature of the entire catalyst bed equaling the inlet
temperature (t >2500).

Previous results suggest that transient phenomenon due to cat-
alyst deactivation may lead to high temperature rise inside the
reactor (Yakhnin and Menzinger, 1999). Another set of simulations
was performed here to further investigate the thermal behavior
of a packed-bed reactor in the presence of both dynamical inflow
perturbations (which reveal its dynamic instability) and of catalyst
deactivation. Once the steady-state is established, the deactivation
is started together with the periodic inlet temperature perturba-
tion using a sinusoidal pattern with amplitude of 0.01. A typical
response of such simulation is illustrated in Fig. 4. The steady-state
maximum temperature is 1.345. At the onset of inlet temperature
oscillations, the maximum temperature excursion due to differen-
tial flow instability is around 0.02. The input oscillations continue
until T=300,000, at which point the inlet temperature oscilla-
tions are terminated. During this period, one observes a steady
growth of amplitude of oscillatory reactor response. As mentioned
previously, in general, the highest degree of deactivation occurs
right in the reaction zone. As the catalyst deactivation proceeds
at a slow pace, the reaction zone is stretched towards the exit-
end of the reactor. This allows the concentration and thermal
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Fig. 5. Resonance curve (Pe; =300, Pe, =40, Le=2000, Da=0.4, b=0.35, and y =15).

waves to separate to a greater extent. The result is higher tem-
perature excursion compared to that of the case without catalyst
deactivation.

The effect of catalyst deactivation (Figs. 1 and 2) on the reso-
nant behavior of the periodically modulated PBR is shown in Fig. 5.
By varying the frequency of inlet temperature perturbation in the
range of 0.0004-0.005, a resonance curve can be constructed by
computing the gain factor from the amplitude of oscillation of the
maximum temperature in the reactor:

Tmax,transient - Tmax,steadystate (4)

gain factor = : -
step size of the inlet temperature

It was found that increasing the degree of deactivation (by rais-
ing the values of yp) significantly enhances the degree of resonant
amplification of inlet temperature oscillation, due to the mech-
anism previously explained, especially in the frequency range
from 0.001 to 0.0025. However, the resonance frequency remains
approximately the same for all cases. At frequencies too high or
too low, the gain factor is small. Therefore, it is possible to avoid
such great amplification effect if the resonance frequency can be
predicted.

In the remainder of the paper we investigate the dependence
of the resonant frequency on the operating parameters of the PBR.
In the pseudo-homogeneous model of a PBR described above, the
governing parameters are Le, y, Peq, Pey, Da, and b. These param-
eters not only affect the steady-state behavior of the system, but
also its dynamic response. Therefore, all of these parameters are
included in the study to formulate the model prediction for the
resonance frequency. Table 1 shows the range of these parameters
that are often used in the literature. A correlation for predicting
the resonance frequency in the form of a power-law model for all
parameters is assumed as follows:

resonance frequency = ay”Le‘Pe{Pe$Dd b (5)
Table 1

Parameters and ranges for model prediction

Parameter Range

Y 9=25

Le 500-5000

Peq 200-700

Pey 40-150

Da 0.2-0.7

b 0.3-0.5

0.006 7
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0.004 -~

0.003 ’
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Fig. 6. Prediction of the resonance frequency.

Table 2

Parameters obtained from the regression analysis
Parameter Value
a 1.415
b -0.133
c —0.986
d —0.126
e 0.513
f 0.23
g —-0.298

All control parameters were randomly selected to produce dif-
ferent sets of systems, for which the dynamical response to input
temperature perturbations was then calculated. The resonance fre-
quency for each set of parameters was determined by following
the aforementioned procedure. Non-linear regression was applied
to 30 sets of data in order to determine the constants in the
proposed model. The constants obtained from regression analysis
are as follows: a=1.415, b=-0.133, c=-0.986, d=—0.126, e=0.513,
f=0.230, and g=-0.298. Fig. 6 shows the comparison between
the observed resonance frequencies and those predicted by the
model. The small degree of scatter around the dotted line indi-
cates that the model is able to predict the resonance frequency
reasonably well. The parameters obtained from the regression
analysis are shown in Table 2. Then the model was tested with
another five sets of data (parameters and resonance frequency)
that were randomly generated. The test result was quite satisfac-
tory.

4. Conclusions

Catalyst deactivation is a common phenomenon that occurs in
packed-bed reactors. It affects the dynamic thermal response of the
reactor to time-dependent modulation of the inflow temperature,
depending on the rate of catalyst deactivation. Slow deactivation
causes a drift of the reaction front toward the exit. On the other
hand, fast deactivation induces a traveling concentration wave and
a pronounced, transient temperature rise. Together with the inlet
temperature perturbation, the interaction of local hot spot and con-
centration wave results in high-temperature excursion. However,
the resonance frequency is virtually unaffected by catalyst deacti-
vation. Finally, a prediction model for the resonance frequency is
presented.
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