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Our pre®ious theoretical work predicted the possibility of enhancing three-phase
packed-bed reactor performance by operating in the pulsing-flow regime. This article
deals with the experimental study of the beneficial effect of pulsing flow on reaction
outcome. Hydrogenation of phenylacetylene, dissol®ed in n-tetradecane o®er Ptralumina
catalyst, was chosen as the experimental reaction system. This is a triangular reaction,
with styrene and ethylbenzene as the desired intermediate and final products, respec-
ti®ely. With properly designed experiments, the reaction performance in pulsing flow and
trickling-flow regimes was compared directly. The effects of process ®ariables such as
temperature, feed flow rates, and reactant concentration on reaction beha®ior were stud-
ied. A simplified model to describe the qualitati®e trends was also de®eloped. Both
experiments and calculations show that the yield of styrene is higher in pulsing flow than
in trickling flow, which confirms the ad®antages of pulsing-flow operation predicted by
the theoretical work.

Introduction

Multiphase reactions, in which gas and liquid reactants are
selectively converted into desired products using solid cata-
lysts, provide the basis for a large number of chemical, petro-

Žchemical, biochemical, and polymer processes Mills et al.,
.1992; Dudukovic et al., 1999 . A common configuration for

carrying out such reactions is a three-phase packed bed reac-
tor, involving a stationary packed-bed of catalyst over which
gaseous and liquid reactants flow in either a cocurrent or
countercurrent manner. Due to complexity of this type of op-
eration, many factors influence reactor behavior. These in-
clude liquid distribution, contacting efficiency and partial
wetting, which have received prior attention in the literature
ŽJiang et al. 1999; Al-Dahhan and Dudukovic, 1995; Watson

.and Harold, 1994 .
In cocurrent three-phase packed-bed reactors, four major

flow regimes have been identified: trickling flow, pulsing flow,
Ž .spray flow, and bubble flow Ng and Chu, 1987 , depending

on factors such as gas and liquid flow rates, physical proper-
ties, and the nature of the reactor packing. These flow regimes

Ž .result in different behavior such as holdup and transport
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around the catalyst, which could affect the overall reaction
outcome. Specifically, when the reactor is operated in puls-

Ž .ing-flow regime, liquid-rich slug pulse and gas-rich slug
Ž .base regions are formed, and they move down the column
alternatingly. The strong interactions between the phases
within the pulses result in significant enhancement in overall

Žmass and heat transfer rates Blok and Drinkenburg, 1982;
.Chou et al., 1979 , and the alternation between pulses and

bases introduces a periodically changing flow environment
around the stationary catalyst, with the overall reactor oper-
ating under stationary conditions.

By carrying out experiments in columns packed with differ-
Ž .ent heights of active catalyst, Sims et al. 1994 made a direct

comparison of H O conversion in catalytic decomposition of2 2
H O under pulsing-flow and trickling-flow regimes of a2 2
three-phase packed-bed reactor. With different heights of ac-
tive catalyst and by varying the flow rates, the experiments
can have the same space time, but operate under different
flow regimes. It was shown that operation in pulsing-flow
regime can significantly increase the conversion of H O , as2 2
compared to trickle-flow operation at the same space time.

Ž .Our earlier theoretical work Wu et al., 1995 predicted that
Ž .reactor performance that is, conversion or selectivity could
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be enhanced by operating the reactor in pulsing-flow regime
and that optimization is possible by ‘‘tuning’’ the pulsing fre-
quency prudently.

In the present work, an experimental demonstration of the
beneficial effect of pulsing-flow regime is made. In addition,
a simplified model is developed to qualitatively examine the
influence of flow regimes on reactor performance. The re-
sults of this work provide a general understanding that can
be applied to a variety of gas-liquid-solid reacting systems.

Reaction System
Proper selection of the reaction system is crucial to experi-

mentally investigate the effect of flow regimes. The system
should be a multiphase catalytic reaction, have multiple

Ž .products preferably two, for selectivity study and proceed at
reasonable rates under relatively low temperatures and atmo-
spheric pressure, so that mass transfer is the limiting step.
Further, evaporation of reactant and solvent should be negli-
gible, to minimize losses and enhance contacting efficiency in
the packed bed. Finally, the reaction mixture should be easy
to analyze by standard analytical methods such as gas chro-

Ž .matography GC .
After screening a number of potential reaction systems us-

Ž .ing the above criteria, hydrogenation of phenylacetylene PA ,
Ž .dissolved in n-tetradecane, to styrene ST and then ethyl-

Ž .benzene EB over Ptralumina was selected.

Ž . ŽThis system involves three phases: gas H , liquid phenyl-2
. Ž .acetylene solution ; and solid Pt r alumina catalyst , and has

two products, styrene and ethylbenzene. The reaction pro-
ceeds at a measureable rate at 40�C and atmospheric pres-

Ž .sure Kawakami and Kusonoki, 1976 . The boiling points for
Ž . Ž .phenylacetylene 144�C , styrene 146�C , ethylbenzene

Ž . Ž .136�C and n-tetradecane 254�C are all relatively high, and
the reaction mixture is easy to analyze using standard GC
method.

It should be noted that further hydrogenation of ethylben-
zene to ethylcyclohexane can also occur. This generally takes

Figure 1. Experimental setup.
1. Pressure regulator; 2. gas purifier; 3. needle valve; 4. rotameter; 5. bourdon gauge; 6. inlet section; 7. reactor section; 8. reservoir section;
9. sample port; 10. liquid flowmeter; 11. liquid pump; 12. air bellows pump; 13. RF unit; 14. house air supply.
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place after the phenylacetylene is essentially fully converted
to ethylbenzene. For the experimental conditions and dura-
tions investigated in the present work, phenylacetylene con-
version to ethylcyclohexane was always less than 4%.

The selected reaction system is also an important indus-
Žtrial process Priddy and Roe, 1983; Maurer and Goldardes,

.1989 . In styrene polymerization, pure styrene feedstock is
needed to preserve the catalyst. A small amount of pheny-
lacetylene in the styrene stream can deactivate the catalyst;
hence, its reduction to less that 10 ppm is necessary. For this
reason, a number of investigations related to this process have
been reported in the literature.

Earlier works involving this reaction system include investi-
gations of both kinetic and transport effects. The reaction
kinetics on Pd catalysts were reported by Aramendia et al.
Ž . Ž . Ž .1990 and Duca et al. 1995 . Mochizuki and Matsui 1976
studied the effect of liquid�solid mass transfer, and found
that improvement in the liquid-solid mass transfer increased

Ž .the styrene yield. Kawakami and Kusunoki 1976 investi-
gated the effect of intraparticle diffusion on styrene yield us-
ing a stirred-basket reactor, and found it to be detrimental.

Ž .Visser et al. 1994 attempted to enhance selectivity and con-
version by pulsing the gas feed externally, which generates
transient state. However, due to the dampening effect of vis-
cosity, the advantage of gas pulsing was insignificant. These
earlier studies provide a background for the present work.

Experimental Studies
Experiments were conducted to demonstrate the expected

influence of flow regime on reaction outcome and the superi-
ority of pulsing flow over trickling-flow regime. Two types of

Ž .catalyst packing configuration upper and lower were intro-
duced to take advantage of the coexistence of two flow

Ž .regimes upper-part in trickling and lower-part in pulsing
Ž .under certain gas and liquid flow rates Wu et al., 1999 . Ex-

periments were conducted with all the reaction conditions
kept identical, except the catalyst packing location, such that
the catalyst was exposed to different flow patterns. In this
manner, a direct comparison was made for the reaction be-
havior under the two flow regimes. The reactor response to

Žchanges in process variables temperature, liquid input flow
.rate, and initial reactant concentration was also investigated.

These experiments provided a general understanding of the
system, and helped to explain the reactor performance under
different operating conditions.

Experimental apparatus
The reactor was designed such that both the liquid and gas

phases were recycled during operation. Single-pass conver-
sion of phenylacetylene was estimated at �10%; thus, recy-
cling of the liquid feed was necessary to study the reaction to
complete phenylacetylene conversion. Further, because liq-
uid reactants escape with the gas phase, it was necessary to
recycle the gas to prevent liquid reactant loss.

Ž .The experimental setup Figure 1 was composed of three
sections: a gas loop, a liquid loop and the reactor. Gas and
liquid entered the reactor through a glass core-annular inlet
section. The reactor column was 2.54 cm ID�40 cm length
glass unit connected to a 2 L flat-bottomed reservoir with
fittings for thermocouple, gas, and liquid outlets. The reser-

voir was wrapped with heating tape up to the liquid height,
and, subsequently, with insulating tape. Heat zones were con-
trolled by an Omega CN76000 auto-tuning PID control and
SSR240AC10 digital relay. Agitation to ensure mixing of the

� � Ž .liquid phase was provided by a 0.5 �2 12.7 mm�50.8 mm
stirring bar and Corning model PC-210 stirring plate. The
liquid side consisted of a Baldor 0.7-HP pump, a Gilmont
Accucal GF-4540 flowmeter, and a sampling bulb, directly
upstream from the inlet section. The gas side utilized four
Gilmont No. 14 flowmeters and a Mace model 928 air-
bellows pump, driven by house air at 40 psi. Bourdon gauges
were positioned at the reactor inlet and outlet to monitor
operating pressure. A check valve set to a cracking pressure

Ž .of 6 psi 41 kPa was placed at the reactor inlet to avoid
accidental pressure buildup in the system, and one-way valves
were placed on the supply and vent lines to prevent flow re-
versal.

Experimental procedure
The catalyst used was 2.5 mm diameter, 0.5 wt. % PtrAl O2 3

Ž .ESCAT-26, Engelhard , with the platinum metal dispersed
Ž .in an eggshell distribution thickness 0.23 mm to minimize

intraparticle diffusion limitations. For each experiment, cata-
lyst was pretreated and characterized prior to loading the re-
actor. The pretreatment consisted of heating to 400�C in
flowing Argon at 100 mLrmin for 2 h. Hydrogen was then
passed over the catalyst at 100 mLrmin for approximately 12
h, to ensure complete reduction to metal, followed by cooling
in flowing Argon. The platinum dispersion was measured to
be 80 �5% using the hydrogen chemisorption technique.

For each experiment, the column was packed with 20 g
catalyst in either the upper- or lower-packing configuration
Ž .Figure 2 . 1-L tetradecane solvent and 1 mL decane GC in-
ternal standard were introduced to the reservoir. The liquid-
phase was then circulated at the desired flow rate through
the column for about 10 min, ensuring complete wetting of
the catalyst. Nitrogen was passed through the gas loop for
�15 min at 500 mLrmin to purge trapped air. The gas loop
was then sealed and nitrogen fed to the column at 500
mLrmin for 30 min, while the reactor reached operating tem-
perature. Once purged and heated to the desired tempera-
ture, phenylacetylene reactant was introduced to the reser-
voir by syringe and the reactor sealed. The gas loop was then
loaded with hydrogen and sealed. The reaction was initiated
by flowing hydrogen through the reactor to vent for 20 s to
displace nitrogen, then closing the vent to allow the reactor
to pressurize for 60 s. The gas loop was then opened to the
reactor and the pump initiated circulation of reactant gas.
During operation, the gas outlet remained closed to prevent
losses due to volatilization, while additional hydrogen was
supplied to the system to compensate for reaction consump-
tion. Samples were taken from the liquid phase at regular
intervals via syringe and stored for later analysis. At the end
of the experiment, the reaction was terminated by shutting
off the pump, heaters, and hydrogen supply, purging the re-
actor column and gas loop with nitrogen, and allowing the
reactor to cool.

Analysis of liquid samples was performed by a Hewlett-
Packard 5890 gas chromatograph using a 30 mm�32 mm�
25�m model HP-5 packed column. Peak areas of the four
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Figure 2. Lower- and upper-packing configurations.

compounds of interest were normalized relative to decane and
converted to concentrations via calibration curves generated
experimentally, following the internal standard technique.
Species concentrations in each sample were analyzed to ver-
ify mass balance, typically within �2%.

Direct performance comparison for pulsing and trickling
flow regimes

Ž .Krieg et al. 1995 have shown that visual and pressure
measurements yield consistent identification of the flow
regime. For this reason, the presence of trickling or pulsing
flow was determined by visual observation. It was found that
with certain fixed gas input flow rate, and at relatively low-
liquid flow rate, the whole reactor was in the trickling-flow
regime. As the liquid flow rate increased, the unsteady, puls-
ing flow began to develop first at the lower part of the col-
umn, and its extent grew further with increasing flow rates
until the entire column was in fully-developed pulsing flow

Ž .regime. As Krieg et al. 1995 noted, this behavior is consis-
tent with pulses forming from a linear con®ecti®e instability.

Ž .In such systems, for sufficiently large flow rates, weak linear
disturbances grow in strength as they travel. Therefore, the
location where they are strong enough to be detected varies
with the disturbance growth rates and speed, both of which
change with the liquid and gas flow rates.

The phenomenon that, under certain gas and liquid flow
rate combinations, the upper part of the reactor is in steady
trickling flow, while the lower part is in pulsing flow, is of
special interest. This corresponds to the transition region at
flow rates not high enough for the entire column to be under
pulsing conditions. It allows the experiments to be carried

Table 1. Reaction Conditions for Series of Experiments
A, B and C

A B C

Experiment A A B B C C1 2 1 2 1 2
�Packing Configuration L U L U L U

Ž .Temperature �C 75 75 75 75 75 75
Ž .Pressure atm 1 1 1 1 1 1

3Ž .Liquid Flow Rate cmrmin 223 223 223 223 167 167
3Ž .Gas-Flow Rate cmrmin 3,000 3,000 3,600 3,600 5,400 5,400

Ž .C M 0.030 0.030 0.030 0.030 0.030 0.030PA,0

�Ls lower; Us upper configuration.

out in two different flow regimes, while maintaining all other
conditions identical. The column was packed in two configu-

Ž .rations, upper packing and lower packing Figure 2 . In the
former, the catalyst was packed near the top of the column,
while the rest was packed with glass beads of the same size as
the catalyst pellets. In the lower packing, the catalyst was
packed near the column bottom.

A set of gas and liquid flow rates was selected, for which
two flow regimes coexist: trickling in the upper, and pulsing
in the lower part of the column. Owing to the transparent
nature of the reactor, packing materials and fluids used in
the study, along with the nonfoaming nature of tetradecane-
H system, the two flow regimes were identified by visual2

Ž . Ž .observations. Experiments A lower and A upper were1 2
Ž .conducted using these flow rates see Table 1 . In these ex-

periments, all reaction conditions were kept identical except
the flow regime to which the catalyst was exposed. Figure 3
shows the results for these experiments at 75�C. It is seen
that there are significant differences in reaction outcome. The
rate of phenylacetylene consumption is about 10% faster, and
the maximum styrene yield is about 10% higher, for pulsing

Ž . Ž .flow A as compared to trickling flow A .1 2

Figure 3. Reactor performance for Series A experi-
ments.
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Figure 4. Reactor performance for Series B experi-
ments.

Next, the gas-flow rate was increased such that the entire
column was in pulsing-flow regime. Again, two experiments
Ž .B and B , see Table 1 , with lower- and upper-catalyst1 2
packings, respectively, were conducted. In these experiments,

Žall reaction conditions including the flow regime both puls-
.ing were identical; hence, the reactor performance was ex-

pected to be similar. The experimental results, shown in Fig-
ure 4, confirm this expectation. Taking the results of Series A
and B experiments together confirms that changes in reac-

Figure 5. Conversion vs. selectivity for Series A experi-
ments.

tion performance are due to differences in flow behavior.
Further, the results verify that under the used transition flow

Ž .conditions Series A , two distinct flow regimes exist in the
upper- and lower- half of the column. Thus, different flow
regimes influence reaction outcome, particularly selecti®ity and
reaction rate. These experiments were carried out several times
to ensure repeatability, which was comparable to that ob-
served in Figure 4.

Another way of visualizing the results of Series A experi-
ments is by a plot of styrene yield vs. phenylacetylene conver-
sion. Figure 5 clearly shows that pulsing flow is superior to
trickling-flow. Therefore, mass-transfer enhancement in the
pulsing-flow regime results in improved reactor performance.
If mass-transfer limitation were negligible as compared to the
reaction rates, then the reaction would follow the intrinsic
kinetics at the reactor level in both the trickling and pulsing
cases, and the result would be a direct scale-up of the intrin-
sic kinetic pathway. When this limitation is severe, desired
styrene is converted to undesired ethylbenzene in the catalyst
pellet, before it is transported to the bulk phase. In general,
the greater the mass-transfer limitation, the lower the yield
of styrene.

Liquid flow rate study
Experiments were performed next to determine whether

the superiority of pulsing-flow operation over trickle-flow was
consistent at different sets of flow rates. A second liquid and
corresponding gas-flow rate were selected, such that trick-
ling-flow existed in the upper half and pulsing flow in the

Ž .lower half of the column see Table 1 . Results from these
experiments are shown in Figure 6. At these conditions, the
reaction rate of phenylacetylene to styrene is almost 30%
faster for pulsing as compared to trickling flow. From the
series A and C experiments, it is clear that superiority of puls-

Figure 6. Reactor performance for Series C experi-
ments.

November 2001 Vol. 47, No. 11 AIChE Journal2552



Figure 7. Arrhenius plot for series A conditions.

ing-flow o®er trickling-flow operation is consistent o®er different
sets of flow rates.

Temperature effect study
In order to demonstrate the dominance of mass-transfer

process and to further compare the two flow regimes, experi-
ments were performed over a range of temperatures, keeping
all other operating conditions the same. As in the above stud-
ies, gas and liquid flow rates were identical for both flow
regimes, with only the catalyst location changing, that is, up-
per packing for trickling flow and lower packing for pulsing
flow.

From the experimental data, the initial rate of phenylacety-
lene consumption was determined. If the initial rate follows

Ž . Ž . nan expression such as R C sk exp yE rRT C ,PA,0 p0 ap PA,0
where E is the apparent activation energy of the entireap

Ž .process that is, combined reaction and mass transfer then

ln R C s ln k qn ln C yE rRT . 1Ž .Ž .PA , O p0 PA , 0 a p

Since ln k qn ln C is a constant, a linear relation-p0 PA, 0
Ž .ship exists between ln R C and 1rT , and, from its slope,PA,0

the apparent activation energy E can be calculated. Theap
obtained results are shown in Figure 7 and Table 2, where it
may be seen that the apparent activation energy values are

Ždifferent not only for both temperature ranges 60�y75�C,
.75�-90�C , but also for the two flow regimes.

Table 2. Apparent Activation Energy Values for Different
Temperature Ranges: Series A Conditions

E , kcalrmola p

Range Trickling Pulsing
60�75�C 4.2 6.4
75�90�C 2.5 4.0

Among the many steps in a process, the progress of the
rate controlling step determines the rate of the entire pro-
cess. In the present system, liquid�solid external mass trans-
fer, internal diffusion, and reaction are the important steps.

ŽFurther, reaction R is initially the dominant one Duca et1
.al., 1995; Arena et al., 1998 with activation energy �9

Ž .kcalrmol Aramendia et al., 1990 . Under intrapellet diffu-
sion control, the apparent activation energy E should de-ap
crease by a factor of two. Indeed, from Figure 7 and Table 2,

Ž .for lower temperatures 60�75�C , the activation energy in
Ž .trickling-flow 4.2 kcalrmol is roughly one-half the intrinsic

value. Owing to increased external mass transfer, the corre-
Ž .sponding pulsing-flow activation energy 6.4 kcalrmol de-

creases less from the intrinsic value, as expected. For higher
Ž .temperatures 75�90�C , the reaction becomes closer to ex-

ternal mass-transfer control, leading to E values closer toap
zero. However, even in this case, from Table 2 we note that
the E value is greater for pulsing as compared to trickling-ap
flow, because the latter has even greater external mass-trans-
fer limitation. These results indicate that internal diffusion and
external mass-transfer steps are important for the process, and
that the process is closer to kinetic control in the pulsing-flow
regime. Therefore, the pulsing regime at least partially re-
moves limitations on reaction due to internal and external
mass-transfer steps that are present in the trickle-flow regime.

Under different operating temperatures, the importance of
the mass-transfer step changes, which affects the yield and
selectivity of styrene. Figure 8 shows that for both flow
regimes, the maximum styrene yield decreases as tempera-
ture increases, since mass transfer becomes more limiting.

Initial concentration study
The initial concentration of phenylacetylene could affect

the reaction outcome. Since for lower initial concentration,

Figure 8. Maximum styrene yield vs. reactor tempera-
ture for Series A conditions.
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Figure 9. Conversion vs. selectivity for various initial phenylacetylene concentrations for Series A conditions.
Ž . Ž .a Pulsing; b Trickling.

there would be less phenylacetylene available near the cata-
lyst surface to react and more active sites left for styrene to
degrade to ethylbenzene, the styrene yield is expected to in-
crease with increasing initial phenylacetylene concentration.
Experiments with different initial phenylacetylene concentra-
tions were conducted and all other conditions were main-
tained identical. The results, shown in Figure 9, confirm the

Ž .expectation for both pulsing Figure 9a and trickling condi-
Ž .tions Figure 9b . The maximum styrene yield values corre-

sponding to these experiments, shown in Figure 10, demon-
strate that pulsing flow remains superior to trickling flow for
the various reactant concentrations investigated.

Simplified Model
To qualitatively demonstrate the experimental trends, in-

cluding the superiority of pulsing-flow regime over trickling-
flow regime, a simplified model was developed with the as-
sumptions given below:

� Since intrinsic reaction kinetics are not known, all reac-
tions are assumed to be first-order with respect to the or-
ganic species, irreversible and isothermal.

� The reactions occur in catalyst pellets of slab geometry,
with external mass-transfer resistance.

� The liquid is well-mixed in the reactor, that is, a CSTR.
� The effective liquid-solid mass-transfer coefficient for

pulsing-flow regime is twice its value in the trickling-flow
regime. This assumption is justified by the experimental re-

Ž .sults of Rao and Drinkenburg 1985 .
The mass-balance equations for each liquid phase species

were formulated in the reactor and the catalyst pellets. These
equations, along with the simulation parameters, are given in
the Appendix. The transient diffusion-reaction equations

Žwere solved using the Laplace Transform technique Varma
.and Morbidelli, 1997 , and the solutions are also given in the

Appendix.
As shown in Figure 11, the simulation results clearly

demonstrate that pulsing flow exhibits higher styrene yield
than trickling flow. This is especially true under more severe

mass-transfer limitations that occur at higher reaction tem-
peratures. Furthermore, phenylacetylene conversion is also
higher under pulsing flow regime, due to the alleviation of
mass-transfer limitation. These simulations confirm the ex-
perimental findings that the maximum styrene yield increases
as temperature decreases, and that pulsing enhancement be-
comes more significant at higher reaction temperature.

Conclusions
Using catalytic hydrogenation of phenylacetylene as an ex-

ample, by placing the catalyst in either the lower or upper
portion of the packed column, a direct comparison was made

Figure 10. Maximum styrene yield as a function of ini-
tial phenylacetylene concentration.
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Figure 11. Simplified model calculations.
Ž . Ž .a Lower temperature; b higher temperature.

between reactor performance in pulsing-flow and trickling-
flow regimes. The experimental results reveal that the flow
regimes significantly influence the reaction outcome. Up to a
30% increase in reaction rate and a 10% increase in styrene
yield were observed. It is noted that a recycle reactor is not
the optimal configuration to produce the maximum styrene
yield and that other reactor configurations may exhibit yield
enhancements consistent with this 30% rate difference.

The apparent activation energy approach used in this study
provides valuable information about the extent of mass-trans-
fer limitation in the process. Although this limitation exists in
all cases, the experimental results show that the apparent ac-
tivation energy for pulsing-flow regime is higher than that of
trickling-flow regime, indicating that the system is closer to
kinetic control in the former case.

A simplified model was developed to qualitatively describe
the experimental trends. The model predictions supported the
experimental findings and demonstrated that flow regimes in-
fluence the reaction outcome, and that there may be significant
ad®antage by operating the reactor in the pulsing-flow regime.

Multiphase reacting systems are complex, with spatial and
temporal heterogeneities. This work provides an example of
tuning the flow pattern inside the reactor for improved per-
formance, and this concept should also be applicable to other
multiphase reacting systems.
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Notation
Astotal catalyst external surface area
BisKc � RrDe, Biot number for mass transfer
C sconcentration of species ii

D seffective diffusivitye
K sliquid-solid mass transfer coefficientc
k sintrinsic kinetic constanti
k sk r�i i p
Rscatalyst pellet radius
rsradial position in pellet
ssLaplace transform variable

Ž )s sroots of q sn 1
Ž .s sroots of q sm 2

tstime
Vsvolume

X, Y, Zsdimensionless PA, ST , and EB concentrations

Greek Letters
�sKc � ArVr
�sDer� � R2

p
�svoid fraction

1r2wŽ . x� s k qk q s r�1 1 3
1r2wŽ . x� s k q s r�2 2

Subscripts
EBsethylbenzene

pscatalyst pellet
psson pellet surface

PAsphenylacetylene
rsin reactor

STsstyrene
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Appendix
Simplified model equations and solutions

Reactor:

dCPArV � sK � A � C yCŽ .r c, PA PA p s PA rdt

dCSTrV � sK � A � C yCŽ .r c, ST ST p s STrdt

dCEBrV � sK � A � C yC .Ž .r c, E B E B p s E Brdt

Pellet:

� C � 2CPA PAp p
� � sD � y k � C qk � CŽ .p e, PA 1 PA 3 PA2 p p� t � r

Table A1. Simulation Parameters

Common Lower Higher
Parameters Temp. Temp.

3 2V 1,000 cm A 660 cm k 50 1rmin k 800 1rminr 1 1
R 0.128 cm � 0.5 k 1 1rmin k 16 1rminp 2 2

y3 2K 0.387 cmrmin D 1.524�10 cm rmin k 2 1rmin k 32 1rminc e 3 3

� C � 2CST STp p
� � sD � q k � C yk � CŽ .p e, ST 1 PA 2 ST2 p p� t � r

� C � 2CEB EBp p
� � sD � q k � C qk � CŽ .p e, E B 2 ST 3 PA2 p p� t � r

along with the initial conditions:

C sC sC s0PA ST EBp p p

and boundary conditions:

� rs0:
� C � C � CPA ST EBp p p

s s s0
� r � r � r

� rsR:
� CPAp

D � sK � C yCŽ .e, PA c , PA PA PAr p� r
� CSTp

D � sK � C yCŽ .e, ST c , ST ST STr p� r
� CEBp

D � sK � C yC .Ž .e, E B c , E B E B E Br p� r

The above system of equations was solved by the Laplace
Ž .Transform technique Varma and Morbidelli, 1997 . By fur-

ther assuming that the effective diffusion and mass-transfer
coefficients for all species are the same, we obtain

� p sŽ .1 n s tnX t s � eŽ . Ý �r q sŽ .1 nns1

� �k p s p sŽ . Ž .1 2 m 1 ns t s tm nY t s � � e y � eŽ . Ý Ý� �r q s q sŽ . Ž .k qk yk 2 m 1 nms1 ns11 3 2

where

p s s� � sinh � qBi �cosh �Ž . Ž . Ž .i i i i

q s s sq� �� � sinh � q s � Bi �cosh �Ž . Ž . Ž . Ž .i i i i

Ž .and the various quantities are defined in the notation. Z tr
Ž . Ž .s1y X t yY t is obtained based on the assumption thatr r

Ž .only a small amount of catalyst is used V rV �1 . The sim-p r
ulation parameters used are shown in Table A1.

The values of V , R, A, and � were taken from experi-r p
mental reactor and catalyst dimensions, while K and Dc e
were evaluated from correlations in the literature. In the ab-
sence of intrinsic kinetic data, the rate constants k were se-i
lected such that the simulations reflected maximum styrene
yields and reaction time scales comparable with the experi-
mental data.
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