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The operation of reactors with flow re®ersal operate similar to a reactor with internal
( )recirculation, which the feed enters through one say, inner reactor and then turns

( )around and flows out through the outer another, when the heat-transfer coefficient
between the tubes is large. In this study, we compare the beha®ior of a packed-bed
reactor operating in flow-re®ersal or internal-recirculation modes, using ethylene oxida-
tion on PtrAl O as a model reaction. The reactor was built from two concentric tubes2 3
( )with 28.5 and 42.5 mm in diameter , both packed with a 20 cm catalytic bed and 10

( )cm inert beds of alumina-pellets on each side. An adjustable opening between the
tubes allowed for an internal recycle mode and the whole system could be operated with
periodic flow re®ersal. The reactor can be employed then either as a simple once-through
bed or as a bed with flow re®ersal in the inner tube or as bed with internal recirculation
flowing from the inner to outer tube, or in the opposite direction, as well as an internal-
recirculation reactor with flow re®ersal. Due to heat losses, the latter two modes were
inferior to the others. The experiments, backed by simulations using a homogeneous
model with independently determined parameters, showed that the technically-simpler
inner-outer internal-recycle reactor operated better at low flow rates, than that with flow
re®ersal, but the conclusion is re®ersed at high flow rates. The domain where the inter-
nal-recirculation reactor is superior depends on the heat-transfer coefficient between the
streams. By lowering the feed concentration, the extinction point was determined for
each mode highlighting again the conclusions drawn abo®e that inner-recirculation op-
eration may be superior to flow re®ersal at low flow rates. Simulations re®ealed also the
existence of solutions with stationary fronts or oscillatory fronts.

Introduction

Reactors with flow reversal have been a subject of inten-
Žsive investigation in the past several years Boreskov et al.,

1979; Eigenberger and Nieken, 1988; Boreskov and Matros,
.1983; Matros, 1989 . This type of operation is similar under
Ž .certain assumptions see below to that of two heat-exchang-

ing reactors with counter-current flow. The latter is similar to
a reactor with internal recirculation, in which the feed enters

Ž .through one say, inner reactor and then turns around and
Ž .flows out through another the outer . If you attach two such

mirror-imaged reactors, you will find an arrangement similar

Correspondence concerning this article should be addressed to.

to the heat-exchanging reactor with countercurrent flow. Both
types of operation depend on the heat-exchange coefficient
and, although they are much simpler to operate, it has been
claimed that, for practical values of coefficients, the perfor-
mance of the flow-reversal reactor is superior to the other
two. In the limit of infinitely-fast heat transfer the models of
both reactors are similar to that of the flow-reversal reactor
with fast switching of flow.

In this study we compare the behavior of a packed-bed
reactor operating in flow-reversal or internal-recirculation
modes, using ethylene oxidation on PtrAl O as a model re-2 3
action. The motivation of our work is the need to compare
various direct or indirect modes of heat exchange. A reactor
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with indirect heat-exchange can be arranged in various ways.
Autothermal reactors, in which the feed is heated-up on the
shell side before turning around and reacting in the catalyst

Žside, have been employed for many years now Froment and
.Bischoff, 1990 . We employ here a tube-and-shell reactor with

inner recirculation, where both sides are packed with a cata-
lyst, so that the feed heats up and starts to react on the tube
side before turning into the shell side. In a commercial oper-
ation we envision the two reactors organized in a packed
multitube arrangement within a shell that is packed as well.
We can operate this reactor in one of several modes: as a
once-through simple packed bed, as a flow-reversal reactor
with flow in the inner tube, as an internal-recirculation reac-
tor with flow entering the inner-tube or the outer-tube, and
as an internal recirculation reactor with flow-reversal. The
latter mode of operation combines the benefits of direct and
indirect heat-transfer modes.

We are also interested in the dynamic behavior of such a
unit and show that oscillatory behavior may emerge under
certain time-independent conditions with simple kinetics. Re-
cent studies that employed a packed bed in the form of a
loop, with cocurrent flow on both sides of the reactor-heat-
exchanger, led to surprisingly interesting oscillatory dynam-
ics, even with simple kinetics; the oscillatory behavior
emerged due to thermal effects and the feedback of traveling

Ž .fronts Lauschke and Gilles, 1994 . The dynamics of a fixed
bed with an external recycle have been analyzed extensively
Ž .Burghardt et al., 1999 .

We compare experimental observations during ethylene
oxidation on PtrAl O , with simulations of this reactor using2 3
a kinetic rate expression that was derived elsewhere. The oxi-
dation of ethylene on supported Pt catalysts is a complex re-
action characterized by self-inhibition due to high concentra-

Žtion of either ethylene and oxygen expressed by Langmuir-
.Hinshelwood kinetics , by strong activation energy and by

strong thermal effects that lead to a wide domain of steady-
Ž .state multiplicity Harmsen et al., 2000 . This work comple-

ments our previous one on flow rate effects in flow-reversal
reactors and the justification for the employed rate expres-

Žsion and its parameters are argued there Ben-Tullilah et al.,
.2003 . The experimental systems are similar to those in the

previous study, but the reactors are different. This system
suffers from heat-loss that distorts the results and the com-
parison.

Experimental System
Ž .The ethylene and air feedstreams both of 99.9% purity

were supplied from cylinders and controlled by flowmeters
Ž .Brook Ltd. before mixing. The air stream was passed
through beds of silica-gel and activated carbon, to remove

Ž .traces of water and organics, respectively Figure 1 .
The reactor, built in our machine-shop, consists of two

Ž Ž .concentric tubes stainless-steel 316 tubes, with 28.5 and 47.2
mm in inner diameter and 0.5 and 1 mm wall-thickness, re-

.spectively , both packed with a 20-cm catalytic section be-
tween two 10-cm inert sections on each side. An adjustable
position of the inner tube allowed to open or close a gate
between the tubes; with the gate closed, the reactor operated
only in the inner-tube while an open gate allowed for the
internal recirculation mode. The whole system could be oper-

Figure 1. The experimental setup.
Ž . Ž . Ž .1 Feed system; 2 Flow control; 3 and 4 step-up motor

Ž .control of the sliding thermocouple position; 5 CO ana-2
Ž . Ž .lyzer; 6 computer control of the system; 7 data acquisi-
Ž .tion; 8 external heater control.

ated with periodic flow-reversal by means of a network of
solenoid valves.

The reactor can be employed then in one of several modes
Ž .Figure 2 :
Ž .a As a simple once-through bed in the inner tube, the

outer tube is inactive then and acts as another insulation layer.
Ž .b As a bed with flow reversal in the inner tube.
Ž .c As a bed with inner recirculation with flow from the

inner to the outer tube or in the opposite direction.
Ž .d As an inner-recirculation reactor with flow reversal.
Mode selection was determined by setting the correspond-

ing computer-controlled solenoid valves and by adjusting the
Ž .gate for internal recycle see Figure 1 .

Both reactor tubes were packed with a 0.5% PtrAl O cat-2 3
Ž .alyst PMC Ltd. , with porosity of 0.4 and surface area of 365

2 Ž .m rg, in the form of spherical 1.6 mm in dia. pellets. The
inert sections were packed with inert alumina pellets. The
catalyst was pretreated in situ to remove any adsorbed matter
by heating it up in air at 460�K for 15 h followed by heating
at 560�K for 12 h.

The reactor was heated resistively through a coiled wire
wrapped around it. The reactor was covered with a 125 mm
layer of glass-wool for insulation which in turn was wrapped
with teflon tapes. The reactor temperature at the center was

Ž .monitored with a sliding thermocouple type K , moving
Ž .through a capillary thermowall tube 1r16 in. . The thermo-

couple was controlled by a stepping motor. The wall temper-
ature was monitored at 11 points by type K thermocouples
placed 2.5 mm from the wall and 2.5 cm apart in the catalytic
zone or 4.2 cm apart in the inert zone; their angular position
was varied along an imaginary helix. The sliding thermocou-
ple was designed to stop at locations opposite the fixed wall
thermocouple. Data acquisition was performed by a PC 486
computer.

Gas composition was determined on-line and continuously
with a CO IR-analyzer, and off-line at desired times with a2
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Ž . ŽPerkin-Elmer GC. The conversion determined from the IR
.analyzed CO concentration were usually in some disagree-2

Ž .ment with those determined from the GC analyzed ethy-
lene concentration; these differences were attributed to the
CO absorption capacity of the catalyst, as will be explained2
elsewhere.

The whole system was computer-controlled. At the start of
each experiment, the data for the flow-controllers and
solenoid valves were keyed into the control computer and the

Ž .heating was applied to the reactor when necessary at a pre-
set voltage under flow of air. Once the desired temperature
has been reached, the ethylene was added and the desired
parameters, like flow rates, cycle-period, or feed-composi-
tion, were changed automatically according to the pre-
planned experiment.

Experimental Results
Heat loss cannot be ignored in this relatively small experi-

mental reactor, and we divide the description into two
regimes: at high flow rates, the heat-production rate was suf-
ficient to sustain the reactor even without external heating.

Ž .At low flow rates typically below 1 Lrmin , the heating ele-
ment was operated in most runs in order to sustain an ignited
state. The various modes are compared by noting the attain-
able temperature under similar heating powers and by deter-
mining the extinction point, upon declining feed concentra-
tion.

( )a No external heating
The heat production rate increased with flow rate and a

family of profiles, measured in the inner reactor at different

Figure 2. Structure of the reactor showing the feeds,
catalytic and inert sections, sliding and fixed
thermocouples, and passage that can be
opened to operate in the recirculation mode.

Figure 3. Experimental axial temperature profiles for in-
( )ner recirculation mode inner tube feeding

with various flow rates for ethylene feed con-
centration of 0.25%.
Results are compared with the profile flow reversal in the

Žsame concentration double peak light line, after Ben-Tulli-
Ž .lah et al. 2003 .

Ž .flow rates during internal-recirculation operation Figure 3 ,
exhibit a sharp jump at the entrance to the catalytic section,
followed by a decline towards the exit. The maximal tempera-

Ž .ture increases linearly with flow rate Figure 4 . A typical
profile in the inner and outer reactors, with feed from the

Ž .inner reactor, is shown in Figure 5 a , and is compared with
two other modes of operations: Internal-recirculation with
flow entering at the outer tube leads to lower temperatures

Ž .due to heat loss Figure 5b . Periodic flow-reversal alternat-
ing between feed through the inner and through the outer
tube leads to high temperatures in the half-cycle when feed-
ing through the inner tube and low temperatures when the

Ž .feed enters the outer reactor Figure 5c .
ŽComparison of the internal-recirculation operation Figure

. Ž3 with flow-reversal operation at similar conditions 0.25%
Žethylene in feed and flow rate of 10 Lrmin., see Ben-Tulli-

.lah et al., 2003 shows that the hottest temperatures of the
latter is lower, in spite of the higher flow rate.

With decreasing feed concentrations, at fixed flow rates to
the internal-recirculation reactor, and at low flow rates, the
front at the entrance shifts inwards, the peak temperature
declines and, eventually, upon transition from 0.34 to 0.28%,

Ž .the reactor extinguishes Figure 6 .

( )b Systems with External Heating
Recall that, at low flow rates, we had to operate the reac-

tor with a certain external heating. In the absence of reaction
the heated reactor exhibits a slightly parabolic and somewhat
asymmetric profile due to heat loss at the edges in most runs.
The average temperature was controlled by setting the volt-
age across the heating element. Within the catalytic section,

Ž .the center temperature varied by few about 5� centigrade.
The reactor temperatures in the absence of ethylene feed are
reported below in all experiments. Most runs were con-
ducted with feed flow rate of 500 cm3rmin; in several runs,
we varied the flow rate.

July 2003 Vol. 49, No. 7AIChE Journal 1851



Figure 4. Experimental and simulated maximal tempera-
ture as a function of flow rate for the inner re-
circulation operation for feed concentration of
0.25%.
The simulated values were obtained with an A value that is
twice that denoted in the Notation as the denoted value
yielded extinguished states only.

( )i Flow-Re©ersal in the Inner Tube
We present below the dynamics of a single cycle after a

periodic solution has been achieved, and the effect of feed
concentration, cycle period, and flow rate on the periodic so-
lution.

Ž .A typical dynamic pattern of a single 30-min periodic
Ž .flow-reversal cycle Figure 7a shows profiles at 7, 13, 20, and

Ž26 min. It exhibits motion of the hot spot downstream the
.feed initially is from the top or the right side of figure , along

with a certain descend of the amplitude as the hot spot moves.
Ž .As the feed position is switched to the bottom or left side ,

the hot spot is established there and again moves down-
stream.

At high feed concentrations and high wall-temperatures
Ž .not shown , a double-peak profile is obtained, but, with de-
clining concentration, the peaks temperatures decline and
they coalesce eventually into a single-peak of larger ampli-
tude. The effect of decreasing concentration is presented in
Figure 8a. Eventually, the reactor is extinguished upon de-
clining feed from 0.34 to 0.28% and stays so as the feed is
decreased to 0.15%; increasing the feed concentration back
to 0.43% did not lead to ignition of the reactor.

Increasing the feed flow rate at fixed feed concentration
led, for the parameters specified, to increasing temperatures,
to sharper peaks, and to a transition from a single- to
double-peak structure with the peaks approaching the feed

Ž .ports Figure 9 . While the apparent conversion declined
somewhat, the maximal temperature and the average rate in-

Žcreases almost linearly with the flow rate from 0.019
molermin �g at 164 ccrmin to 0.05 at 482 and 0.079 at 907

.ccrmin .

( )ii Internal-Recirculation Operation
Figure 7b presents the profiles along the inner and outer

tubes, for recirculation-flow that is fed either through the in-
ner or the outer tube. With flow into the inner tube, the re-
actor exhibits a sharp peak near the inlet and declining tem-

Figure 5. Experimental axial temperature profiles in the
inner and outer reactors for three modes of
operation.

Ž .Inner recirculation with flow entering at the inner tube a
Ž .or the outer tube b and periodic flow reversal alternating

Ž .between feed through the inner and outer tubes c ; flow
rate of 5.7 Lrmin and feed concentration of 0.5%.

perature downstream in the inner tube; then, the flow exits
the inner-tube, turns around, and enters into the outer tube
where it exhibits a similar, yet much cooler, profile. Under
these conditions, and in the absence of reaction, the bed tem-
perature is about 60�C. The temperatures are much smaller
with recirculation flow entering the outer tube before turning

Ž .into the inner one Figure 7b , due to the strong heat loss
from the outer tube.

With declining feed concentration, and with feeding to the
inner tube, the temperatures decline with a slight shift in the
hot-spot position; the extinction point lies below 0.15% ethy-

Ž .lene and could not be determined accurately Figure 8b .
Comparison of the flow-reversal modes described above

with the internal-recirculation mode shows that, at low flow
rates and with comparable wall temperatures, the latter mode
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Figure 6. Experimental axial temperature profiles for re-
( )circulation operation inner tube feeding with

various feed concentrations at a fixed flow rate
of 0.5 Lrrrrrmin.

Ž .achieves higher temperatures everywhere Figures 7 and 8
and a lower extinction point upon decreasing feed concentra-

Ž .tion Figures 8 and 10 than the former. Peak temperatures
of both modes are higher than those in the once-through op-

Ž .eration Figure 10 .
When operated without external heating, and at low flow

rates, the simple inner-outer internal-recirculation reactor
exhibits higher temperature rises than those with flow rever-

( )Figure 7. a Dynamic pattern of periodic flow reversal
( )operation and b axial temperature profiles

for recirculation flow with feed entering at the
inner or outer tube for a flow rate of 0.5 Lrrrrrmin
and a feed concentration of 0.9%.

( )Figure 8. a Experimental axial temperature profiles for
( )flow reversal operation and b inner recircu-

lation with various ethylene feed concentra-
tions for flow rate of 0.5 Lrrrrrmin.
The temperature in the absence of reaction is denoted.

sal, and much better than those in the outer-inner reactor
Ž .not shown . By lowering the feed concentration, we deter-
mined the extinction point for each mode highlighting again
the conclusions drawn above. This conclusion is later backed
by simulations.

Simulations
All of the results were simulated with a standard homoge-

neous model that accounts for convection, heat conduction,
and axial dispersion. Except for the flow geometry, this model
is similar to the extensively-studied models of the flow rever-

Žsal reactors Eigenberger and Nieken, 1988; Gawdzik and
Rakowski, 1988; Thullie and Burghardt, 1990; Bhatia, 1991;

.Van de Beld and Westerterp, 1994; Rehacek et al., 1998 . In
our previous study of the flow-reversal operation, we did not
find significant differences between the heterogeneous and
homogeneous models, and we limit our simulations to the
homogeneous model.

We consider now an internal recirculation reactor with
once-through flow. The flow is fed from the left into the in-

Ž .ner tube denoted by superscript n , which has three zones
Ž .inert, catalytic, and inert before turning around and feeding

Ž .the outside tube superscript o , which has the same three
Ž .zones. Consider a catalytic packed bed of length L 0� z�L ,

Žin which a reaction of general kinetics occurs r is the rate of
.reaction , as well as heat loss at a rate UA . The heat andv
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Figure 9. Experimental axial temperature profiles for
flow reversal operation with various flow rates
for feed concentration of 1.2%.
The temperature in the absence of reaction is denoted.

mass balances, in the inner and outer tube, are

�C T nykT n qGnC T n
P t zz P f zeff

n n os y� H � ry UA T yT 1Ž . Ž . Ž .Ž .V

�C T oykT o yGoC T os y� H � rŽ .P t z z P zeff f

Ao
®n on o oq UA T yT y UA T yT 2Ž . Ž .Ž . Ž . Ž .V V anž /A®

C y nqGn y n y�D C y n s � r 3Ž .T t z z f T zz

C y oyGo y oq�D C y o s � r ;T t z f T zz

Ae ErRT n
y nC n

T0� rs 4Ž .2n1qKy CŽ .T 0

Ž 2 .where G is the molar velocity gmolercm s , which is as-

Figure 10. Comparison of maximal temperature rise as
a function of feed concentration in the
once-through operation, flow reversal mode,
and inner recirculation mode for feed flow

( )rate of 0.5 Lrrrrrmin see Figure 8 .

sumed to be constant due to the high dilution of the reac-
tants, y is the mole-fraction of the limiting reactant, C isp f
the molar fluid heat capacity, while, for the other parame-
ters, we use conventional notation. The equations are written
for flow in the positive direction in the inner tube and coun-
tercurrent flow in the outside tube. Flow can be reversed by
changing the sign of G. The mass-flow rate is conserved, that
is, the mass-velocity should obey GoAosGnAn. Note that,® ®
with infinite U n, T�sT n and we can add the two balances to
find a model that is identical to that of a reactor with fast-
switching flow-reversal. The catalytic domain is bound, on
both sides, by inert packed-bed domains, each of length L .i

ŽThe same equations apply for the inert zones yL � z�0,i
.L� z� LqL with rs0.i

Continuity equations apply at the inert-catalyst borders and
the Danckwerts’ boundary conditions are applied at either

Figure 11. Simulated temperature profiles for an inter-
nal recirculation mode with 0.5% ethylene in

( ) ( ) ( )feed at flow rates of: a 5.7, b 10, and c
( ) ( )40 Lrrrrrmin flow through the inner tube . a

denotes also the corresponding experimen-
tal temperature profiles.
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edge; the left and right port of the inner and outer tubes
obey:

l1 kT nN sGC T nN yTŽ . Ž .z zsyLi p zsyLi inf

l2 �D C y nN sG y nN y yŽ . Ž .f T z zsyLi zsyLi in

r1 kt nN s0Ž . z zsLqLi

r2 y nN s0Ž . z zsLqLi

l3 kT oN sGC T oN yTŽ . Ž .z zsyLi p zsyLi inf

l4 �D C y0N sG y oN y yŽ . Ž .f T z zsyLi zsyLi in

r3 kT 0N s0Ž . z zsLqLi

r4 y oN s0 5Ž . Ž .z zsLqLi

Ž .for flow entering and leaving the inner l1-2,r1-2 or the outer
Ž .l3-4, r3-4 tubes.

Ž .The reaction rate expression Eq. 4 is based on an earlier
Žstudy of ethylene oxidation over PtrAl O Mandler et al.,2 3

. Ž1983 , which was modified somewhat Ben-Tullilah et al.,

.2003 ; the preexponential factor was calibrated by matching
the simulations with experimental results in a once-through
fixed-bed reactor.

The equations above take the following dimensionless form

�
yen � n1 1y fŽ .

� n n nLe � y � q� sDa � B� �� �n 2� n2 � 	 w x1qK 1y fŽ .

y
 n � ny� o 6aŽ . Ž .T

�
y oeo �1 1y fŽ .

� o o 0Le � y � y� sDa � B� �� �o 2� o2 � 	 w x1qK 1y fŽ .

q
 no � ny� o y
 o � oy� 6bŽ . Ž .Ž .T T a

�
y ne n�1 1y fŽ .

n n nf q f y f sDa 6cŽ .� � ��n 2� nPe w x1qK 1y fŽ .c

�
y oe o�1 1q fŽ .

o o of y f y f sDa 6dŽ .� � ��o 2� oPe w x1qK 1y fŽ .c

Figure 12. Dynamic pattern simulated for the inner recirculation mode for flow rate of 30 Lrrrrrmin, showing the axial
( ) ( ) ( )temperatures of a inner and b outer tubes at various times, and c temporal dependence of the maxi-

mal temperature of inner and outer tubes.
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l1 � nN s2 � � � nN y�Ž . Ž .� �sy1 �sy1 in

l2 f nN sPen f nN y fŽ . Ž .� �sy1 c �sy1 i n

r1 � nN � s0Ž . � �s�

r2 f nN � s0 6eŽ . Ž .� �s�

The dimensionless parameters and variables are defined in
Ž .a conventional way see notation .

Typical temperature profiles in the internal-recirculation

Figure 13. Maximal temperatures as a function of flow
rate and extinction points simulated for flow
reversal, in ternal rec irculation and
once-through modes in the experimental
( )nonadiabatic reactor for two ranges of the

( )flow rate: a dependence of the front posi-
tion on the flow rate for the recirculation

( ) ( )modes; b 0–50; c 0–7.

Ž .mode Figure 11 exhibit a sharp front at the entrance to the
catalytic section, at low flow rates, or a front positioned

Ž .somewhere inside the reactor Figure 11b , at intermediate
flows, or an oscillatory dynamic in which the front travels
outside the inner catalytic domain and into the outer one and
back again at higher flow rates. The dependences of maximal
temperature and of front position on the flow rate plotted in
Figure 13, showing that the front is located at the entrance
for a flow rate lower than 7 Lrmin, but at higher flow rates,
its position shifts, while the maximal temperature increases,
until it reaches the end of the catalytic zone of a flow rate of
30 Lrmin. At higher flow rates, the front shifts to the outer

Ž .tube Figure 11c . The temporal solution of the oscillatory
behavior that develops for 30 Lrmin. is portrayed in Figure

Ž .12 showing a very long period �22 h .
These results are compared with one set of experimental

Ž .results in Figure 11 a , both showing a steep front at the en-
trance to the reactor, but the agreement could be improved
by better matching the various heat-transfer coefficients of

Ž .the problem see also Ben-Tullilah et al., 2003 . While it is
evident that the heat-transfer coefficients should be higher
than those employed in the simulations, initial attempts to
use lower values led to the extinction of the whole reactor.
That will require reassessment of the kinetic parameters,
which is beyond the scope of this work.

The problem of parameter estimation is emphasized again
in Figure 14 which simulates the behavior shown in Figure 3:
Simulations using the parameters employed for Figures 11�13
led to an extinguished state. The profiles shown in Figure 14,

Ž .using preexponential factor A that is twice that used earlier,
produced an ignited state, but, with increasing flow rate, the
front shifts downstream, as opposed to experimental results
Ž .Figure 3 in which the front is always located at the inert-
catalyst boundary. Even though the simulations predict quali-
tatively poor agreement with the experimental results, the
prediction of the maximal temperature is quite adequate
Ž .Figure 4 .

Ž .We compare now four modes of operation Figure 13 , for
the conditions of this study with significant heat losses: the

Figure 14. Simulated axial temperature profiles for in-
ner recirculation mode with various flow
rates for ethylene feed concentration of
0.25%.
Compare with Figure 3.
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Figure 15. Maximal temperature as a function of re-
( )duced flow rate � simulated for reverse

flow and internal recirculation modes in an
adiabatic reactor.

flow reversal reactor, the internal recirculation reactor with
feeding to the inner tube, and the once through reactor. The
flow reversal reactor is simulated here for the full reactor

Žvolume that incorporates both inner and outer tubes Ben-
.Tullilah et al., 2003 . We compare the maximal temperature

and the extinction points at high or low flow rates. The com-
parison shows that, at high flow rates, the flow-reversal reac-
tor yields higher maximal temperatures than the internal re-
circulation reactor. The former does not extinct at high flow

Ž .rates at least not for flow rates lower than 150 Lrmin , while
the latter undergoes extinction at about 45 Lrmin. The ex-
tinction points, upon decreasing flow rates, occur earlier in
the flow reversal reactor than in the recirculation reactor.
Also, for the domain that corresponds to a stationary front at
the inlet to the recirculation reactor, it shows higher temper-
atures than the flow-reversal reactor. Comparison of the in-
ternal recirculation mode with the once-through operation
shows that extinction of the latter occurs at an earlier point
on both sides of the flow-rate domain.

Comparison of flow reversal and internal recirculation op-
eration in an adiabatic reactor shows similar maximal tem-
peratures at low flow rates, but, at high flow rates, the latter
mode reaches an asymptotic temperature that depends on the
U, while the former continues to climb linearly with flow rate
Ž .Figure 15 .

The difference between the experimental and simulated
temperature is attributed to several factors: recall that we did
not try to fit the experimental data. The data of Figure 11
suggest that better fitting of the heat-transfer coefficient could
be achieved. Moreover, the profile forms a front, so that
matching the profile requires matching the front position. The
effect of wall conductivity and heat capacity may be impor-

Žtant. A simulation to that effect in part I of this study Ben-
.Tullilah et al., 2002 demonstrates this point. However, if the

effect is large, it calls for the application of a two-dimen-
Ž .sional 2-D model, which is beyond the scope of this work.

Conclusions
Experiments and simulations, with ethylene oxidation as a

model reaction, show that, at high flow rates, the flow rever-

sal reactor is superior to the internal recirculation reactor, as
the temperature in the former increases with the feed rate,
while the temperature in the latter reaches an asymptotic

Ž .value Figure 15 or starts to decline. However, the situation
is reversed at low flow rates, and the extinction point encoun-
tered in the recirculation reactor occurs at lower concentra-
tions than in the flow-reversal operation. The flow rate that
marks the transition between the two depends on the inter-
nal heat-transfer coefficients and implementation of this op-
eration, which is simpler technically, calls for finding ways to
improve the internal heat transfer.

Simulations revealed also the existence of solutions with
stationary fronts or oscillatory fronts in which the front trav-
els through part of the system. These results are surprising,
as simple kinetics were employed here, but they join a grow-
ing class of dynamic behavior in flow reactors with recycle or
feedback.

In a future publication we will derive an approximate solu-
tion for a reactor with internal recirculation: This type of op-
eration is similar to that of two heat-exchanging reactors with
countercurrent flow, and both types of operation depend on
the heat-exchange coefficient. In the limit of infinitely-fast
heat transfer the models of both reactors are similar to that
of the flow-reversal reactor with fast switching of flow. As

Ždemonstrated in part one of this study Ben-Tullilah et al.,
.2002 , the studied reaction is self-inhibited and highly-ex-

othermic. Such kinetics are characterized by a steep tempera-
ture dependence and, for high temperatures, the reaction rate
can be assumed to be instantaneous or very fast. We can ap-
ply this fast-reaction assumption in order to derive approxi-
mate solutions and study the effect of feed flow rates and
heat loss. This approach is supported by the results at high

Ž .flow rates Figure 3 and some of the results at low flow rates
Ž .Figures 7 and 8 , which demonstrates that the reaction com-
mences at the inert-catalyst boundary; yet, certain low flow-

Ž .rates results Figure 6 do not support this approach.
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Notation
Aspre-exponentional reaction rate constant, 7.8 �1010 sy1

An sspecific surface area of the inner tube, 140 my1
V

Aosspecific surface area of the outer tube, 133.4 my1
®

ŽŽ . .Bsdimensionless temperature rise, y� H y rC Tin p f in
C stotal concentration, 40.92 gmolerm3

T
ŽŽ . .C seffective heat capacity, 1y� �C q� C C , JrgrKpeff p T p fs

C smolar gas heat capacity, 28.84 Jrgmole �Kp f
C ssolid heat capacity, 0.74 Jrgr �Kp s

Ž .D sDamkohler number, AC LirG¨a T
D sdispersion coefficient, 1.14� 10y4 m2rsf

EsActivation energy, 2.23 �104 kJrkmol
Ž .fsconversion, 1yCrC s1y yryin in

Gsmolar velocity, gmolerm2 s
kssolid thermal conductivity, 1.18 Jrm � s �K
Ksadsorption coefficient, 0.257m3rgmole
� Ž .K sdimensionless adsorption coefficient, KC yT in
Lscatalytic zone length, 0.2 m

Lisinert zone length, 0.1 m
� Ž .Le sLewis number, �C rC Cpeff T p f

Ž .Pe sPeclet number for mass, GLr�D Cc i f in
rsreaction rate
tstime, s

Tstemperature, K
T sambient temperature, 298 Ka
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T smaximal temperature, Km
U nsheat-transfer coefficient of the inner tube correlated for

Ž Ž . . 2flow rate, 0.674. GrC q3.8465 Jrm � s �KT
U osheat transfer coefficient of the outer tube correlated for

Ž Ž . . 2flow rate, 0.123. GrC q0.7005 Jrm � s �KT
ysmole fraction of the limiting reactant, CrCT
zsaxial coordinate, m

Greek letters
� Hsheat of combustion, 1.32 �106 Jrkmol

 nsdimensionless heat transfer coefficient for the inner tubeT


 n osdimensionless heat transfer coefficient between the tubesT

 osdimensionless heat transfer coefficient for the outer tubeT

�svoid fraction, 0.4
Ž .	sreduced flow rate, GC Lr2kp f i

Ž .� sdimensionless activation energy, ErRgTin
Ž .�sdimensionless temperature, TrTin

�ssolid density, 1.588 �106 grm3

Ž � .� sdimensionless time, t GrC Lin i
Ž .� sdimensionless axial coordinate, zrLi

ŽŽ . .� �sdimensionless modulus LqL rLi i
y�T sadiabatic temperature rise, Kad

Superscript
c, iscatalytic or inert zone

n, osinner or outer tube

Subscript
asambient

effseffective
entsentrance

fsfluid
insInlet
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