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The reverse-flow packed-bed reactor has been proposed for
use in the chemical process industries because of its ability to
store thermal energy within the bed (Boreskov and Matros,
1983). During periods of high fuel concentration, large ther-
mal spikes may form within the reactor upon flow reversal. If
the duration of high fuel concentration is large, thermal run-
away may result since the spikes grow in magnitude upon
each other. A new scheme is proposed here which strategi-
cally reduces the flow reversal time with each half-cycle in
order to utilize the entire bed to store thermal spike energy.
Alternatively, the principles outlined here can be used to re-
duce the startup time of reverse-flow reactors.

Reverse-Flow Reactor Operation

In this study, numerical simulations of reverse-flow reactor
dynamics are presented. The analysis begins with the govern-
ing thermal energy and fuel concentration conservation equa-
tions while invoking a pseudohomogeneous model (Eigen-
berger and Nieken, 1988)
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for thermal energy conservation where y=(1—€)(pC,),/
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for the fuel conservation, where quasi-steady dynamics are
assumed as the concentration rapidly equilibrates in compari-
son to the thermal equilibration time scale. As a model prob-
lem, this study shall utilize parameters from the reverse-flow
CO oxidation reactor of Purwono et al. (1994), where R’ is
measured in mol/m> —s

k,eE/RTCT

R=—"—
(1+ KCTeE/RT)

©)

2104

September 2002 Vol. 48, No. 9

Table 1. Material Properties

Parameter Identification Value
C, Feed concentration 2.5%107! mol/m?
E, Activation energy parameter  —3502 J/mol
E, Activation energy parameter 5451 J/mol
AH Heat of reaction —2.83x103 J/mol
k, Pre-exponential parameter ~ 2.11x1072s7 1. K™!
K Pre-exponential parameter 6.29x10~* m*/mol-K
(k) Mean reaction rate constant ~ 3.05s7!
L Reactor length 6.0 m
Lvn Characteristic reaction length  0.39 m
Pe Peclet number, Pe=UL/ya  2.0x10*
R Gas constant 8.314 J/mol-K
y Thermal front time 12,000 s
tryn Time to form thermal spike 780 s
Toic Critical reactor temperature 1,000 K
in Feed temperature 400 K
AT, Adiabatic temperature rise 111K
U Gas velocity 22m/s
a Thermal diffusivity 1.5x1077 m%4s
y Solid/gas capacitance ratio  4.4x103
€ Bed void fraction 0.35
(pC,),  Gas heat capacitance 6.36x10% J/m*-K
(pC,);  Solid heat capacitance 1.51x10° J/m*-K

Table 1 lists important model parameters for the simulations
presented here. Since packed beds generally operate with
large values of the Peclet number Pe = UL/ya (here, Pe =
2.0 X 10%), axial thermal dispersion in the bed is negligible
compared to axial convection and the second derivative term
in Eq. 1 can be ignored giving rise to a hyperbolic system
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The above equation can also be derived from a heteroge-
neous model with separate conservation equations for the
thermal energy in both the gas and solid phases in the bed
and assuming instantaneous equilibration between them.
During rich fuel periods, thermal spikes can form within
the reverse-flow reactor, as seen in Figure 1. The physical
mechanism for thermal spike formation is akin to wrong-way
behavior (Oh and Cavendish, 1982; Pinjala et al., 1988). If
the rich fuel persists, thermal runaway can occur quite read-
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Figure 1. Performance of reverse-flow reactor during
extended rich feed.

The time elapsed between snapshots of the simulated ther-
mal profile is 1/13" of a half-cycle. Note that the maximum
temperature grows with each full cycle.

ily upon consecutive flow reversals (after an elapsed time of
about 1.0 X 10* s, assuming a typical reversal time of 3.6 X
103 s).

New Dynamic Strategy for Reverse-Flow Reactors

A key parameter of interest in reverse-flow reactors is the
reaction length /., over which the concentration is depleted

L= €U/(1—€){k) Q)

where (k) is a mean reaction rate which can be estimated by
the following formula (Keith et al., 1999)
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The reaction length /.., also serves as an estimation of the
width of a thermal spike within the packed bed.

During the new strategy, one begins by operating at the
residence time that it takes a thermal front to pass through
the reactor f,, = t, = Ly/U. The key principle used in invok-
ing the new strategy is recognizing that the spikes are of a
characteristic width /,,,. Thus, it is the aim of the design to
pack multiple spikes within the bed by reducing the charac-
teristic flow reversal time ¢, for the next half-cycle by the
time it takes a thermal front to move a distance [, ,, which is
equal to ¢,,,=1,.,v/U. Thus, the reversal time during half-
cycle i should be adjusted according to the following sched-
ule

txl:sv = tf —i- trxn (7)
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Figure 2. Temperature profiles within the reverse-flow
reactor.

(a) Snapshot after the completion of the first half-cycle
where one spike is present (gas flow right to left, tL, =

11,220 s, elapsed time #.,, = 11,220 s). (b) Snapshot after
the completion of the second half-cycle where two spikes
are present (gas flow left to right, 12, = 10,440 s, elapsed
time fo = 21,660 s). (¢) Snapshot after the completion of
the third half-cycle where three spikes are present (gas flow
right to left, £, = 9,660 s, elapsed time f,oy = 31,320 s).

rev

The number of half cycles that the reactor can be operated
without experiencing a potential for runaway (defined here
as when thermal spikes grow on top of each other and exceed
a critical temperature T, ~ 1,000 K) is equal to L//,,, —1~
14 half cycles. Figure 2 shows the temperature profile within
the bed at the completion of the first, second, and third half-
cycles, illustrating the mechanism by which the spikes tra-
verse the reactor length, packing themselves inside of the re-
actor. Meanwhile, Figure 3 shows the temperature profile af-
ter the fourteenth half cycle. The total amount of time before
runaway can be estimated from the sum

Lhpen =1 1 L L
ttolal = Z t:‘eV = Etrxn( l_) ( l_ - 1) (8)

i=1 rxn

For the system being studied here, #,,,,; = 8.2 X 10* s, which
is significantly longer than the 1.1 X 10* s typical of the stan-
dard reverse-flow with a constant ¢, as seen in Figure 1. It
is also clear to see from Figure 3 that the maximum tempera-
ture remains relatively unchanged after the first flow reversal
when the first thermal spike is formed.

One could also invoke this strategy during reactor startup
to rapidly heat up the entire bed to a prescribed operating
temperature, as opposed to using a constant reversal time.
This is possible if the thermal dispersion within the bed is
sufficient (Matros, 1985; Keith et al., 1999; Yakhnin and
Menzinger, 1999). This new operating procedure uses con-
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Figure 3. Temperature profile of the reverse-flow reac-
tor after completing the 14th half cycle, where
14 spikes are present.

Gas flow right to left, ¢4, = 1,080 s, elapsed time = 86,100
s. Thermal spikes are now distributed throughout the entire
reactor length.

vection to heat the entire bed in 14 half-cycles. Keith et al.
(1999) showed, for a constant reversal time, that the number
of cycles required to heat up the bed center is dependent
upon axial thermal dispersion and is on the order of 100
half-cycles. Operation under such a strategy could give a
nearly uniform bed temperature while using less fuel to ig-
nite the bed.

Conclusions

We have demonstrated the utility of varying the key oper-
ating parameter, the reversal time, within a packed bed in
order to maintain thermal stability. Such a procedure can be
invoked by measuring temperatures at a distance approxi-
mately equal to the reaction length /, ., away from the ends
of the bed in order to determine that the feed is fuel-rich.

Another way of mitigating thermal spike formation within
packed beds involves the placement of cylindrical metal rods
within the bed (Keith et al., 1999; Keith, 2002) which in turn
invokes a transient Taylor-Aris thermal dispersion mecha-
nism (Taylor, 1953; Aris, 1956; Keith et al., 2001). Without
having detailed data on transient temperature profiles, some
thermal dispersion near the entrance should make it easier
for the temperature sensors to detect these spikes and con-
trol the reactor.
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