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The design and testing of a control system for reverse-flow catalytic afterburners based on a
two-variable bifurcation map is focused on. The combustion of lean methane—air mixtures is
considered as the test reaction and a bench-scale apparatus, with a special temperature-control
system based on dynamic compensation of the thermal losses to achieve adiabatic operation, is
used for validation purposes. The aim of the control system is to avoid both catalyst overheating
and reaction extinction when the adiabatic temperature increases and the flow rate of the feed
changes. Stability maps of the reactor are obtained by means of numerical simulations, showing
the values of the operating parameters (switching time), which allows fulfillment of the
operating constraints (catalyst maximum temperature and methane conversion) when the
inlet concentration and flow rate change. This system was realized and tested experimen-
tally, mainly for inlet concentration changes, proving to be effective in all cases investi-
gated. © 2005 American Institute of Chemical Engineers AIChE J, 51: 3020-3027, 2005
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Introduction

The reverse-flow catalytic reactor (RFR) is a device in which
the feed flow direction is periodically reversed, thus giving rise to
unsteady-state operation. When the combustion of cold and lean
volatile organic compound (VOC) mixtures in air is carried out,
the reversal of the flow direction traps the heat of reaction inside
the bed, whose ending parts act as regenerative heat exchangers,
thus allowing autothermal combustion and eliminating the need
for auxiliary fuel to sustain the reaction. Extensive investigations
about the RFR, including both numerical simulations and exper-
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imental analysis, were performed in the past 30 years and were
reviewed, for example, by Matros and Bunimovich.!

In addition to the intrinsically dynamic behavior of the RFR,
one must deal with unexpected external perturbations (in the feed
concentration, composition, temperature, and flow rate), which
may lead to reactor extinction (and thus later to reactant emis-
sions) or catalyst overheating (and thus subsequent deactivation).
To avoid these problems it is necessary to implement some
closed-loop control strategy. Few papers have appeared in the
literature concerning this topic. Van de Beld and Westerterp?
discussed different possible solutions to avoid reactant emissions
in a RFR in the case of temporary reduction of the concentration
of the feed, but none of these proved to be effective:

(1) Increasing of the feed temperature requires a high en-
ergy input and, for control purposes, it is too slow because the
entire bed has to be heated by the hotter feed.
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(2) Adding combustibles to the feed seems the most logical
method to use because it is simple to implement, although a
reactive combustible, when added to the feed, will already react in
the inlet part of the catalyst bed and the increase of the maximum
temperature in the center of the bed is initially small. Moreover,
the ignition temperatures of the original pollutants and the sup-
porting fuel must be almost equal; otherwise, the reactor may
establish the temperature profile corresponding to the component
with the lower ignition temperature and will not be able to oxidize
the component with the higher ignition temperature.?->

(3) An electrical heating device in the center of the reactor
may increase the temperature in the hottest zone of the bed,
even very rapidly, although the heat must be transferred from
the heating device to the catalyst, thus introducing an addi-
tional heat transport resistance. Experimental results of Cunill
et al.% show that this device is effective, given that the maxi-
mum temperature in the reactor is now a function of the
electrical power and almost independent of the mixture com-
ponents and composition; thus a mixture of contaminants with
very different ignition temperatures can be burned completely,
provided that the electrical power is sufficiently high. If a
heating support is required for an extended period of time the
electrical heating device may become too expensive; in this
case, adding combustibles in the central part of the reactor is a
better choice, even if lack of good distribution of the combus-
tible over the entire cross-sectional area may cause difficulties.

(4) Permanent addition of a component difficult to oxidize,
fed in a concentration sufficient to ensure the ignition, may be
an alternative solution: the temperature level in the reactor will
be high and all other less refractive contaminants will certainly
be converted. The main drawback is that this is a rather
energy-consuming solution; furthermore, an increase in the
inlet concentration may be difficult to handle because the
catalyst may become overheated.

(5) Supply of a hot gas in the center of the reactor is an
inefficient way to increase the temperature because the heat
capacity of the gas is low compared to that of the bed.
Finally, Barresi and Vanni’ investigated the possibility of
avoiding reaction extinction by acting on the switching time.
They considered a one-point control strategy, with a tempera-
ture measurement located at either end of the active portion of
the bed: flow direction is changed when temperature at the
controller located close to the inlet drops below a certain set
point. Their simulations provided evidence that at a higher set
point the maximum temperature is also increased, although—at
least for large portions of inert material—conversion cannot be
arbitrarily improved by this strategy; this is explained by the
shorter periods necessary for higher set points, resulting in a
stronger washout effect. If the inlet concentration is lower than
the minimum adiabatic temperature rise that is required to
allow for autothermal operation, the change of the switching
time may not be sufficient and the system evolves toward the
extinction following a Zeno trajectory.®

Besides the problem of reaction extinction, the temperature
in the reactor should not exceed the maximum allowable cat-
alyst temperature, which may occur when the concentration of
contaminants becomes too high during a significant period of
time. A short peak of high concentration will not be a problem
because the heat capacity of the system is high and it will take
time before the maximum temperature exceeds the limit. Fur-
thermore, the RFR exhibits some self-control with respect to
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the inlet concentration. For a low concentration, the reaction
takes place in the central part of the reactor, so that part of the
catalyst is used to store heat and to preheat the cold feed. If the
inlet concentration is increased, the temperature and concen-
tration profiles will move in the direction of the inlet and outlet
of the reactor and a temperature plateau will develop. For
higher inlet concentrations full conversion is already obtained
in the first layers of the catalyst bed and the length of the “heat
exchanger” equals that of the inert sections and remains con-
stant. From this point, the maximum temperature will increase
very rapidly with the inlet concentration. Different technical
solutions have been proposed in the literature®:

(1) Dilution of the feed with additional air has the main draw-
back that the total flow rate increases significantly, thus requiring
additional energy costs to overcome the higher pressure drop;
moreover, there is the problem of obtaining reliable and inexpen-
sive on-line measurements of the inlet concentration.?

(2) Increase of the switching time may lower the maximum
temperature, particularly when high inert fraction is used.>¢

(3) Heat recovery by internal heat exchange was discussed
by Grozev and Sapundzhiev'® and by Nieken et al.,>* who
indicated that the switching period has to be increased, so that
the reaction front approaches the center of the reactor before a
noticeable influence on the maximum temperature can be no-
ticed. However, no remarkable reduction of the maximum
temperature is possible through intermediate cooling, irrespec-
tive of the switching period used, although the energy recovery
increases. Sapundzhiev et al.!! used an internal heat exchange
to preheat the cold feed. External cooling restricts the region of
operating variables that allows for autothermal behavior as
combustion can now be quenched if the coolant removes more
heat than is generated.'?

(4) Cold gas injection into the middle of the packed bed
may have an effect similar to that of intermediate cooling
through heat exchange, leading to a significant decrease of the
temperature in the middle of the reactor, whereas the maximum
temperature is more or less unaffected.*

(5) Hot gas withdrawal from the center of the reactor allows
for almost complete energy recovery, but again the maximum
temperature cannot be lowered sufficiently: sidestream with-
drawal just shifts the reaction zone toward the center of the
reactor.*

(6) Structured fixed bed. If the packed bed is composed of
portions with high effective conductivity and of portions of low
conductivity then it depends on the position of the temperature
fronts whether the maximum temperature is lowered or in-
creased. If the fronts are always in the portion with high axial
conductivity, the maximum temperature will be low and the
efficiency of the heat recovery will be weak; if the fronts stay
in the portion with low conductivity, the opposite is true.
Because the position of the fronts can be shifted by the amount
of the hot gas withdrawn, an interesting possibility exists to
operate the reactor in either of the two regimes. To exploit this
possibility a structured fixed bed is needed, where the packed
bed is composed of three portions: an inner portion with high
effective conductivity support and two outer portions with low
conductivity support.*

Budman et al.' considered the application of a conventional
PID controller with anti-windup: exit concentration, the con-
trolled variable, is used to infer the maximum temperature
(because thermocouple locations in the bed are fixed, it may be
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extremely difficult to evaluate the maximum temperature,
given that the temperature profiles move during the operation
of the reaction). The same authors also considered a feedfor-
ward regulation of the exit concentration through knowledge of
the inlet concentration. The idea behind this strategy is that if
the inlet concentration is known, it is possible to evaluate the
optimal combination of switching time and cooling rate to
obtain full conversion and safe operation in the reactor. In this
regard, a number of simulations have been performed to iden-
tify the parameters region for safe operation.

In this work a control system was used to control the
reverse-flow operation in a catalytic afterburner: the switching
time was varied to avoid both catalyst overheating and reaction
extinction. By means of numerical simulations, a stability map
of the reactor is obtained, showing the values of the switching
time that allow fulfillment of the operating constraints (catalyst
maximum temperature and methane conversion) when the inlet
concentration and flow rate change.

To apply this control strategy we need to know both the inlet
flow rate (which is easy to do and inexpensive) and the inlet
concentration. Because on-line measurements may be difficult
and expensive, a soft sensor based on high-gain techniques can
be used to estimate the inlet concentration from some temper-
ature measurements. !4

The article is structured as follows: in Section 2 the detailed
model used in the control system is described. In Section 3 the
experimental apparatus is introduced and the mathematical model
validated. In Section 4 the control algorithm is introduced and
validated by means of simulations and of experiments.

The Model

A one-dimensional heterogeneous model was used to model the
RFR. Pressure loss inside the system was neglected and plug flow,
with dispersive transport of mass and energy, was assumed for the
gas phase; the ideal gas law was used. The transient term was
taken into account in the gas-phase equations as well as in the
energy equation for the solid phase, whereas the solid catalytic
surface was considered in pseudosteady-state condition. The ef-
fect of the intraparticle mass transport was included in the model
by means of the effectiveness factor. The effect of the reactor wall
on the thermal balance of the system is taken into account by
means of a further energy balance equation for the wall. Thus, the
dynamics of the adiabatic process can be described by the follow-
ing set of partial differential-algebraic equations (PDAE):

Continuity Equation for the Gas Phase
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Adiabatic operation is considered because the particular
device adopted guarantees pseudoadiabatic behavior, as will be
shown in the following. For the catalytic part of the reactor, a
first-order rate equation was considered in the mass balance:

Ri; = k.ys; = k.exp(—E,/RTs)ys,, (7

k.= kips(1 — &) RT; (8)

whereas for the inert sections the reaction rate was set equal to
zero. Similarly, the solid physical properties— density, specific
heat, and thermal conductivity—were set equal to the values
either of the catalyst or of the inert sections, depending on the
axial position in the reactor. If the physical and transport
properties of the catalyst and of the inert sections are different,
adequate boundary conditions (that is, identity in the heat and
mass fluxes) must be specified at the boundary surface.

Conventional Danckwerts boundary conditions were as-
sumed in x = 0 and x = L. Initially, the gas-phase temperature
was considered constant along the reactor and equal to the inlet
value, and the solid temperature was considered constant and
equal to the preheating value.

Transport and dispersion parameters were evaluated accord-
ing to previous works on the same subject.!> Further details can
be found in a previous publication.!®

Table 1 shows the values of the main parameters and oper-
ating conditions used in the simulation of the RFR. The influ-
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Table 1. Main Operating Parameters Considered in the
Simulations of the RFR

Preheating temperature 650 K
Pellet diameter 2-4 mm
Catalyst density, pg 2170 kg m
Catalyst specific heat, ¢, ¢ 848.1 T kg 'K™!
Catalyst porosity 0.519
Catalyst tortuosity 2
Catalyst thermal conductivity,

Aoy 0472Wm ' K™!
Bed void fraction, & 0.36

1.0886 X 10° mol kg™ ' s™' Pa™!
1.12504 X 10° J mol ™'
298 K

Frequency factor, k.,
Activation energy, E,,,,
Inlet gas temperature

ence of the temperature and composition on the density and on
the specific heat of the gas was taken into account.

The domain of the spatial variable x was discretized on a grid
of equally spaced points; 101 points are enough to ensure a
grid-independent solution. As a consequence, the PDAE sys-
tem (Egs. 1-6) was transformed into a differential algebraic
equations (DAE) problem. The integration in time of the dif-
ferential part of the system was performed by implementing the
Fortran routine LSODES, from the package ODEPACK.!”
Both relative and absolute tolerance were set to the square root
of the working machine precision.

After a transient period, the solution of the system evolves
toward a pseudosteady state (PSS), given that the behavior of
the reactor (temperature and concentration profiles) is the same
within every cycle.

The Bench-Scale Rig and Model Validation

The design of the experimental reactor to carry out the model
validation (and subsequent test of the control system) was
mainly aimed to reproduce as fairly as possible the behavior of
large-scale industrial reactors. The major drawback found
when working on the fulfillment of this goal, apart from the
influence of the wall thermal inertia that is taken into account
in our model, is the difficulty in obtaining operation regimes
close to adiabaticity with small-sized reactors. This is because
the higher ratio of external surface to volume, which is char-
acteristic of small reactors (low diameters), causes the heat
losses to be relatively more important with regard to the overall
thermal balance of the system. Thus, whereas in large-indus-
trial reactors adiabatic behavior can be assumed, it is not
possible to do the same with small lab-scale or even pilot-scale
reactors and it is necessary to use heat-transfer coefficients to
take into account the heat losses.!®:1°

In this work, this problem is solved using a special device
with its own control system, which acts over the temperature
outside the reactor. Such a control system is able to cause such
outer temperature to dynamically follow the axial inner tem-
perature in every axial position, thus eliminating the driving
force to the heat transmission in the radial direction, and
therefore the heat losses. Because axial temperature profiles are
not uniform and change with time as a consequence of un-
steady-state operation, the heating system was divided into
seven sections or band heaters, each of them independently
controlled by different PID controllers. The central band heater
is 0.10 m long and the others are 0.065 m long: this was the
best compromise between efficiency and complexity of the
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device. To follow the dynamic of the temperature in the reac-
tor, cooling air has to be supplied to cool down reactor sur-
roundings when the bed temperature decreases, thus avoiding
further heating arising from the thermal inertia of the band
heater. This system is currently undergoing a patent applica-
tion?° and has been described in detail in a previous paper.!°

The reactor is a 316 stainless steel tube with 0.496 m effective
(filled with packing) length, an inner diameter of 5.17 X 10~ % m,
and a wall reactor thickness of 1.15 X 107* m. The packing
includes catalyst and inert material. The latter consists of two
sections of glass spheres (4 X 10~ m diameter) at both ends of
the bed, each one taking up 24.8% of the effective length. A
commercial catalyst was used composed of a mixture of metal
oxides supported on y-alumina, forming spheres with an average
diameter of 4 X 107® m. The kinetics of methane combustion
over this catalyst was studied in an isothermal fixed-bed reactor,?!
from which it was determined that a pseudo-first-order law accu-
rately fitted the results. Analysis of the gas streams was carried out
by means of an HP 6890 GC equipped with an HP-5 capillary
column and flame ionization detector (FID).

Several experiments were carried out, changing the values of
the main operating parameters, such as switching time, inlet
concentration, and surface gas velocity to test the adequacy of
the model to simulate the behavior of the reactor. Figure 1
shows an example of the solid temperature profiles obtained for
various values of the operating parameters—switching time,
inlet concentration, and surface gas velocity—when the PSS
has been reached (the temperature profiles at the middle of a
semicycle are shown). The experimental values are compared
to those obtained by simulation of the adiabatic reactor, also
proving that the dynamic compensation of the heat losses is
effective in achieving adiabatic operation and avoiding over-
compensation. The agreement between the experimental mea-
sured values of the temperature and the simulated values is
fairly good. It is important to highlight that no fitting parame-
ters were used in the simulation of the reactor so that the model
can be considered fully predictive.

The Control Algorithm

By means of numerical simulation a stability map of the reactor
can be obtained that delimits regions where maximum tempera-
ture (or conversion) is higher or lower than a certain value. The
full map is a function of three parameters: the switching time
(which will be the manipulated variable) and the inlet concentra-
tion and surface velocity (which are the disturbances). Figure 2
(top graph) shows a section of this map, obtained with a value of
the surface velocity of the gas equal to 0.14 m s~ ', whereas Figure
2 (bottom graph) shows a section of the map, obtained with a
value of the inlet concentration equal to 4000 ppmV. Because of
process constraints on outlet reactant conversion and maximum
temperature on the solid, a well-defined operating region is ob-
tained as a function of the three parameters: the disturbances and
the manipulated variable. In both sections of the stability map
shown in Figure 2 the region corresponding to methane conver-
sion > 99.95% and maximum solid temperatures < 650°C is
evidenced. In the definition of the operating region it is also
possible to take into account modeling errors by defining a per-
centage uncertainty over these curves.

Until the point corresponding to the operating conditions
(inlet concentration, inlet surface velocity, and switching pe-
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riod) is in the optimal region no control action is taken; if the
inlet concentration increases too much, as well as if the inlet
surface velocity increases too much, the control system has two
possibilities: it may increase the switching time (because the
maximum temperature decreases slightly when the switching
time is increased) or, if this is not sufficient, it may dilute the
feed to remain in the optimal working region. If the inlet
concentration decreases too much, as well as if the inlet surface
velocity decreases, a control action is taken just when the outlet
conversion starts decreasing (because of the thermal inertia of
the system, the reactor is able to sustain periods of low inlet
concentration, with no decrease in the outlet conversion): either
the switching time is reduced, if this can increase the conver-
sion, or auxiliary fuel is added when the inlet concentration, or
the inlet surface velocity, is lower than the minimum value that
allows adiabatic operation.

In the example considered in Figure 3 (top graph) a reduc-
tion of the switching time is sufficient to avoid any conversion
decrease (bottom graph) after the reduction in the methane
concentration of the feed. The subsequent increase in the inlet

3000 extinction
2500 ! !
1000 2000 3000
tc, S
0.5 T T
04} i
"o - extinction
g 03} 1
& ] 680°C
= _ 2\ 650°C
02F--C-7 N\600°C -
- ’,-"?99.95 >
0.1 e -7 Lo ) ,99%'. -
0 1000 2000 3000
t,s

[

Figure 2. Example of stability map of a RFR (top graph:

Ug,o = 0.14 m s~*; bottom graph: y 4 o = 4000
ppmV).
The solid line separates the region where extinction occurs
from the region where stable operation can be obtained;
dotted lines separate the regions where conversion is larger
(top part) or lower than the specified value; dashed lines
separate the regions where maximum solid temperature is
higher (top part) or lower than the specified value.
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Figure 3. Bottom graph: maximum solid temperature
and outlet methane conversion in a RFR when
the inlet concentration is varied according to
the top graph.

Variation of the switching time is considered to maintain the
system in the optimal region. The behavior with (solid line)
and without (dashed line) control action is compared. Distur-
bance and control action are evidenced on the stability map
(top graph).

concentration does not require any control action as the system
remains in the optimal working region. In the example consid-
ered in Figure 4 (top graph) the switching time in increased to
face against the catalyst overheating resulting from the increase
of the surface velocity (bottom graph). It is important to stress
that this control system based on the model of the process is
able to avoid any control action when this is useless and it is
able to fulfill any constraints on process operation, being suf-
ficient to indicate them in the working map.

The performance of the control system was also experi-
mentally tested. The requirements considered were 1 ppmV
for the semicycle averaged outlet concentration, and 650 °C
for the maximum temperature, which was experimentally
demonstrated to be the maximum temperature that the cat-
alyst can endure without deactivation. The changes of the
inlet concentrations, the times at which they were intro-
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Figure 4. Bottom graph: maximum solid temperature
and outlet methane conversion in a RFR when
the inlet surface velocity is varied according to
the top graph.

Variation of the switching time is considered to maintain the
system in the optimal region. The behavior with (solid line)
and without (dashed line) control action is compared. Distur-
bance and control action are evidenced on the stability map
(top graph).

duced, and responses of the control system are included in
Table 2. The negative perturbations of the inlet concentra-
tion endanger the stability of the reactor and can lead to an
increase of the outlet concentration and, eventually, to the
extinction. By contrast, the risk of positive perturbations is

Table 2. Perturbations, Time at Which They Were
Introduced, and Responses of the Control System

Perturbation Perturbation
Yo X 10° initial 3500 3500
Ye.o X 10° final 3050 3950
t, perturbation* 9900s 4400s
t.. initial 990s 120s
t,. final 150s 990s

*Time elapsed from the beginning of the experiment to the perturbation.
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Figure 5. Experimental test of the performance of the
control system for a negative inlet concentra-
tion perturbation (see Table 2).

Comparison between experimental value of the outlet meth-
ane concentration (symbols) and simulated values (lines)
when no control action is undertaken (top graph) and when
the control system is working (bottom graph).

the overheating. This is why the interesting variable to
follow in the former case is the outlet concentration,
whereas in the latter one is the maximum temperature.

Four experimental runs, with and without applying the con-
trol system for a negative and a positive perturbation, were
carried out, and the control system performed as theoretically
expected for both types of disturbances in all cases. Figure 5
shows the concordance with the corresponding simulated re-
sults. Moreover, in this figure it can be observed that the outlet
concentration in the uncontrolled response increases with time,
whereas in the controlled one tends to zero. In this way, the
diminution of the switching time is in practice demonstrated to
be an effective measure to avoid the outlet concentration in-
crease that takes place as a consequence of a negative pertur-
bation.

The results for a positive perturbation are shown in Figure 6,
pointing out that, although instant maxima appear in the con-
trolled response in the first minutes after the perturbation, the
control system eventually dampens the temperature increase,
otherwise occurring in the uncontrolled response.
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Conclusions

A control system based on a detailed model was designed for
a catalytic afterburner. A detailed one-dimensional model was
used to simulate the operation in a bench-scale reactor with an
innovative system for compensation of thermal losses. The
control strategy, based on the appropriate choice of the switch-
ing time according to the operating conditions (inlet gas ve-
locity, concentration), was demonstrated to be effective in
preventing both catalyst overheating and reaction extinction
(and thus reactant emissions), avoiding any control action
when this is useless, even if the inlet flow rate and concentra-
tion changes, but remaining in the optimal working region.
When acting on the switching time is not sufficient, maximum
temperature is decreased by dilution of the feed, which has
proved to be the simplest and more effective control action to
achieve the desired result and unitary conversion is guaranteed
by injection of auxiliary fuel. The pumping costs associated
with the air dilution and those attributed to the auxiliary fuel,
which also generates additional carbon dioxide emissions, are
reduced because this measure will be adopted just when large
perturbations occur.

To apply this control strategy we need to know both the inlet
flow rate (which is easy to do and inexpensive) and the inlet
concentration. Because on-line measurements may be difficult

700
Without control
~a
650
O
[
g\ 600 \ With control
&

0 100 200 300 400 500
t, min

Figure 6. Comparison between the simulated (top
graph) and the experimental values (bottom
graph) of the maximum temperature (among
the seven axial positions in which the temper-
ature is measured) of the reactor to a positive
inlet concentration perturbation (see Table 2)
with and without control system.
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and expensive, a soft sensor based on high-gain techniques can
be used to estimate the inlet concentration from some temper-
ature measurements.
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Notation

a, = external particle surface area per unit volume of reactor, m ™'
¢ = molar concentration, mol m >
¢, = specific heat at constant pressure, J kg™ ' K™
D, = effective mass dispersion coefficient, m? s~
dp = pellet diameter, m
Dy = reactor diameter, m
E, = activation energy, J kmol '
AH; = molar enthalpy of formation, J mol ™'
h = gas-solid heat transfer coefficient,  m 2 K~ ' s
k., = preexponential factor, s~
k., = frequency factor, mol kg~ ' s~ ' Pa~'
k. = effective heat dispersion coefficient, J m~' K™' s
kg = gas—solid mass transfer coefficient, mol m 2 s~ '
k. = kinetic constant, s~
L = total reactor length, m
Ni = number of reactions
n, = number of components in the mixture
Pr = Prandt number
R = ideal gas constant, J K~' mol '
R’ = reaction rate, s~ !
Re, = particle Reynolds number
Sc = Schmidt number
T = temperature, K
t = time, s
t. = switching time, s
u = surface velocity, m s~
v = interstitial velocity, m s~
x = axial reactor coordinate, m
y = molar fraction
z = nondimensional axial reactor coordinate, z = x/L

-1

Greek letters

& = bed void fraction

n = effectiveness factor

A = thermal conductivity, Jm~ ' K~ ' s~
A, = thermal conductivity of the stagnant gas, Jm ™' K~' s~

v = stoichiometric coefficient

p = density (or apparent density for the solid), kg m™

1
1

3

Subscripts and superscripts

0 = inlet conditions
e = external value
G = gas phase
i = internal value
max = maximum value
S = solid phase or solid surface
W = reactor wall

Abbreviations

RFR = reverse-flow reactor
PSS = periodic steady state
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