
STUDIA UBB CHEMIA, LVIII, 4, 2013 (p. 227-241) 
(RECOMMENDED CITATION) 

Dedicated to Professor Liviu Literat 
On the occasion of his 85th birthday 

AN ANALYSIS OF THE STABILIZATION MECHANISM OF 
REVERSE FLOW REACTORS WITH APPLICATION IN 

CATALYTIC VOC COMBUSTION 

IOANA STOICAa, IONUȚ BANUa,*, GRIGORE BOZGAa 

ABSTRACT. The aim of the work is a thorough theoretical analysis regarding 
the time evolutions of state variables during the stabilization of temperature 
and composition profiles, for a fixed catalytic bed reactor, operated in 
forced unsteady state regime by periodically changing the flow direction. The 
decontamination of lean waste gases by VOC combustion over a commercial 
Pt/alumina catalyst with non-uniform distribution of Pt is considered as a case 
study. The process is mathematically described by a heterogeneous one-
dimensional model. The simulation results evidence that the stabilized (pseudo-
steady) state regime is achieved when the amount of heat generated during a 
cycle equals the amount of heat withdrawn from the bed by gaseous mixture.  

Keywords: packed bed, reverse flow, unsteady-state, process simulation, 
sensitivity analysis 

INTRODUCTION 

The reverse flow reactor (RFR) is a gas-solid catalytic packed or 
monolith bed reactor operated in forced unsteady-state regime by periodical 
change of feed flow direction. The main advantage in this technique consists in 
the possibility to realize the autothermal operation, even at low volatile organic 
compounds (VOC) concentrations, by achieving appropriate temperature profiles 
along the bed. One of the important applications suitable for this apparatus is 
the VOC elimination from lean gaseous mixtures by catalytic combustion [1-5]. 
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Kolios [6] referred to the RFR as a multi-functional apparatus, as it is embodying 
in a single device the functions of reactor and heat exchanger. 

Generally, the mechanisms of unsteady processes are more complex, 
as compared with processes occurring at steady state. In the development of 
their mathematical models, particular unsteady state correlations should be used 
for calculation of the kinetics of chemical and physical process steps. However, 
in the absence of such data, analysis and design calculations for unsteady 
processes are usually based on correlations based on steady state data.  

This paper aims to highlight the features of auto-thermal operated 
reverse flow packed bed reactors, in VOCs catalytic combustion applications. 
There are emphasized the interplay of the physical and chemical process 
steps, as well as the conditions that ensure the time stabilization (achievement 
of pseudo-steady state).  

The principle of RFR operation consists in feeding the gaseous reactants 
mixture, usually at room temperature, over the hot catalytic bed, the gas pre-
heating to the reaction temperature being assured by the entry zone of the 
packed bed, which is progressively cooled. Thus, it appears a cooled zone of 
the bed, which is slowly moving in the direction of the gas flow. If the direction of 
gas flow in the reactor is reversed with an adequate frequency, after a sufficient 
number of reversals, a succession of axial temperature profiles, insuring the 
consumption of reactant, are achieved and stabilized inside the bed. A sketch 
of the reactor connections needed for reactants supply and products removal 
for reverse flow operation are shown in Figure 1. The reaction mixture can be 
fed either from the left to the right (when the valves 1 and 4 are open, and 2 and 
3 closed) or from the right to the left (2 and 3 are open, 1 and 4 are closed). 
In the case of irreversible reactions, the extreme zones of reactor bed (I and III in 
Figure 1) have roles only in heat accumulation and its transfer to the gas phase, 
the chemical reaction taking place in the central zone (II). Consequently, in the 
zones I and III it can be used an inert solid (non-catalytic material), preferentially 
having a high specific heat capacity. This is also the bed structure considered 
in the present study [1, 2]. 

Outlet

Inlet

1 2

3 4

I II III

Figure 1. Connection scheme of a reverse flow operated packed bed reactor  
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MATHEMATICAL MODEL AND NUMERICAL METHOD 
 

The present theoretical analysis is based on process description by 
a heterogeneous, one-dimensional axial dispersion model, considering, in 
addition to convective transport in the gas phase, a mechanism of mass 
and heat dispersion in axial direction. The model neglects the contribution 
of the metallic wall in the axial heat transport (the heat transferred from the 
packed bed to the wall, and then through the wall in the axial direction is 
not taken into account). In addition, the thermal regime is adiabatic, the gas 
phase behavior is ideal, the pressure drop in the packed bed is neglected 
and the chemical reactions are considered only on the surface of the 
catalyst.  

The mass and heat balances in the gaseous and solid phases of the 
bed are expressed by equations (1) to (4). They apply for both catalyst and 
inert zones of the packed bed, for the latter canceling the terms which 
represent the contributions of the chemical reaction (rA = 0). 
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In the above equations: YA- molar fraction of hydrocarbon; Ct - molar 
density of the gas (total molar concentration); T- temperature; rA- VOC 
consumption rate; i – internal effectiveness factor; u – superficial velocity 
of the gas; cat, S, G – catalyst density, solid density and gas density; kG,  - 
mass and heat gas-solid transfer coefficients; av – specific interfacial surface 
area;  - void fraction of the bed; cpG, cps – specific heats of gas and solid; DL, 
L – effective gas phase transport coefficients by axial dispersion; s – effective 
thermal conductivity of packed bed; HRA- reaction enthalpy; the indices G 
and S refer to the gaseous and solid phase values, whereas the index 0 for 
the values at the inlet of the packed bed. 

The duration between two successive flow reversals instants is 
called semi-cycle or half-cycle (tsc) and its twofold value is called cycle or 
period (tc=2·tsc). At the initial moment of the first semi-cycle, the packed bed 
is considered at uniform temperature and zero VOC concentration. The 
initial conditions of all other semi-cycles were considered identical with the 
states at the final moment of the preceding ones. 

Equations of heat and mass balance (1) to (4) define a system of 
nonlinear partial differential equations (PDE) which was integrated numerically 
by finite difference method [7]. 

For the simulations, it was considered a commercial Pt/-alumina 
catalyst having the Pt distributed in the outer zone of the pellet (0.5 wt % Pt 
on the average in the pellet). This distribution was approximated by a step 
function of radial coordinate, with Pt placed in a zone close to the external 
surface (Figure 2). The Pt concentration in the active zone was so calculated 
to match an average pellet concentration of 0.5 % by weight.  

The chemical reaction considered in the study is the combustion of 
a hydrocarbon A (in the class of VOC’s) having a first order kinetics: 

AE-
RT

A 0 Ar =k e C
 
 
                             (10) 

The Pt exploitation efficiency was expressed by the internal 
effectiveness factor. Due to the low hydrocarbon concentration, its transport 
inside the porous pellet is characterized by Fick's law with an effective 
diffusion coefficient incorporating the molecular and Knudsen diffusion. 

The reactant concentration dependence on radial position, in the 
active spherical zone containing Pt, of thickness δc, (Figure 2), deduced 
from mass balance equation of A, is given by equation (11): 
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Figure 2. Pt distribution inside the catalyst pellet 

 
Following the usual procedure, one obtains the expression of the 

effectiveness factor: 
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Ar  - average reaction rate in the active zone of the pellet;  

CAS – VOC concentration at the mouth (entry) of the pores. 
The values of physical constants and parameters involved in the 

mathematical model are given in Table 1.  
Considering the limited accuracy of the published correlations for 

the calculation of gas - solid mass and heat transfer coefficients and for the 
axial dispersion transport coefficients, these were evaluated by averaging 
the values calculated from several correlations [3, 8-14]. 
 

RESULTS AND DISCUSSION 

Influence of internal diffusion 
The evolutions of reactant concentration in the spherical catalyst 

pellet, for various thicknesses of active zone, are shown in Figure 3A (note 
that 1=0 corresponds to uniform Pt distribution inside the pellet). The less 
pronounced concentration decrease throughout the pellet corresponds to 
uniform Pt concentration. When the active zone gets narrower, the decrease 
of reactant concentration becomes steeper. This result is explained by the 
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rise of Pt concentration and consequently rise of the combustion rate, 
combined with the shortening of the diffusion length, with the narrowing the 
active zone. This feature justifies the superiority of platinum distribution on 
a narrow area in the immediate vicinity of the external surface. 
 

Table 1. Values of the model parameters 

dR (m) 0.14 
Lt(m) 0.6 
Lc(m) 0.3 
dp (m) 0.003 
ε 0.4 
λs (J m-1 s-1 K-1) 0.18 
ρs (kg m-3) 1634 
cps (J kg-1 K-1) 1100 

-1
0k (s )  0.18 

EA  (J mol-1) 82900 
∆HRA (J mol-1) - 802880 
p (N m-2) 100000 
T0 (K) 293 
M ( kg kmol-1) 29 
u0 (m s-1) 0.1 
cpG (J kg-1 K-1) 1015 
YA0 0.001 
Tad 27 
δc (mm) 0.4 

 
The dependence of the internal effectiveness factor on the thickness 

of the active zone is shown in Figure 3B. The effectiveness factor decreases 
with the increase of active zone thickness, due to the increase of the diffusion 
distance (thickness δc of the active zone). 

 
Startup and pseudo-steady-state 
At the startup of operation, the temperature of the solid bed has to 

be sufficiently high in order to allow the reaction ignition. In practice, the 
non-stationary operated reactors are equipped with a solid preheating device, 
such as gas burners or electric sources [15]. 

The calculated profiles of hydrocarbon conversion and temperature 
along the reactor bed at different times during the first two half-cycles are 
presented in Figure 4. As seen, due to the gas heating, near the feed section 
appears a colder zone of solid, which is progressively extending in the direction 
of gas flow (Figures 4 - A2, B2, C2). Note also that the temperatures of the 
gas and solid are practically equal along the bed. In time, due to the heat 
generation in the chemical reaction, appears a temperature maximum along 
the catalyst zone, which is also moving slowly in the gas flow direction.  
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In order to achieve a stable operation, the advancement of cooled 
zone has to be limited to the entry region of catalyst zone, thereafter the 
gas flow direction having to be reversed. After the gas flow direction is 
changed, a new cooled solid zone develops in the new flow direction. In 
addition, the former cooled zone of the bed is continuously heated, by the 
gaseous mixture leaving the reaction zone (Figure 4B).  

If the half-cycle duration is not excessively high, after a sufficient number 
of changes of the gas flow direction, it can be achieved the so-called pseudo-
steady-state regime. This regime is characterized by identical temperature 
and conversion profiles along the reactor, when traversed by the gas in the 
two directions. The computations evidenced that, depending on the operating 
conditions, the pseudo-steady state regime is practically achieved in the 
first 50 half-cycles. There are also two observations worth to be added, 
regarding the conversion profiles in Figure 4: (i) during the semi-cycle interval 
occurs a small decline of conversion, that can be limited by shortening the 
semi-cycle duration; (ii) for the duration of the first seconds after the gas flow 
reversal, appears a temporary zone with higher VOC concentration (smaller 
conversion values), due to the VOC hold-up retained in the voids of entry 
zone, in the preceding semi-cycle. 

The mechanism of process stabilization can be illustrated through 
the heat balance terms around the reactor over a time interval, t, given by 
the equation: 

( ) ( ) ( )R CS PQ t Q t Q t                (14) 

Figure 3A. Reactant concentration 
profiles in the spherical pellet with 

different thicknesses of active zone 
(T=277 °C, R=1.5 mm) 

Figure 3B. The internal effectiveness 
factor versus the thickness of active zone, 

in the spherical pellet  
(T=277 °C, R=1.5 mm) 
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 the amount of heat withdrawn by gas mixture from the bed : 

0

0

Q ( ) [ ( , ) ]
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P m pG G Gt D c T L T d                                         (15) 

 the amount of heat lost by the solid: 
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 amount of heat released in the combustion reaction: 
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Theoretically, the achievement of pseudo-steady state is demanding 
symmetrical solid temperature profiles along the bed, at the beginning and 
the end of a semi-cycle: 

sc(t )(0)
(z) (L-z)T =T                                                                        (18) 

Consequently, the heat (enthalpy) content of the solid should be the 
same, at the beginning and at the end of a semi-cycle (Qcs(tsc)=0). The 
percentage error in fulfilling the heat balance equation, on a pseudo-steady 
state semi-cycle, has the expression: 

sc sc P sc

sc sc

Q (t )+Q (t )-Q (t )
100

Q (t )+Q (t )
CS R

CS R

e                                         (19) 

Considering a grid of 300 points along the packed bed axis, the 
calculated percentage error was less than 3% for all simulated semi-cycles, 
indicating an acceptable accuracy of numerical solution. The improvement 
of integration accuracy is possible by increasing the number of grid points 
along the reactor bed. 

The diagrams in Figure 5 illustrate the time evolutions for QP, QR 
and QCS, during various semi-cycles, for a duration, tsc=2200 s. The diagram in 
Figure 5A evidences that the quantity of heat removed from the bed by the 
gaseous mixture is negligible during a first time interval of the semi-cycle, all 
the heat generated in reaction being accumulated in the solid bed (QCS <0). 
This is explained by existence of a final cold solid zone (ahead of the bed 
exit), which is cooling the gas down to the feed temperature, while the solid 
in this zone is gradually heated. After the final zone of the bed is heated 
above the feeding temperature (TG0), the outlet gas temperature and the 
heat removed by the gas, start to rise. 



AN ANALYSIS OF THE STABILIZATION MECHANISM OF REVERSE FLOW REACTORS … 
 
 

  235 

 

Figure 4. Axial evolutions of conversion and temperature in the reactor at different 
times during a semi-cycle : A –first semi-cycle; B-second semi-cycle; C – a semi-

cycle of stabilized pseudo-steady state  (tsc=2200 s, v0=0.1 m/s, y0= 0.001, 
Tsi=400 °C, Lc=0.3 m, Lt=0.6 m, x=z/Lt) 
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In the semi-cycles prior to stabilization, the amount of the total heat 
withdrawn by gas from the bed is greater than the total amount of heat 
released in the chemical reaction (QP(tsc) > QR(tsc)). As seen in diagrams of 
Figure 5, the stabilization consists in continuously decreasing the total amount 
of heat removed by the gas stream from the bed during the semi-cycle 
(QP(tsc)) until it equals the total amount of heat released in chemical reaction 
(QR(tsc)). At this point, the total heat lost from the solid becomes zero during 
a half cycle (QCS(tsc) = 0), which means the same heat content of solid bed at 
the beginning of each half cycle (Figure 5B). The diagram in Figure 5C shows 
an approximately linear increase of total heat released in reaction with the 
time, due to the fact that the rate of heat generation is approximately constant 
(almost constant conversion of hydrocarbon during the semi-cycle).  

 

 
From the analysis presented above, it follows that the pseudo-steady 

state is achieved if total amount of heat removed by the gas from the bed 
during a half cycle equals the amount of heat released in the reaction during 
the same duration, QP(tsc) = QR(tsc). 
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Figure 5. Time evolutions of heat balance 
terms during different semi-cycles: A- heat 

withdrawn from reactor by the gaseous 
mixture; B- heat lost by the solid packed  

bed; C- heat generated in the combustion 
reaction (tsc=2200 s, v0=0.1 m/s, y0= 0.001, 

Tsi=400 °C, Lc=0.3 m, Lt=0.6 m ) 
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If the total heat released in the reaction over a half cycle is smaller 
than the total heat removed by the gas (QP(tsc)> QR(tsc)), the heat content of 
the bed and consequently its average temperature, gradually decrease, 
leading to reaction extinction. 

These results show that the stable auto-thermal operation of the reverse 
flow reactor is achieved by continuously changing the solid temperature 
profile along the bed, keeping adequate levels and width to accomplish the 
chemical transformation. This occurs by successive heat accumulation and heat 
removal steps, leading to identical heat content of the bed at the beginning 
and the end of a semi-cycle. 

During a stabilized semi-cycle, it is transferred a quantity of heat from 
the first zone of the bed contacted by gas, towards the final bed region, the 
gas acting as a heat carrier. On overall, as already emphasized, the amount of 
heat generated in reaction during a semi-cycle is entirely withdrawn from the 
bed by the gas. This is a feature worth to underline, some authors asserting 
that the principle of RFR operation consists simply in the accumulation of 
combustion heat into the bed. 

An inconvenient of reverse flow reactor consists in small non-reacted 
VOC emissions occurring at changes in gas flow direction (Figure 6). At the 
end of each semi-cycle, throughout the cooled feed zone of solid is accumulated 
an amount of hydrocarbon, which is pushed out immediately after the change 
of the gas flow direction. The duration of this emission is very short, having 
the order of magnitude equal to the gas residence time into the cooled zone 
of the bed. In the simulated conditions, after approximately 1.5 seconds from 
the change of flow direction, there are no significant amounts of hydrocarbon 
eliminated from the reactor (Figure 6B), these being stabilized to a level 
dependent on VOC conversion achieved in the bed. Note that the top points in 
the diagram shown in Figure 6C represent the concentration of hydrocarbon 
at the exit of the bed, when changing the direction of gas flow. To minimize 
the unreacted VOC emissions, the duration of the semi-period should be 
kept close to its maximum possible value. However, the increase of semi-
cycle duration could induce some decrease of hydrocarbon conversion, due 
to the extension of the cooled zone of the bed.  

 
Influence of operating parameters  
(i) Influence of main operating parameters on the maximum semi-

cycle duration 
As already mentioned, for a given set of operating parameters, the 

pseudo-steady state can be achieved for any duration of semi-cycle, inferior to a 
limit called maximum duration of semi-cycle. The simulation results presented in 
Figure 7 shows stabilized temperature evolutions along the packed bed (obtained 
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after 300 periods) in different working conditions and the corresponding 
maximum semi-period duration. These are evidencing that the maximum 
semi-period duration is increased by decreasing the gas velocity, increasing 
the feed hydrocarbon concentration, increasing the initial temperature of the 
packed bed and (in some limits) by increasing the catalyst to inert amounts 
ratio. 

 
The following general conclusions can be drawn from Figures 7 A, 

B, C and D: (i) By increasing the gas velocity (or equivalently the flow rate) 
the cooling capacity of the gas is raised and the velocity of cooled zone 
extension increases, narrowing the hot zone of the bed. (ii) Increasing the 
feed hydrocarbon concentration, it is also increased the amount of reactant 
consumed and consequently the amount of heat generated inside the bed, 
leading to the raise of maximum solid temperature. As known, the increase 
of temperature in a catalyst bed has to be controlled, as it may be harmful 
for the catalyst activity. A similar effect has also the increase of startup 
temperature of the solid. (iii) Extending the catalyst zone width in detriment of 
the inert zone, can also increase, in some limits, the maximum duration of 

Figure 6. A- Axial VOC concentration 
profiles at several moments following 
the gas flow reversal; B- Non-reacted 

hydrocarbon concentrations in the 
reactor effluent during the first 4 s after 

the flow reversal instant; C- Time 
evolution of non-reacted hydrocarbon 
concentrations in the reactor effluent 
during the first 25 semi-cycles after  

the reactor startup (x=z/Lt). 
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semi-cycle. Nevertheless, the cooling effect prevails, so that the duration of the 
half-cycle is subject to the phenomenon of overlapping the high-temperature 
front with catalytically active zone, which assure the occurrence of chemical 
reaction with adequate intensity. 
 

 
Figure 7. Stabilized axial temperature evolutions (achieved after 300 periods) 
and maximum semi-cycle durations in different working conditions (grey curves - 
direct feed, black curves - reverse feed, x=z/Lt). Nominal values: Tsi= 400 °C, 
y0= 0.001, v=0.1 m/s, Lt=0.6 m, Lc=0.3 m. A (1- v=0.1 m/s, tsc=2200 s; 2 - v=0.2 
m/s, tsc=900 s; 3- v=0.3 m/s, tsc=400 s); B (1- y0=0.001, tsc=2200 s; 2 - y0=0.002, 
tsc=3300 s; 3- y0=0.003, tsc=3800 s;); C (1- Tsi=400 °C, tsc=2250 s; 2- Tsi=375 °C, 
tsc=2200 s; 3- Tsi=350 °C, tsc=2000 s); D (1- Lc=0.24 m, tsc=2000 s; 2 - Lc=0.30 m, 
tsc=2250 s; 3- Lc=0.42 m, tsc=2250 s) 

 
(ii) Influence of operating parameters on process evolution at given 

semi-period duration 
The curves in Figure 8A show the influence of gas flow rate on the 

final axial temperature profile, corresponding to a semi-period duration of 
400 s. As the gas flow rate increases, the hot zone width decreases and 
the combustion reaction releases a significant quantity of heat in a narrower 
catalyst bed, leading to more significant peak temperature. As underlined 
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above, the maximum semi-period get lower with the increase of gas flow 
rate, so that it is preferred to operate at lower gas flow rates, in order to 
guarantee high conversions for higher maximum semi-period duration. The 
diagram in Figure 8B illustrates the influence of feed concentration on final 
temperature profiles along the bed. As expected, the width of hot zone and 
the maximum temperature augment with the rise of feed hydrocarbon 
concentration, as result of increasing the amount of heat generated in the 
bed.  

 

 
As already underlined, unexpected increases of feed concentration 

present the danger of excessive temperatures in the bed, whereas the decrease 
of feed concentrations is inducing a decrease in hydrocarbon conversion, 
diminishing the heat released in the chemical reaction, with potential danger to 
light-off the chemical reaction. These effects can be compensated by changing 
(increasing or decreasing) the gas flow rate passing through the reactor. 

Simulation calculations evidenced also that, for a given semi-period, 
the initial temperature of the solid bed (if adequate) does not influence the 
final temperature profile, it playing a role only in the process evolution toward 
the pseudo-steady state regime.  
 
CONCLUSIONS 

The operation of packed bed catalytic reactors with periodical change 
of flow direction is a technique that permits auto-thermal operation, even for 
very low feed concentration of reactant, a feature that makes it very attractive 
for gas cleaning by catalytic combustion. The stabilization of transient operation 
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Figure 8A. Stable final temperature 
profiles along the bed at different gas 
flow rates and constant semi-period 

duration (tsc=400 s) 

Figure 8B. Stable final temperature 
profiles along the bed at different 
feed concentrations and constant 
semi-period duration (tsc=2200 s). 
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is possible when the heat removed by the gas from the bed during a semi-
cycle, equals the amount of heat generated in combustion reaction. For 
given values of working parameters, there exists a maximum semi-cycle 
duration, below which is possible the process stabilization. The simulation 
results of this work evidence the influences of the main process parameters 
on the process dynamics and on the maximum semi-cycle duration.  
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