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Abstract. An efficient technique for autothermal operation of catalytic fixed-bed reactors is
the forced unsteady state operation by periodical flow reversal. This paper presents a mini
review of the main investigations dedicated to the design and operation of this process,
published over the past several decades. A case study is also presented, describing the
particularities of process mathematical modelling and emphasizing the typical space and time
evolutions of the main process variables. The case-study illustrates the use of packed beds of
porous pellets with egg-shell type distribution of catalyst, which combines the high thermal
capacity advantage of pellet packed beds with the minimal internal diffusion limitations on
process kinetics typical for monolithic catalyst beds. A sensitivity analysis highlights the
potential modelling errors that could be induced by the uncertainty in the evaluation of model
parameters, using published correlations.
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1. Introduction

It is well known that initiating a chemical transformation in a reactor requires
preheating the reactant mixture to a minimum temperature, commonly referred to as
the “ignition temperature’. Frequently, the heat necessary for the reactants preheating
is obtained by partial or total recovery of the sensible heat content of reaction
products. The operation of a chemical reactor hosting an exothermal transformation
is defined as autothermal, if the heat generated in reaction is used to preheat the feed
stream [1]. In the case of endothermic reactions, similar operating regimes can be
achieved by coupling the process with an exothermic transformation occurring
within the same apparatus [2,3].
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The autothermal operation requires technical means to transfer the heat generated in
reaction, towards the feeding reactants mixture. The simplest solution in this aim is
to operate the reactor adiabatically and to interconnect it with an external heat
exchanger, ensuring the heat transfer from the hot effluent to the cold reactant
mixture (Fig. 1-A). More effective solutions for the design of autothermal reactors
combine the reactor internals with the heat exchanger elements, in the same
apparatus [4]. These techniques involving the recovery of the hot products sensible
heat by transfer across a separating wall, are usually called recuperative.

In the case of gas-solid catalytic fixed bed reactors, an alternative solution for the
realization of the autothermal regime is the forced unsteady state operation. The most
investigated techniques in this class are the operation with periodical gas flow
reversal (reverse flow reactor) and the sequence (network) of catalyst beds operated
with periodical change of the feed point (the simulated moving bed reactor) [5].
These autothermal operation techniques, called regenerative, involve the storage of
the heat generated in reaction into the solid bed contacted directly by the reaction
mixture. Other unsteady-state techniques are described by Zagoruiko et al. [6]. From
the practical point of view, the most investigated is the reverse flow reactor (RFR),
the only unsteady-state technique implemented commercially. Note that the same
principle can be applied for homogeneous (non-catalytic) reactions, by using a solid
bed (inert) for heat storage (thermal RFR). Due to its high thermal efficiency,
operating stability and relatively low investment cost, the reverse flow reactor
principle is included in the class of process intensification methods [7]. As the
subject of this work regards the catalytic RFR, the information that follows will be
focused on this technique.

2. Functional principle of RFR

The principle of regenerative heat exchange was patented by the British reverend
Robert Stirling as early as 1816 [8]. The application of this principle in the unsteady
operation of a fixed bed catalytic reactor was patented in USA, in 1938, by Cottrell
[9] and the first attempt to apply it in practice, for SO, reduction process, was
reported by the company Allied Chemical Corp. (USA), around 1970. However, this
endeavor was not entirely successful due to technical problems with the valves
system [10]. It is also worth noting that the famous Eugene Houdry (the inventor of
catalytic cracking technology) published, in 1956, a patent of a RFR reactor for
catalytic treatment of gas streams containing relatively small amounts of oxidizable
impurities [11].

In the last decades, the interest in the RFR principle has increased, particularly in
applications involving the treatment of diluted gaseous mixtures by exothermal
reactions (due to the RFR capability to maintain the auto-thermal regime at low feed
concentrations). Important progresses in the practical implementation of RFR
principle were achieved at the Russian Institute of Catalysis, Novosibirsk, under the
coordination of the scientists Georgy Boreskov and Yurii Matros [12]. The most
investigated processes were waste gas treatment (SO, oxidation, selective reduction
of NOy) and the purification of gas streams containing volatile organic compounds
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by combustion [13]. It is recalled that the volatile organic compounds (VOC) are
organic pollutants (commonly the hydrocarbons and their oxygenated or halogenated
derivatives) having relatively low boiling points (conventionally less than 250 °C at
1 bar), which contribute to the formation of photochemical smog, when emitted into
the atmosphere. The main sources of VOCs are oil refineries and most of the
chemical industry’s plants [14].

The constructive and operational principles of a fixed bed operated with periodic gas
flow reversal (RFR), are depicted in the scheme given in Fig. 1-B. The periodical
change of gas flow direction through the catalytic bed is possible using a pipe system
on which the valves V1 to V4 are mounted. When the gas flows from the left to the
right the valves V1 and V3 are open, and V2, V4 are closed, and vice versa when the
gas flow direction is reversed. The working principle of a RFR can be explained by
considering the solid bed sketched Fig. 1-B, heated at a sufficiently high temperature.
At a given instant, one starts to feed the bed, from the left to the right, with a gaseous
mixture containing reactants (at relatively low temperature). It is assumed that the
reactant is chemically transformed (exothermic reaction) with significant rates, only
on the catalyst surface. By contacting the solid, the gas is heated, achieving the
ignition temperature of reactants, which begin to transform when contacting the
catalyst, generating heat, that permits further gas and solid heating.

The calculated temperature evolutions along such a bed, at different moments of
time, are shown in Fig. 2-A. Due to the solid-gas heat transfer, the solid on the first
contacting zone is continuously cooled, whereas the solid beyond the exothermic
reaction zone is heated. extend the gas feed, the cooled solid zone extends
continuously in the direction of the gas flow, cooling completely the solid bed, at
large gas feeding times.
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Fig. 1. Two autothermal operating techniques for a catalytic fixed bed reactor. A- Classical technique
(recuperative); B- unsteady reverse flow operation (regenerative); HE- heat exchanger; I- inert
material; C- catalyst; TI- thermal insulation; V1..V4- switch valves.

However, if the gas feed direction is changed after a duration suitable selected (tsc),
the process is progressing similarly in the opposite direction. During this second
operation interval, the cold solid zone appeared previously on the left section of the
bed, is reheated by the hot gas mixture. Thus, whilst one extreme zone of the reactor
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is heating the gas feed, the other extreme zone is reheated (regenerated) by the high
temperature gas mixture. So, when the flow direction is reversed, the role of bed
extreme zones is swapped. By continuing to reverse periodically the gas flow
direction, the heat is kept inside the solid bed, achieving temperature evolutions
featuring maxima in the central zone, higher than the ignition temperature of
reactant. It is worth noting that the maximum gas temperature increase in the bed is
much higher than the adiabatic temperature rise (AT.q) of the reaction system [15].
As illustrated in Fig. 2-B, the two marginal zones of the solid bed serve mainly for
heat storage and gas heating, so they can consist of a solid inert, cheaper than the
catalyst (Fig. 1-B). Thus, in the RFR, the role of the relatively expensive gas-gas
heat exchanger is played by the two zones of inert solid, accommodated in the same
reactor shell. In these zones, the heat transfer warranting the gas preheating takes
place between solid and gas, across an interface characterized by a very high contact
area (usually over 1000 m?*/m* of bed, much higher than that feasible in heat
exchangers). Regularly, the lengths of the two inert zones at the bed borders are
identical and the total volume of inert material is equal to the volume of catalyst [16].
The time interval between two successive flow reversals is called semi-cycle or
semi-period (ts.), two semi-cycles defining a cycle, or a period (t—= 2 ts). Keeping
identical feed conditions for both flow directions, after a sufficiently high number of
flow reversals, the temperature and gas composition variations along the bed are
stabilized: at same time durations in respect with flow reversal instant, the axial
concentration and temperature profiles are identical in every cycle (cyclic stationary
state). The axial evolutions corresponding to two successive semi-cycles are
symmetrical relative to the cross midsection of the bed (Fig. 2-B).

The RFR (regenerative) autothermal technique has several advantages, as compared
with the classical recuperative autothermal operation techniques (involving heat
exchange across a solid wall): (a) The autothermal operation is possible, in practice,
even at significantly low values of the adiabatic temperature rise (ATaq), character-
rizing the reaction system, i.e. AT.a even below 20 °C according to Matros and
Bunimovich [13], or ATa.q values of minimum ~30 °C, according to Zagoruiko [10].
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Fig. 2-A. Solid temperature evolutions in a (initially Fig. 2-B. Typical solid temperature

hot) fixed bed including a central zone of catalyst evolutions in the fixed bed at the final
and two marginal zones of inert, when contacted by moment of a semi-cycle (curves 1 and 2) and
a colder flowing gas containing a reactant at the half of a semi-cycle (curve 3 identical
(exothermal reaction). The numbers on the curves for both gas flow directions). The arrows on

represent the moments of time. the curves indicate the flow directions.
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For comparison, recuperative reaction systems are practicable in autothermal mode,
using usual heat exchangers, for reaction mixtures characterized by ATa.g values of
minimum 50 °C. This permits a decrease of energy consumption for lean gas mixture
processing, as compared with steady-state recuperative reaction systems.

(b) The RFR presents a higher stability at feed perturbations, as compared with
steady-state reactors. The variations in the feed reactant concentration and/or feed
temperature do not have a significant effect on the main RFR process parameters,
i.e. values of reactant conversion and maximum solid temperature. This
characteristic is explained by high thermal inertia of catalyst bed and high ratio of
solid and gas heat capacities. However, numerical studies have evidenced that
periodic perturbations in feed concentration or flow rate can induce reactor
instability, for particular ratios between flow reversal cycle and the feed variation
cycle [17, 18].

(c) The specific temperature profile along the bed, for the RFR, is advantageous for
exothermal reversible reactions (the lower temperature on the last zone of the bed
increases the equilibrium conversion).

(d) The processing plant including a RFR is characterized by a lower pressure drop,
as compared with the traditional scheme, mainly due to elimination of heat
exchangers.

However, a significant inconvenience of RFR is the elimination of small amounts of
untransformed reactant mixture (confined in the voids of the inlet zone of the bed and
adsorbed on the solid surface of this zone), into the exit gas stream, immediately after
the moment of flow reversal. However, except for short reverse flow cycles (t.), this
inconvenience is tolerable in practice. An alternative construction principle, avoiding
this disadvantage, is the rotary reverse flow reactor, in which the bed turns around its
axis, the reagents feed and the product outlet being realized using segmented fixed
heads. This construction needs a smaller number of valves and eliminates the emission
of untransformed reactants, by an auxiliary gas circuit [19, 20, 21].

The bed of RFR can consist of randomly arranged solid pellets, of different
geometries, or ordered structures (solid monoliths). Energetic performances of pellet
beds and monolithic structures were compared by Kushwaha et al. [22, 23]
respectively by Amelio and Morrone [24]. The results evidenced that the cheaper
random solid pellet beds exhibit higher thermal efficiency but are inducing higher
pressure drop of gas in the bed and significant diffusional kinetic limitations within
the catalyst pellets. On the other hand, the use of monolith beds features a lower
pressure drop and insignificant diffusional limitations but gives rise to faster
temperature variations (due to a low thermal capacity). A practical compromise
involves using a pellet bed, more cost-effective than a monolithic structure, with the
catalyst confined to a thin outer layer at the pellet periphery, known as an egg-shell
distribution. This type of catalyst distribution, which is readily achievable in
practice, enables the use of relatively large pellets with minimal internal diffusion
limitations, while also resulting in a relatively low gas pressure drop.

A drawback in the operation of the RFR is the occurrence of temperature spikes (hot
spots) at catalyst bed extremities, in cases of frequent, positive feed concentration
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perturbations. A proposed solution to this problem is the increase of solid bed
thermal dispersity, by inserting metal rods inside the bed [25].

3. Published experimental studies of the catalytic RFR

The experimental setups necessary to investigate the RFR process are rather
complex, requiring minimum amounts of solid catalyst and solid inert, adequate
instrumentation and a suitable control system insuring the valve manipulations.
Small scale experiments performed on laboratory or pilot setups (typical bed volume
of 0.3-10 L) are useful in the identification of the working intervals of the main
process variables ensuring the chemical transformation, the influence of the mass
and heat transfer on the chemical kinetics, the dependence of switching time on the
working conditions etc. However, small-scale thermally insulated RFRs present the
inconvenience of a significant influence of thermal insulation on the thermal regime
of the reactor, i.e. on the temperature evolutions in the bed [14].

An important number of published studies investigated the elimination of organic
compounds from lean gaseous mixtures by catalytic combustion; many of these
studies are focused on the performances of different catalysts usable in this aim.
Methane, usually not considered as a VOC (being nontoxic and not contributing
significantly to the formation of photochemical smog) is an important greenhouse
gas, having a global warming potential over 20 times higher than that of carbon
dioxide, so its emissions into atmosphere are subject to environment regulations. By
methane oxidation to carbon dioxide (combustion), its greenhouse effect will be
reduced by a factor of about 20. In addition, methane is a significant source of
energy, so that capture and combustion of methane fugitive emissions could bring
also economic benefits. Important methane fugitive emissions take place from coal
mines, oil and gas sector, landfills etc. [26, 27]. Due to the low methane
concentrations typical for these gas emissions (under 1.0 vol.%), catalytic
combustion using the reverse flow technique is the most effective, allowing
autothermal operation.

Similarly, other published works investigate the performances of RFR technique in
the elimination of different VOC’s (hydrocarbons, solvents etc.) by combustion on
different catalysts. The main experimental studies published in the last two decades
in this domain are systematized in Table 1. Further data regarding the performances
of the VOCs catalytic combustion using RFR technique, over noble metal or non-
noble metal oxides catalysts, are provided in references [6, 14, 15, 28]. Other RFR
applications investigated include methanol synthesis, ammonia synthesis, methane
reforming, SO, oxidation in diluted mixtures and reduction of nitrogen oxides by
ammonia in the waste gases resulted from nitric acid production [10, 13].

The RFR technique has been implemented at commercial scale since the years 1980,
the main applications being reported in the domain of SO, oxidation in diluted gas
mixtures (0.5 % to 3.5 % SO» in moles) and catalytic removal of volatile organic
compounds from lean residual gases. The first commercial scale RFR was
implemented for SO, oxidation at a non-ferrous smelter in Krasnouralsk (Russia) in
1982. After this date, other similar installations were put into operation in Russia,
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China and Bulgaria [10]. In the domain of VOC removal by catalytic combustion,
the first RFR application was put into operation at a Novosibirsk Chemical Plant,
Russia, in 1984.

Currently, hundreds of such plants are in operation worldwide. In 1989, a NOy
decontamination plant-based on the same RFR principle and employing ammonia
for NOy reduction-was commissioned at the Byisk Oleum Plant in Russia [10].

Table 1 Experimental studies of the catalytic RFR technique

. Cycle
Chemlcal. Catalyst/bed durz;tion, Aim of the study References
transformation type te (5)
Methane to RW/ALO3; <10 Modelling and Pourghadiri and
syngas (partial - monolith simulation; Sari [29]
oxidation)
VOC combustion | Not specified; >3000 Comparison of RFR Zazhigalov et
(toluene) - catalyst pellets with axial, side, or al. [30]
tangential gas
inlet/outlet streams.
General schemes Pd/ y- alumina; 100 +4000 | Modelling and Mastroianni et
for first order - catalyst pellets simulation. Test of al. [15]
reactions. internal diffusion
Test for C2H4 effects.
oxidation.
VOC combustion | Not specified 600 RFR control study Aksikas [31,
(methane) (linearized model) 32]
NH3 oxidation Pt/support 4+3600 Theoretical study of Budhi [33]
- catalyst pellets RFR with side feeding.
Effect of feed position.
VOC combustion | Pd/y- alumina; 840 Theoretical study of the | Li et al. [34]
(methane- instability generated by
propane) periodic oscillations in
feed concentration.
VOC combustion | CuO/y-alumina; | 600+3600 | Modelling and Sophiana et al.
(benzene) - catalyst pellets simulation; [35]
VOC combustion | Mn and Cu < 400 Theoretical comparison | Luzi et al. [36]
(ethanol and ethyl | oxides mixture; between classical RFR
acetate mixture) - monolith and rotary RFR

Economic estimations showed that the use of RFR technique in SO, oxidation allows
a decrease in metal needed, by a factor of 1.5 to 5, a 30-50% lower pressure drop,
20-80% lower capital costs, and 5-20% lower operating costs. Similarly, by applying
the RFR principle in catalytic VOC removal, the operating costs are reduced by a factor
of 5, in comparison with a conventional unit using external heat exchangers [13].

4. Published theoretical studies of the catalytic RFR

The principles and particularities of RFR modelling are detailed by Matros and
Bunimovich [13] and Matros [37]. The process occurring in a reverse flow reactor
can be described by unsteady state (dynamic) mathematical models of different
complexities. Due to the symmetry of the process in the cylindrical beds, the most
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used mathematical models consider two directions of transport in the bed (axial and
radial) particular for 2D models or a single direction (axial), specific for the simpler
1D models. The main phenomena taking place in the unsteady catalytic fixed bed
reactor are gas-solid mass and heat transfer, intra-particle mass and heat transport,
convective heat and mass transport in the gas phase, heat transport inside the solid
by effective conduction, heat and mass transport in the gas phase by dispersion, loss
of gas pressure, and heat and mass accumulation in the two phases.

The most popular are the 1D models, which are simpler and provide reasonably
accuracy for reactor design, simulation or optimization calculations. In commercial
applications, the relatively large bed diameters correspond to thermal regimes
practically adiabatic and a gas velocity profile approximately flat, so that 1D models
describe adequately the process. However, in the modelling of pilot or laboratory
reactors, having relatively small diameters (typically lower than 0.18 m), the radial
heat transfer should be taken into consideration [13, 14].

More complex three-dimensional modelling was used by Zazhigalov et al. [38] to
calculate RFRs featuring design asymmetries (radial and tangential gas feeding),
leading to significant radial gradients of temperature, concentration and fluid
velocities in the catalytic bed.

The main theoretical studies published in the last two decades in this domain are
outlined in Table 2.

5. Heat balance of the reverse flow reactor over a semi-cycle

5.1 Heat balance equations over a semi-cycle

The overall heat balance of the RFR over a semi-cycle (the time interval between
two consecutive flow reversals) is described by the equation:

O, +0+ 0 =0 + QS] or

Table 2 Theoretical studies of the catalytic RFR technique

tcrgfllslz)cri:lation Catalyst/bed type () i{lf:l"cz:(c):eristics References
VOC combustion Mn/cordierite; 480 + 960 Li=100 mm; Liang et al.
(toluene) - monolith Lc=50 mm; dt=29 | [39]
mm,;
VOC combustion Pt/ vy- A1203 1200 dt=60 mm,; Chen et al. [40,
(methane) - catalyst pellets Li=2x0.5 m; 41]
Lc=0.4 m; dp=3+5 | See also [42]
mm
Methane Zr-Cu-Ce-Mn/ 600+ 1200 | Le=1.5m Li et al. [43]
combustion alumina/ monolith (monolith);
Li=2x2.4
m (monolith);
VOC combustion CuO-MnO2/ y- 400 + 800 Lc=200 mm; Urbani et al.
(methane with HoS | AI203 pellets; mol. dt=50 mm; Li=2x | [44]
impurity) sieve 5A as HaoS 100mm (inert and
adsorbent adsorbent)
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tcrgfllslz)criilation Catalyst/bed type te (s) ?he:rc:::eristics References
NOx reduction - V/TiOz/cordierite; | 100 + 600 Lc=0.5 m; dt=57 Muiioz et al.
with NH3 - monolith mm Li= 2x0.2 m [45]

(pellets)
VOC combustion - Pd/cordierite; 200 + 1200 | Lc=0.2 m; dt=50 Fernandez et
(methane) commercial mm; Li=2x 0.1 m al. ([46, 47]
monolith (monolith) See also
(CPO-5 M BASF) [48,49]
Oxidative - dolomite; Not L=Lc=0.620 m; Tuna et al. [50]
reforming - catalyst pellets provided dt=0.152 m
of tar components (outer);
S0O2-CO mixture -Pt (Zr)/glass 900 Not provided Zagoruiko and
oxidation fibers andV20s Vanag [51]
VOC combustion -Cu/molecular 240 and 600 | L=2 m; Lc=0.5 m; | Huang et al.
(isopropyl alcohol) | sieve; Li=2x0.75 m; [52]
- catalyst pellets Bed section See also [53]
0.15x0.15 m
VOC combustion Pd/ CeOs -ZrOy/ 200 + 1800 Lc=0.25m; Marin et al.
(methane) cordierite monolith Li=2x0.125 m [54]
(Engelhard) (monolith); dt=50
mm
VOC combustion - Pt/ y- alumina; 600 and Lc=0.25m; Marin et al.
(hexane-toluene) - catalyst pellets 1200 Li=2x0.125 m; [55]
dt=50 mm
Autothermal Rh/AL203 100 + 2400 | Lc=20 mm; Simeone et al.
reforming of (Engelhard) Li=2x60 mm; [56]
methane - pellets
VOC combustion Mn oxide / y- 1200 L=0.496 m; Fissore et al.
(methane) Al203; Lc=0.246 m; [57]
- catalyst pellets Li=2x0.125 m; See
dt=51.7 mm; also [58,59]
Autothermal Pt-Rh/alumina; 30 Lc=10 mm; Neumann and
reforming of - monolith Li=2x110 Veser [60];
methane mm (monolith); See also [61-
dt=18 mm, 64]
VOC combustion Non-noble 120 =+ 700 Li=2x 0.65 m Kushwaha et al.
(methane) metal/alumina; (ceramic [22,23]
- catalyst pellets. monolith); Lc See also [26,
=0.60 m (Raschig |27, 65]
rings)
dt=0.2 m;
VOC combustion - Precious metal on | 7200 Li=2x2 m (granite | Chou, Cheng
(methyl ethyl a monolith structure gravel, dp=12.5 and Lee [66]
ketone and toluene) | (7.5 cm? x 20 cm mm as inert );
height). dt=0.2 m; catalyst
bed.

0 +0.,=0,

In the above equations:
Oso, Osr- the sensible heat content of the solid bed at the beginning and at the end of
a semi-cycle, respectively;

(1)
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Oic ,Okc- the sensible heat fed and respectively removed from the reactor by the gas
flow;

O, — the heat released by the VOC combustion reaction;

0O,- the amount of sensible heat accumulated in the gas phase crossing the bed:

0=0,-0,= j D.c [T,(t,L)-T,]dt ®

Q. -the amount of sensible heat transferred from the solid phase:

0, =03 —0y =[S py ¢ 1=2)[T;(0,2) Ty (t,,,2)]dz ()

O, = [ Dyyuo X ,(t. L) (~AH ) dit )
0

Due to the symmetry of the solid temperature profiles at the beginning and the end
of a semi-cycle, the heat contents of the bed, Qyrand Qs are identical, so Q.,=0, and
the equation (1) becomes:

Or=0p &)
This result signifies that, at thermal regime stabilization, the amount of heat released
in the VOC combustion during a semi-cycle, is entirely removed from the bed, by
the gas phase. Consequently, after the thermal regime stabilization, the sensible heat
content of the bed at the beginning and the end of a semi-cycle are the same, the
main phenomenon taking place during a semi-cycle, being the displacement of the
sensible heat by the gas phase, inside the solid bed.

5.2 The thermal recovery efficiency

A parameter proposed to characterize the autothermal reactor operation is the
thermal recovery efficiency achieved in the system, 1, defined by the relations [14,
67]:

For the classic reactor-heat exchanger system:

e (6)
Qr TQy

Q- the heat that can be recovered in the heat exchanger, in Fig. 1-A (with external

heat exchanger) or the heat accumulated in the solid bed, available for preheating the

gaseous reactants in Fig. 1-B (RFR);

Qpn- the heat consumed to preheat the reactant mixture to the ignition temperature,

required by the reaction.

Considering a single reaction, for a recuperative scheme (Fig. 1-A) the amounts of

heat appearing in relation (6) are reported to the unit of time (

Or =Dy, 0 X, (-AH ) ), whereas for the RFR (Fig. 1-B), these are reported to the
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duration of a semi-cycle, t, (the time interval between two successive flow
reversals), (QOr is replaced in (6) by QO,, defined by relation (4)).
For the RFR technique, Qs has the expression:

Q =[SU-2)p,c,(T,(2)-T,,) dz

An autothermal operation is possible when the amount of heat required to preheat
the supplied gas is lower than the amount of heat accumulated in the bed
(respectively that recovered in the heat exchanger).

Qu<Q or Q =n(Q,,+Q,) ™)
At constant reactant feed flowrate (Dwma ), constant mass flowrate (D), and total
reactant conversion (Xa=1), by approximating constant exit temperature and
constant physical properties of the gas:

Qph = Dm Cpg A’Tphtsc 5 A’Tph :Tign -TGO
-AH ®)
Qr :Dm cpg A’Tad tsc; A’Tad ZM
M,c.

Tign — ignition temperature; AHgra- enthalpy variation in the combustion reaction,
reported to one mole of reactant; yao- mole fraction of reactant in the feed; cpg, M -
the specific heat and average molar weight of the gaseous mixture; ATa - the
adiabatic temperature rise in reactor.

Substituting in (7) one obtains the feasibility condition for the autothermal regime:

1—
AT, >—LAT,, ©)
N

The value of the parameter AT,q is dependent on the reactant concentration in the
feed and the value of reaction enthalpy respectively, while the value of AT, depends
on the activity of the catalyst (ignition temperature) and the temperature at which the
reactants are available.

Experimental and theoretical studies evidenced values of thermal recovery
efficiency of approximately 70% (n=0.7) for the classical system with external heat
exchanger (Fig. 1-A), and between 90% and 95% (n=0.9 + 0.95) respectively for the
reactor operated with periodic flow reversal [14]. The condition (9) is represented
graphically in Fig. 3, for typical n values characterizing the two autothermal
operation techniques [67]. The lines equations in this diagram correspond to equality
sign in expression (9).

The upper area over each line corresponds to the domain on which the inequation (9)
is fulfilled, i.e. on which the autothermal regime is achievable, for the corresponding
technique. In situations where inequation (9) is not fulfilled (the area under each
line), the heat released in the process is not sufficient to preheat the mixture fed into
the reactor, an additional source of energy being required. For the reactor with
periodic flow reversal (represented by the solid blue line), the ATag domain is more
extended towards small values. This means that the reactor with flow reversal allows
autothermal operation at lower values for ATa., as compared to the classical
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technique (reactor-external heat exchanger system/ dashed red line). Consequently,
the RFR offers more extensive possibilities for saving energy, the difference between
the two techniques being represented by the region between the two lines.

10% T J
[ Autothermal operation is ]
- feasible (the heat generated -
. . . . -
I inreaction is higher than =07 PPt 4
that necessary to preaheat ’_a”
| the reactants). e 7
.-
-
-
£ 102 = -
'_g L _,—"’ ]
< ;_,—’
F 7=0.95 7
10" Autothermal operation —
C is not feasible ]
> I L I I [

o
ATph’ C

Fig. 3. Domains of autothermal operation represented in the ATad-ATph diagram
(adapted from Baresi et al. [67])

6. Design principles of the RFR

As expected, the design procedures for unsteady state operated reactors are more
complex, compared with the corresponding steady-state operated ones. Design
principles for the RFR were formulated only in a relatively small number of
published studies [17, 21, 67, 68]. These studies emphasize that the main parameters
having to be considered in RFR design are the duration of a semi-cycle (ts), the feed
reactant concentration (yao), the inlet gas superficial velocity (u) and the fixed bed
zones lengths (L., L).

The feed reactant concentration and the gas velocity are the main parameters
influencing the maximum temperature attained in the bed and the extension of the
high temperature zone. In order to achieve the autothermal operation regime, the
maximum temperature should be higher than the reactant ignition temperature. On
the other hand, the length of the high temperature zone must be sufficient to achieve
the required conversion of reactant (particularly important in pollutant combustion
applications).

According to Barresi et al. [67] and Luzi et al. [21], the main steps in the design of
the RFR (for a selected catalyst, a gas flow rate to be processed and a desired reactant
conversion) are the following: a) Selection of the catalyst bed type (fixed bed of
catalyst pellets or monolith structure). The criteria adopted in this selection are a
good utilization of the catalyst (minimization of limitation effects induced by
physical steps on catalytic process kinetics, particularly by internal diffusion), a high
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thermal capacity of the solid bed and a low gas pressure drop in the bed. As shown
above, the monolith bed provides a good utilization of the catalyst (thin catalyst
layer), a low gas pressure drop but a relatively low thermal capacity (high bed
porosity) and a higher manufacturing cost.

A fixed bed of relatively large catalyst pellets, with the catalyst distributed in a thin
layer near the external surface (egg-shell distribution), permits to avoid the limiting
influence of internal diffusion, assuring at the same time a relatively high thermal
bed capacity and a relatively low gas pressure drop. An important decision to be
taken in this step is also selection of the shape and size of the catalyst pellets. To
ensure good gas-solid heat and mass transfer, the most advantageous are the shapes
that maximize the ratio between external surface area and volume of the pellet, such
as monoliths, wagon wheels, rings, trilobes [69]. However, due to their relatively
lower manufacturing cost, the common spherical or cylindrical shapes are frequently
preferred.

b) Selection of the reactor spatial velocity (WHSV or GHSV) value, in the interval
recommended by the catalyst provider and calculation of necessary amount of
catalyst for a steady state fixed bed reactor. In the case of RFR, a larger catalyst
quantity (longer catalyst bed) is necessary, in order to keep the high temperature
front inside the catalyst, to reach the required level of reactant conversion. In their
RFR design study (VOC combustion), Barresi et al. [67] doubled the amount of
catalyst calculated for steady state fixed bed reactor. In addition, two supplementary
beds of inert solid should be placed before and after the catalyst bed, to ensure the
regenerative heat storage and exchange. As already mentioned, the same authors
suggest using a total volume of inert equal to the volume of catalyst bed. However,
these are empirical assumptions. More rational is to determine the volumes of
catalyst using optimization calculations based on economic criteria.

c) Calculate the diameter and length of the bed, assuming a value for gas velocity in
the feed section. Large reactor diameters correspond to low gas velocities and low
pressure drops. The presence of an inert bed before the catalyst guarantees a uniform
gas distribution across the catalyst bed, even at low gas velocities. However, low gas
velocities lead to high extra-particle concentration and temperature gradients,
limiting the chemical transformation kinetics; therefore, the gas velocity should be
carefully selected. Usually, the feed gas superficial velocity is chosen in the interval
0.1-0.5 m/s.

d) Determine, by successive reactor simulations, the duration of a semi-cycle (ts).
An adequate mathematical model of the process is necessary in this aim. A one-
dimensional heterogeneous model satisfies usually the accuracy demands for the
reactor design. Two aspects should be taken into consideration in the selection of tg:
(1) the decrease of ts increases the maximum temperature attained in the bed; (ii) the
valves used to switch the gas flow direction are resisting to approximately 500 000
strokes [67], so the choice of ti will directly influence the life of the valves.



404 Bozga G. and Banu 1. / Autothermal operation of catalytic fixed-bed reactors ...

7. Case study: combustion of a volatile organic compound in a reverse flow
reactor

7.1. The mathematical model

In what follows, will be presented a theoretical study of methyl methacrylate (MMA)
catalytic combustion in a fixed bed reactor with periodic flow reversal. MMA is an
important monomer included in the class of VOC. MMA combustion in air diluted
mixtures, on Pt (0.5 wt %)/ y-alumina, can be modelled as a first order reaction, due
to the large excess of oxygen [70]:

Vea=kp,; k=k, exp(-%); k,=17284 kmol kg''s" bar"; E=60.84 kJ/mol

(10)
pa- partial pressure of MMA.

The spatial distribution of Pt in the alumina pellet is considered of ’egg-shell’ type,
i.e. Pt is distributed only in a thin zone (having a thickness of 0.25 mm), situated in
the proximity of external pellet surface. The Pt concentration in this active zone is
considered 0.5 % (wt). The considered constructive and operational reactor
characteristics are given in Table 3.

Table 3 The parameter values used in the simulation of the RFR for MMA combustion

Parameter Notation Value
Diameter of the catalyst bed (m) 0.3

Total length of the solid bed (inert and catalyst) (m) L 1.34
Length of the catalyst bed (m) 0.67
Length of each inert solid zone at solid bed extremities (m) Li 0.335
Feed temperature of the gaseous reaction mixture (°C) Tao 25

Initial temperature of the solid bed (°C) Tso 210
Solid particle diameter (spherical), mm dp 6
Particle density, kg/m? Ps 1327
Thickness of catalytic zone in the catalyst pellet, mm 0.25
MMA molar fraction in the feed Yo 0.000185
Superficial velocity of the gas in the feed section of the bed

(m s) u 0.26
Reaction enthalpy (J mol) AHgra -2600000
Adiabatic temperature rise (K) ATad 16

VOC ignition temperature (°C) Tign 210

The simulation study is based on a one-dimensional, heterogeneous, axial dispersion
model. This consists of the mass and heat balance equations for the gaseous and solid
phases, (11)—(14), formulated in the following hypotheses: (i) adiabatic operation;
(i1) negligible accumulation of gas components in the pores of catalyst pellet; (iii)
isothermal catalyst pellet; (iv) external concentration and temperature gradients
insignificant; (v) the limiting effect of intraparticle gas diffusion is characterized by
the internal effectiveness factor concept; (vi) the transport of mass and heat in the
gas phase take place essentially by convection and axial dispersion; (vii) the only
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reaction of MMA is its oxidation to CO»; (viii) isobaric operation (1 bar); (ix) the
solid bed includes a central catalyst zone (pellets containing Pt/alumina) bounded by
two identical zones of inert (y-alumina pellets), as shown in Fig. 1-B.

W 46 62)/ _ o,
—F=eD ——u—"—ka(y,-V) 11
o oz’ oz TR (1
kc,‘av Ct(yAG_yAS)zpp(l_g)n[vRA(yASBTS) (12)
oTy, o'T, T,
EPGC G _8t =&l —822 —UPGC G E +aa (T, -T,) (13)
or, oT
(I-e)peg —— =4, — +CAH, YA =&)p 1 v, (v, T) —aa (T —=T)
ot oz t

(14)

The initial conditions:
t=0, 0<z<L, yo=yu I=1; Ti=TI§ (15)

The boundary conditions:

0
z=0,t>0: u(y,,—y,;)=—¢D, 36’;0 :

oT, oT, ; (1
U PoCpe (Toy —16) =~ G_ZG; 8_ZS:O
z=11>0: e e s (17)
oz 0z Oz

yaG, Yas — MMA molar fractions in the gas and solid respectively; Tg, Ts- gas and
solid temperatures; kg, o - gas to solid mass and heat transfer coefficients; py, pG —
catalyst pellet and gas densities; Di, Arg- axial dispersion mass and heat transport
coefficients; n;- internal effectiveness factor; u- superficial velocity of the gas; a,-
gas to solid specific contact area; Ars- effective axial heat conduction of solid in the
bed; Cps, Cpc — specific heats of solid and gas respectively; Ci- total molar
concentration in the gas; - interparticle porosity of the solid bed; t,z- time and axial
coordinates.

Note that the differential balance equations (11) to (14) are valid also for the inert
solid, by nullifying the reaction rate term (vz4).

7.2 The expression of internal effectiveness factor

The MMA combustion on Pt/alumina is a fast reaction, the internal diffusion having
a limitation effect on the MMA combustion, even at thin catalyst layers in the pellet.
To include this effect, it is used the effectiveness factor concept.

The mass balance equation inside a spherical catalyst pellet with egg-shell type
distribution (Fig. 4) and its solution for single reactions are presented in Table 4.
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Using the expression of the MMA concentration inside the pores of the catalyst
pellet, it is calculated the internal effectiveness factor, by the relation:

()
i = (V;}RA ; ‘715/:) = 13 SextDef (dCAj (23)
Vet (Cys) (1-x)V, dr )._p

By performing analytical calculations, the effectiveness factor expression is
obtained:

_ 3 (¢’x,~Dsinh[p(1-x,)]+p(1-x,) cosh[p(1 - x,)]
P (1-x) sinh[¢(1 - x,)]+ @x, cosh[p(1 - x)]

In the above expressions are used the notations defined in Fig. 4. In addition: Der—
effective diffusivity of reactant A inside the porous catalyst pellet, calculated by
Bosanquet formula, considering both molecular and Knudsen diffusion mechanisms;
Sexr and V), are the external surface area and volume of the pellet. For a spherical
pellet: Sex/Vy=3/R,.

1, 24)

Table 4 The solution of mass balance equation in a spherical pellet with egg-shell type distribution of

catalyst
1 d dC v v
a0 o, e
d2
#—qﬁy:O; x=r/R; y=C,x

(19)
o ko oo <23

¢ _R])D_’ kv _pkaT

o
Equation (19) has the general solution:

1 )
y=A4e"+ 4e”™ o C, = ;(Ale‘” + Aze""‘)

(20)
A1 and A: are calculated from the boundary
conditions (Fig. 4): ! i [,
r dC 0 i Ry '
x=1,C,=C,; x=x=—1, —4=0 @] . .
Rp dx Fig. 4. Sketch of a spherical pellet with
egg-shell type distribution of catalyst.
4 _Cus (1+¢x) exp(-px) ge-shel b y
' 2 sinh[p(1-x,)]+@x, cosh[p(1-x,)]"  (22)
A :ﬁ (¢xi - ]) eXP(WQ)

2 s

2 sinh[@(1—x,)]+ ¢x, cosh[p(1—x,)]

The values of the interphase (gas to particle) mass and heat transfer coefficients and
the ones of the effective axial transport coefficients were calculated using
correlations published in the literature [71,72].

The system of nonlinear partial differential equations (11)—(14) was integrated
numerically, using the method of lines, by an own code developed in Matlab
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programming environment. This involves the approximation of spatial partial
derivatives by the central difference method and the integration in time, of the
ordinary differential equations system thus obtained.

It was considered that initially the bed has a uniform temperature and does not
contain reactant (yai=0). After the change of the feed point, the initial conditions are
represented by the states at the moment of flow reversal. It should be also
emphasized that the values z=0 and respectively z=L are systematically assigned to
the gas entry and exit positions respectively.

7.3. Reactor simulation results

Figures 5-A and 5-B presents the stabilized profiles of gas and solid temperatures
along the reactor, at different moments of time, during a cycle (forward and reverse
flow semi-cycles). Due to the relatively high interphase heat transfer, the gas and
solid temperatures are very close, so the curves are superposed. From these diagrams
one can observe the development of a cold zone of the bed (due to gas preheating)
in the vicinity of the inlet section of the bed and its extension in time. Also, due to
the heat evolved in the reaction, hot spot zones are developed, which displace
continuously along the bed. The shift of these hot zones along the solid bed is also
evidenced in the tridimensional diagram pictured in Fig. 6 and the corresponding
heat transferred from the solid phase (calculated by relation (3)) is given in Fig. 7.
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Fig. 5 Temperature evolutions along the bed, during a cycle: A-forward gas flow semicycle;
B —reverse gas flow semicycle. Continuous lines: gas temperature; dotted lines: solid temperature.
The vertical dashed lines represent the limits between the catalyst and inert zones of the bed.

Figures 8-A and 8-B illustrate the evolutions of VOC conversion (reacted VOC
fraction) along the solid bed, corresponding to the temperature evolutions presented
in Figures 5-A and 5-B. The conversion increase is relatively sharp, due to the fast
combustion kinetics in the working conditions.

For the operation conditions given in Table 3 and the simulation results already
presented, considering the ignition temperature Ti,,=210 °C, it was calculated a
thermal recovery efficiency of the reactor, 1=0.93. The ignition temperature was
approximated as the temperature necessary to attain a VOC conversion of 50 % [73].



408

Bozga G. and Banu 1. / Autothermal operation of catalytic fixed-bed reactors ...

This was determined from the experimental conversion-temperature curves for
MMA, published by Banu et al. [70].

= - N N}
=} a =} A
S =} S =}

Temp solid, ° C

o
=]

Fig. 6 Axial and time evolutions of the solid temperature

in the RFR reactor.
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Fig. 7 Time evolution of the amount of
sensible heat transferred from the solid
phase (relation (3)). Forward gas flow. 1-
a semi-cycle before stabilization; 2- at
cyclic stationary state.
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Fig. 8 VOC conversion profiles along the reactor bed: A-forward gas flow semicycle;

B — reverse gas flow semicycle.

The RFR heat balance analysis shows that, when operating in a stabilized regime
(cyclic stationary state), the autothermal operation mechanism consists in the
displacement of solid sensible heat (essentially by the intermediate of gas phase),
from the bed zone adjacent to the feed section, towards the bed zone preceding the
gas exit. The heat transferred from the solid for preheating the gas in the first zone
of'bed is recovered from the heat generated in the reaction, which accumulates in the
area adjacent to the gas exit [74]. So, the sensible heat content of the solid bed at the
end of semi-cycle, is the same as that at the beginning of semi-cycle (Fig. 7), i.e. the
profiles of solid temperature at t=0 and t=t, are symmetrical as shown in Fig. 5.
The RFR reactor simulation studies led to the following observations:
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- The increase of the gas flowrate leads to the expansion of the cooled zone of the
solid and the contraction of the high temperature zone, having as consequences the
decrease of VOC conversion and the flattening of the maximum temperature.

- The increase of VOC concentration in the feed leads to an increase in the
temperature of the bed, as result of the increase of transformed VOC amount and the
augmentation of heat released in the solid bed.

- The increase in the duration of the semi-cycle (ti), leads to the expansion of the
cooled zone of the solid, with the contraction of the high-temperature front and its
displacement towards the bed exit, with possible decrease of VOC conversion, if the
high-temperature front leaves the catalytic zone. At given working conditions, there
is a maximum value of t., beyond which stabilization is no longer possible. The
decrease of ti value leads to tighter cooled zones, higher reaction temperatures, and
increased VOC conversions.

7.4. A sensitivity analysis of the RFR

The transport and transfer parameters involved in the process model (Di, Arg, ALs,
Det, 0, kg) are calculated, with inherent errors, using literature correlations.
Therefore, in addition to RFR simulation, it is interesting to calculate the sensitivity
of temperatures and reactant conversion profiles, in respect to the model parameters.
The temperature and conversion sensitivity coefficients, in a point along the reactor
axis, give information on the effect of potential errors in the parameter calculation,
on the local temperature or reactant conversion.

The normalized sensitivity coefficient, of the variable y with respect to the variable

0, s, is defined by the relation [75]:
, O
007y

y and 0 are the corresponding nominal values, at which the sensitivity coefficient

(25)

is calculated.

For the simulated RFR, the numerical calculations evidenced that the highest
sensitivity values occur in respect to interphase heat transfer coefficient, a. The
result is explicable, as the value of this parameter gives the intensity of interphase
heat transfer (from the solid phase to the flowing gas in the reaction zone, and
respectively from gas to solid in the zones of heating the solid), the essential
phenomenon in the RFR process mechanism.

The sensitivities of gas temperature and reactant conversion respectively, in respect
to gas-solid heat transfer coefficient a, are presented in Fig. 9. The results show that
both conversion and gas temperature sensitivities feature zones of both negative and
positive values. The zone of negative sensitivity of gas temperature (in the
neighborhood of x=0.4, Fig. 9-A) corresponds to a potential extension of cooled zone
of the bed, when increasing the interphase heat transfer coefficient. The temperature
decrease leads to a decrease in reaction rate, and consequently to a negative
conversion sensitivity (Fig. 9-B). The zone of positive temperature and conversion
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sensitivities lies on the catalyst area of the bed, where the occurs VOC combustion.
An increase of the interphase heat transfer coefficient leads to an increase of gas
temperature and reactant conversion on this zone. Both sensitivities present a
maximum around x=0.55, the point corresponding to the maximum of the VOC
combustion rate. Around this point, the difference between the solid and gas
temperatures (7s-7g) is maximum (Fig. 10). Beyond this point, the value of the
difference T,-T, diminishes, and the gas temperature sensitivity with respect to a
decreases, remaining positive. At a point close to the boundary between catalyst and
inert region (x = 0.75), Ti-T, passes from positive to negative values (7, becomes
higher than T;), beginning the region of solid bed heating. The difference 7i-7,
continues to decrease (7 - T increases) stabilizing on the vicinity of the bed exit
section. On this second inert zone of the bed, the gas temperature sensitivity presents
a local maximum, around x = 0.90.
From the temperature sensitivity coefficient presented in Fig. 9-A, it can be
estimated that, in the point of maximum sensitivity, an error of 10 % in the evaluation
of a, typical for published correlations, leads to an error of approximately 8 K in the
calculation of the gas temperature, and respectively 4% in the calculation of the VOC
conversion [74,75]. These results emphasize the importance of using adequate values
of the interphase heat transfer coefficient. However, in design studies, experimental
data are often lacking, literature data being the single source of information. In these
cases, it is suggested to use average values provided by two or more correlations,
recommended for the working domain.

8. Conclusions

This work reviews the main research results in the field of RFR technique, published
in the last decades. RFR principle is already used in commercial applications,
particularly for purification of gaseous effluents by catalytic reactions.

A | B
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i

Fig. 9. Sensitivities in respect to the gas-solid heat transfer coefficient (A — Gas temperature
sensitivity B— VOC Conversion sensitivity). Left-to-right flow; t;. = 1800 s.
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Fig. 10 The difference between solid and gas
temperatures along the bed. Left-to-right flow; tc = 1800 s.

The fixed bed catalytic reactors with periodic reversal of the gas flow allows an
efficient autothermal operation, particularly for the treatment of gaseous mixtures
with low concentrations of reactants, such as the removal, by catalytic combustion,
of volatile organic compounds from waste gases. Compared to the classic process
including an adiabatic reactor and a heat exchanger, the RFR permits to achieve the
autothermal regime of operation at significantly lower values of the adiabatic
temperature rise, thus saving energy.

The fixed bed of the RFR can be constituted of solid pellets or monolithic structures.
An advantageous option is to use catalyst pellets of relatively large dimensions, with
the catalyst distributed in a thin layer at the external surface (e.g. egg-shell type).
This provides a relatively low-pressure drop of the gas, a small pellet resistance to
reactant diffusion inside the catalyst layer (the reaction zone) and a relatively large
heat capacity of the bed.

To evidence the particularity of the RFR process modelling, a detailed case study is
also presented. A sensitivity analysis evidenced potentially temperature calculation
errors that could arise due to the uncertainty in the evaluation of interphase heat and
mass transfer coefficients by the available correlations. Hence, the values of these
parameters should be selected with caution in the RFR modelling applications.
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