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A comprehensive model for a Reverse Flow Reactor was developed and implemented in the present article. The
model consists of the combination of mass and energy balance equations written for a fluid-solid packed reactor,
where the feed and outlet positions are alternated periodically using dedicated boundary conditions. Several non-
idealities were considered, dealing with both the particle and the fluid phases. Different chemical systems were
simulated numerically to investigate the behavior of the reverse flow reactor and to determine the optimal

operation policy. Intraparticle diffusion resistance allowed to predict concentration gradients in each case, while
intraparticle heat transfer was demonstrated to be non-influent. The impact of the main kinetic and heat/mass
transfer parameters was checked via a parametric investigation, demonstrating the high flexibility of the model,
even predicting harsh operation conditions. The model was tested in the description of data taken from the
literature, demonstrating a good descriptive power.

1. Introduction

The urgent need to tackle the climate crisis has been the driving force
for the development of new and more efficient reactor technologies. The
minimization of the energy supply to conduct chemical transformations
is one of the fundamental ideas of process intensification and it is of
crucial importance in the journey towards a greener chemical industry
(Anastas and Eghbali, 2010). For exothermic processes, packed bed re-
actors with periodic flow reversal, i.e., reactors in which the feed is
periodically switched between the two reactor ends, might be an elegant
solution to the problem (Salmi et al., 2019). Indeed, reverse flow re-
actors enable to store the heat produced by chemical reactions, which
can be employed to heat up the cold feed to the reactor system (Nieken
et al., 1995, Khinast et al. 2004). The reverse flow reactor concept is
schematically illustrated in Scheme 1. When the catalytic bed is oper-
ated in unidirectional flow mode (e.g., forward flow in Scheme 1a) at a
sufficiently high temperature to ensure the progress of the desired
chemical reaction, a heat wave naturally arises in the catalyst bed as the
catalytic reaction generates heat (Bunimovich et al., 1995). The direc-
tion of the heat wave is the same of the fluid flow inside the catalytic
bed; however, the velocity of the thermal front is lower than the fluid
one. For gas-phase reactions carried out in packed beds (where the
catalyst used as packing material has the typical properties of a ceramic
material), the gas velocity is about 3500 higher than the thermal front

velocity (Marin et al., 2019). Hence, the heat front will migrate toward
the end of the reactor after hours for processes with a residence time of
the order of seconds. Therefore, reversing the fluid flow direction at an
optimal moment of time allows to store the heat inside the catalytic bed.
In this way, the energy released from the chemical reaction is employed
to heat-up the cold feed thus enhancing the reaction rate. After several
switches of the flow direction, an autothermal regime can be achieved,
where the heat evolved in the (n—1)th cycle plus the heat released from
the chemical reaction in the nth cycle equals the heat removed from the
bed from the reaction mixture. The thermal wave moves forwards and
backwards in the reactor, producing an oscillatory steady state. The
temperature rise inside the catalytic bed in reverse flow operation can be
more than ten times higher than the adiabatic temperature rise (Hana-
mura et al., 1993), increasing dramatically the thermal efficiency of the
chemical process.

The first application of the reverse flow reactor concept appeared in
1935 for the purification of gases (Marin et al., 2019), but only the
discourse of the theory brought by the classical work of (Boreskov and
Matros, 1983) fifty years later triggered the industrial interest for this
technology. Nowadays, the reverse flow reactor technology is available
for the oxidation of organic volatile compounds (VOCs) and the oxida-
tion of sulphur oxide (Zagoruiko, 2008). Laboratory and pilot scale in-
vestigations for selective catalytic reduction of NOX (Munoz et al., 2015;
Noskov et al., 1993) and methane reforming (Glockler et al., 2007; Liu
et al., 2009) have been explored and the feasibility of reverse flow
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Nomenclature

A* Dimensionless ratio defined as A* = %ﬁf‘m -
asp Surface area-to-volume ratio, m?/m?®

[4 Concentration, mol/m?

s Specific heat, J/(kg K)

D Diffusivity, m?/s

Degr Effective diffusivity, m?/s

D, Reactor inner diameter, m

D, Axial dispersion coefficient, m%/s

Eq Activation energy, J/mol

F Dimensionless ratio defined as F,, = E‘; ;:Z:s’ -
h Fluid-solid heat transfer coefficient, W/(m? K)

k Kinetic constant, the unit depends on the rate expression

km Fluid-solid mass transfer coefficient, m/s

kref Kinetic constant at T}, the unit depends on the rate
expression

Keq Equilibrium constant, —

Keg,ref Equilibrium constant at Tref, —

L Reactor length, m

n Arbitrary number for o function, —

Nu Nusselt number, —

P Dimensionless oscillation period, —

Pe Péclet number, —

Pr Prandtl number, —

r Reaction rate, mol/(kg s)

rs Solid particle radial coordinate, m

Re Reynolds number, —

R Gas constant, 8.314 J/(K mol)

Rs Solid particle radius, m

Sc Schmidt number, —

Sh Sherwood number, —

t Time, s

T Temperature, K

Tref Reference temperature, K

ts Switching time, s

u Fluid velocity, m/s

UA Wall-heat transfer coefficient, J/(m® s K)
x Dimensionless catalyst particle coordinate, —
y Dimensionless concentration, —

Greek letters

a Convective flow dimensionless number, —
B Dimensionless selector, —

y Dimensionless boundary condition number, —
Sw Reactor wall thickness, m

AH Reaction enthalpy, J/mol

&g Gas phase hold-up, —

£ Solid phase fraction of the packed bed, —
0 Dimensionless time, —

K Dimensionless temperature, —

y Conductivity, J/(s m K)

Ay Bed conductivity, J/(s m K)

u Viscosity, Pa s

v Stoichiometric coefficient, —

p Density, kg/m>

T Residence time, s

X Dimensionless axial reactor coordinate, —
Subscripts

0 Feed condition

G Gas phase

J Jacket

S Solid phase

w Wall

operations for selective oxidation processes, namely the partial oxida-
tion of o-xylene has been proved (Ferreira et al., 1999). The efficient
heat recovery in reverse flow reactors opened the possibility to couple
exothermic and endothermic processes, methane reforming being a
good example (Liu et al., 2009; van Sint Annaland and Nijssen, 2002).

Processes operated under forced unsteady state conditions require
transient mathematical models to describe the reactor dynamics and to
predict how the performance is affected by the operating variables. Due
to the symmetry of tubular reactors, two-dimensional (2D) mathemat-
ical models are often applied, in which both radial and axial dispersion
effects are considered (Balaji et al., 2008; Salomons et al., 2004).
However, one-dimensional (1D) axial dispersion models enable a rele-
vant description of the reactor systems, where radial dispersion effects
can be neglected (Marin et al., 2019). It has been emphasized
(Gosiewski, 1993) that the intraparticle heat transfer effects are prom-
inent in reverse flow reactors, thus heterogeneous models, in which the
mass and heat mass balances for the fluid and solid phases are simul-
taneously considered, should always be employed. It is common practice
to consider the intraparticle diffusion limitations utilizing effectiveness
factors, which can be computed by well-established expressions for
simple isothermal cases. Models where the heat and mass balances are
included to consider simultaneous diffusion and reaction in solid cata-
lyst layers have never been applied before in the simulation of reverse
flow reactors.

In the present work, a comprehensive model for reverse flow reactors
was developed and implemented. Axial dispersion effects were consid-
ered for both the mass and the energy balances to describe non-ideality
of the flow pattern of the fluid phase. The chemical reactions were
assumed to proceed in the solid catalyst phase and, therefore,

intraparticle heat and mass balances were included in the model. This
approach gave a system of partial differential equations (PDEs) which
were numerically solved by the method of lines. To simulate the alter-
ations of the feed and outlet positions, dedicated oscillating functions
were employed. The influence of the cycle duration, feed temperature as
well as the main kinetic parameters and heat and mass transfer pa-
rameters was checked via a parametric investigation, demonstrating the
high flexibility of the model even predicting harsh operation conditions.
Finally, the model was tested in predicting the results of van De Beld and
Westerterp (1996), where a reverse flow reactor was used for air puri-
fication purposes.

2. Methods
2.1. Reverse flow reactor model

The reverse flow reactor model was written considering the general
mass and energy balance equations valid for a packed bed reactor
working in adiabatic/heat exchanged mode. Both the fluid bulk and the
catalytic bed phases were modelled taking into consideration the major
non-idealities occurring in packed bed reactors, listed below:

e axial dispersion effects were considered to appear in the fluid phase;
o fluid-solid external heat and mass balance resistance was included;
e intraparticle mass and heat diffusion in the solid phase was included.

The major problem of the model is the correct and accurate nu-
merical simulation of the reverse flow operation, implying that both
boundary conditions and the direction of the flow must be changed
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Scheme 1. a). Sketch of the reverse flow reactor operation. b) Definition of the

ary conditions.

periodically. The sketch of the operation policy is shown in Scheme 1.

It is evident that a periodical function is needed to describe the
reverse flow operation, considering that the period of oscillation is
specific for the process application. Thus, the sinusoidal function given
in Equation (1) was introduced (Scheme 1b),

B 4 (Cat )0
“’Zn(znﬂ)sm( >

n p

(€Y

This function varies from 0 to 1 with the dimensionless simulation
time (@ = t/7). The absolute value of a depends on two main factors:

. The dimensionless period of oscillation p = ty/t, where t; is the
switching time and 7 is the residence time of the fluid in the catalyst
bed.

. Defining n = 200 to achieve a regular function as displayed in
Scheme 1b (in Fig. A.1 of the Appendix A, the effect of n on the
simulated a function is reported).

Starting from the mentioned assumptions, it is possible to write both
the mass and energy balance equations for the fluid phase, in dimen-
sionless forms, as displayed in Equations (2) and (3).
9yi

a Pear

i _

6069 = 2)

main parameters used to reverse both the convective flow and the bound-
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The two equations represent the evolution of the dimensionless
concentration of a generic component i (y;) and the dimensionless
temperature (x) with both the dimensionless operation time () and the
reactor axial coordinate (y). In the present work, the radial dispersion
effects on both mass and energy balance equations were not included.
This assumption is valid for lab-scale or mini-pilot scale reactors where
the ratio between the reactor length and the pipe diameter is higher than
10. Certainly, for future extension to industrial problems, it is necessary
to solve the mass and energy balance equations also along the radial
coordinate of the reactor.

Parameter 7 = L/ug represents the residence time, while as, = 3/Rs
the outer specific surface area of the spherical catalyst particle, § rep-
resents a selector responsible of the change in the sign of the convective
term, allowing the correct switch of the flow during the operation: § =
+1lif a < 0.5, p = -1 if a > 0.5, where 0.5 represents the half of the
maximum value of a.

Reverse flow reactors are usually operated in adiabatic mode. Eq. (3)
was written including a heat flux term to take into consideration the
eventual heat transfer to the reactor wall.

An adequate set of boundary conditions was chosen to simulate the
periodical oscillation of the reverse flow reactor operation, Equations
(4) and (5).
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Table 1
Summary of the simulation conditions adopted for each simulation.
Parameter Value Unit
CA0 1 mol/m®
B0 = Cco 0 mol/m®
To 573 K
ug 0.1 m/s
L 1 m
Tref 573 K
£s 0.6 -
&G 0.4 -
Ps 2300 kg/m?®
Pa 3 kg/m®
s 1.5 J/(s mK)
g 0.025 J/(m K)
Rs 5103 m
Cos 900 J/(kg K)
Cp,G 1000 J/(kg K)
D; 1.10° m%/s
u 3.10° Pas
UA 0 J/(m®s K)
0
1o = (=10~ @
r=r
[l
ol = (=0, —x) 5)
2l

Imposing that y = 0 if @ < 0.5 and y = +1 if @ > 0.5 (Scheme 1b). In
this way, it is possible to revert the feed point and the zero derivative
conditions, specific of respectively the inlet and the outlet of a packed
bed reactor, depending on the value of the selector a.

The solid phase mass and energy balances are written for a reactor
packed with spherical catalyst particles, considering intraparticle
diffusion limitations assuming a dimensionless catalyst particle coordi-
nate (x = rs/Rg), as reported in Equations (6) and (7).

dys; Doyt Fys; 2 s, pSTZ
& 00 R: 0x? + X Ox * Cio Vidj ©)
aKs /15‘[' oZKS 2 0K5 PsT
pseps(l =€) G =z (W*; ) 7, 2 A @

The model could be easily adapted to other packed-bed structures (e.
g., irregularly shaped particles, monoliths, structured catalysts)
assuming the specific bed porosity and related diffusion/dispersion pa-
rameters (Salomons et al., 2004).

The boundary conditions for the inlet/outlet of the reactor tube are

1.0 1 A a
—B
08—
|
|
— 06|
i |
= \‘
|
0.44]
|
|
1/
0.0+

L L L L L L
0 10 20 30 40 50 60 70 80
t [min]
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listed in Equations (8)-(9). Imposing, also in this case, that y = 0 if a <
0.5 and y = +1 if @ > 0.5 (Scheme 1b).

0ysi _

Vﬁlzy =(1 }’)(YS.I|H V5i0) (8)
aKS

v L (1 =7)(ksl,—, — &s0) C)

Equations (10)-(13) are the boundary conditions for the outer sur-
face (continuity equation) and center (symmetry condition) of the
catalyst particles.

D,y 0y;

Rs ax|_, ~ n0i— ysil,y) 10)
o =l an
%FU =0 12)
%XZO =0 13)

2.2. Kinetic equations, heat, and mass transfer correlations

The chemical reactions were considered to take place in the solid
phase, where the active sites of the catalyst are located. Three reaction
networks were considered, fixing the following rate expressions:

1. Irreversible reaction: A — B, r = k-ca
2. Reversible reaction: A 2 B, r = k-(ca — c/Keg)
3. Consecutive reaction system: A - B — C, r; = ky-ca, r2 = ko-cp

In each case, the temperature dependence of the kinetic constant was
imposed using the modified Arrhenius equation, Eq. (14).

E, [ 1 1
ko N L 1
v~ (7)) 0

The vant’ Hoff equation was used to describe the temperature
dependence of the equilibrium constant, Eq. (15).

AH 1 1
Koy = Kegrerexp| ——— | — — (15)
! et p( R, (KST() T ) )

The mass and heat transport coefficients were computed following
the approach of Salomons et al., 2004. The Sherwood and Nusselt

1.015 b

1.010

x[-]

1.005

1.000

L L L L L L
0 10 20 30 40 50 60 70 80
t [min]

Fig. 1. a) Dimensionless concentrations of components A and B vs time. b) Temperature of the gas-phase at the reactor outlet as a function of time.
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Fig. 2. a) Transient dimensionless temperature profiles in the reactor. b) Temperature at the reactor centre vs time and transient concentration profiles of the
component i at y = 1 (for better visualization, the data were polished considering exclusively the points where y = 1 is the outlet).
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Fig. 3. Dimensionless concentration of components a) A, b) B, and c) tem-
perature vs the dimensionless axial coordinate.

numbers were calculated using the correlations of Wakao, 1984, Egs.
(16)-(17).

sh=2+ 118 PR Sk 2R _ o 4y ) Q” )0'33 (M)M
: - ,

i eDi H
(16)
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The method proposed by Dixon and Cresswell (Dixon and Cresswell,
1979) was adopted to estimate the Péclet number for the packed bed
reactor, useful in obtaining the axial dispersion coefficient (Dz) and the
effective conductivity of the bed (1z).

-1

2R 0.73 0.5 L L
pe,, — (PRs)ta _ el : pe=""6_ = pg, (18)
D, ReSc 1 +3La Dz 2Rs
-1
Pe, — (2Rs)ugpgepa _ 0.73¢¢ 0.5 19)

Az RePr 1 4%k

ePr

2.3. Simulation settings and numerical strategies

A detailed parametric investigation was conducted to reveal the
performance of the model. A summary of the adopted simulation con-
ditions is reported in Table 1. The physico-chemical parameters assumed
for the fluid phase were considered constant with temperature for the
sake of simplicity. The selected numerical values are characteristic of air
(for the gas phase) and a ceramic material (for a solid phase). The
readers must be aware that including the right dependence of the
physico-chemical parameters with temperature is crucial when simu-
lating real systems, as the results of the model could be even dramati-
cally different (van De Beld and Westerterp, 1996).

The general model on reverse flow reactor technology, proposed in
this work, has been firstly tested conducting a dedicated sensitivity
analysis, where no real molecules were considered. In this case, the
temperature dependence of the main physico-chemical parameters (e.g.,
density, viscosity, gas velocity, etc.) was not taken into consideration. In
the final part of this work, a selection of the data published by van De
Beld and Westerterp, dealing with air purification, was interpreted,
adopting all the physico-chemical, heat and mass transfer parameters
reported in their paper (van De Beld and Westerterp, 1996). In this case,
as the chemical system is defined, temperature dependencies were
included in the model, retrieving the data from CHEMCAD database
(CHEMCAD, 2023). In particular, the chemical system under consider-
ation is ethylene combustion. The heat balance equation to the wall was
modified, in agreement with what reported by van De Beld and West-
erterp (van De Beld and Westerterp, 1996), Eq. (20).

0K,y U,A,L

— (K

J i
a0 PcCpcUc

,K),M(K —x )+E(A* oKy
" PcCpcUc " < a){ Pew a)(

) (20)

Where, A" = w represents the ratio of cross-sectional surfaces
t
of the wall and the reactor, F, = % is the ratio between the specific
P

heat of the fluid and the packed bed, adjusted by the respective den-
sities, Pe,, = %

Both the reactor and the catalyst particles were considered empty of
any reactants and products at § = 0, while the temperature of both the
fluid and the solid phases were set at the temperature of the feed (Tp).

All the simulations were conducted assuming an adiabatic reactor.
The effect of the heat transfer to the pipe wall is illustrated in Appendix
A, Fig. A.2.

All the computations were conducted using the gPROMS Model
Builder v.4 software, using the built-in functions. In particular, the

the Péclet number for the reactor wall.
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Fig. 4. a) Concentration of component A in the catalyst particle. b) Temperature profiles inside the catalyst particle along the reactor.
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Fig. 6. Temperature profiles as a function of the dimensionless axial coordinate
at different switching times.

partial differential equations system, represented by the mass and en-
ergy balance equations of the reactor model, was solved simultaneously
using fully-implicit Runge-Kutta 4th order method (for time derivative)
and the built-in numerical method of lines, fixing for both the reactor
axial coordinate and for the catalyst particle radial coordinate the cen-
tral finite difference method of a 4th order accuracy with respectively 50
and 20 discretization points. Choosing a central finite difference method
for the reactor axial coordinate seems to be hazardous, as the system
should be subject to numerical oscillation as reported in many papers.
Therefore, as the feed points are changing, fixing a classical backwards
finite difference method does not work. As a matter of fact, as the feed
point is changed, together with the convection sign, the flow direction
changes, and the backward finite difference method becomes the for-
ward finite difference method, leading to huge numerical oscillations
and instabilities.

3. Simulation results and discussion
3.1. Simulation of a reference case

To understand the benefits of reverse flow operations, its
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Fig. 7. Transient temperature profile at the reactor centre at different feed
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different catalyst particle sizes. b) Temperature and concentration of the reac-
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Fig. 11. Transient temperature profile at the reactor centre at different k;/
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performances were compared with a classical packed bed reactor
operation. The variations of both the component concentrations and
temperature at the reactor outlet for the single reaction case without
flow reversal are displayed in Fig. 1.

Under steady state conditions, a 20 % conversion of the reactant A is
achieved, which corresponds to a temperature increase of about 1 %
with respect to the feed temperature. As the thermal front is much
slower compared to the gas-phase dynamics, stationary conditions for
the temperature at the reactor outlet is reached at longer times (Fig. 1b).
This peculiarity allows the application of the reverse flow reactors in
practise, as high switching times are possible.

The behaviour of the packed bed reactor working in reverse flow
mode was simulated. Fig. 2 displays the results of the simulation using a
switching time t; = 500 s.

The heat generated by the enthalpy of reaction is trapped in the
catalytic bed and the cold feed is heated up when the gas flow is
reversed, promoting the catalytic reaction. After several flow reversals,
an oscillatory steady state is attained. Compared to the unidirectional
flow case (Fig. 1), the pseudo-steady state temperature is much higher
(40 % higher than the feed temperature), the reaction rate is enhanced
and consequently, complete conversion is obtained. To achieve the same
performance in conventional packed beds, the temperature of the gas
feed should be dramatically higher; hence, the reverse flow operation
enables to save energy costs related to heating up the feed by utilizing
the reaction enthalpy as a sensible heat source. The catalytic bed is kept
quasi-isothermal (Fig. 2a), enlarging the reaction zone, and increasing
the efficiency of the catalytic bed. A videoclip of how the system is
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reaching pseudo steady state is reported in Video 1. Fig. 3 displays the
key feature of reverse flow reactors; forced non-stationarity eventually
results in two symmetric and oscillating states of the catalytic bed.

The model allowed the prediction of the concentration profiles in the
catalyst particle, too (Fig. 4a). The temperature gradient inside the
catalyst particle is proved to be not relevant in the present case (Fig. 4b).
Indeed, the velocity in which the heat is transferred inside the catalyst
particle is typically much faster than the heat front and essential tem-
perature gradients inside the catalyst particle cannot be established
(Marin et al., 2019).

3.2. Parametric investigation

3.2.1. Effect of switching time

To achieve autothermal operations, the switching time in reverse
flow reactor should be carefully calibrated (Salomons et al., 2004).
Therefore, an investigation on the effect of the cycle time was carried
out. The variation of the temperature at the reactor center over time at
different switching times is displayed in Fig. 5.

If the switching time is too high, the heat front migrates completely
towards the outlet of the reactor. Consequently, the benefit of the
reverse flow operation is almost completely lost (Fig. 5a-5b). However,
when the heat wave is partially (Fig. 5¢) or completely (Fig. 5d) stored
inside the catalytic bed, the reaction temperature increases dramatically
and autothermal operation can be achieved. It is noteworthy that the
same pseudo-steady state temperature is achieved for sufficiently low
switching times, but the transient state can become longer (Fig. 5d).
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Fig. A.2. Effect of the heat transfer to the reactor wall in reverse
flow operation.

The switching time also affects the temperature profiles inside the
catalytic bed (Fig. 6). Namely, the reaction zone (i.e., the portion of the
bed in which the temperature is high) is enlarged as the switching time is
decreased.

3.2.2. Effect of the temperature of the feed

It was previously stated that one of the main advantages of reverse
flow reactors is related to the opportunity to conduct processes at a
significantly lower feed temperatures compared to conventional pro-
cesses. However, if the feed temperature is too low (Ty = 523 K in Fig. 7),
the heat released by the chemical reaction is not enough to ignite the
process. The transient state is prolonged as the feed temperature is lower
and more time is required to heat up the reactor to the ignition tem-
perature (ca. 600 K in Fig. 7).

3.2.3. Effect of particle radius

A peculiar behavior was observed when analyzing the effect of the
catalyst particle size on the reverse flow reactor performance. It is well
established that processes carried out with large catalyst particles > 1
mm) might suffer of intraparticle diffusion limitations (Salmi et al.,
2019). However, small particles cannot be used in industrial reactors
because as pressure drop increases dramatically. Therefore, concentra-
tion gradients inside the real catalyst particles cannot be discarded in
practical applications. Simulated intraparticle concentration profiles for
different particle radii are displayed in Fig. 8.

As expected, the concentration gradient inside the catalyst particle
becomes steeper as the particle size increases. A reverse flow reactor
parameter investigation was carried out for different catalyst particle
sizes. The results are displayed in Fig. 9.

For smaller catalyst particles, the mass and heat transfer are more
rapid. The external heat transfer coefficient is also enhanced; therefore,
the increase in temperature at the first stage of the process is steeper
(Fig. 9a). However, for Rg = 2-10'3m, the temperature increase becomes
slower after 250 min, as the reactant concentration becomes zero in the
reaction centre and no reaction takes place (Fig. 9b). From that time on,
the temperature increase is ascribed to the reaction that still proceeds at
the reactor ends. If intraparticle diffusion resistance is not a limiting
factor, the heat released from the chemical reaction is uniform and a
maximum possible in all the catalyst particles. On the contrary, the
chemical reaction is slower in the catalyst centre for larger particles,
thus the heat released from a single particle is lower. Consequently, the
pseudo-steady state temperature in the reactor decreases as the particle
size increases. The results emphasize the importance of considering the
intraparticle mass balances in reverse flow reactors, which strongly in-
fluence both the transient and the pseudo-steady state behaviours of the
reactor.

3.2.4. Case study 2: Reversible reaction
In case of the reversible reaction network, it is well established that
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high temperatures are required when the system is far from the equi-
librium conditions (at a low reactant conversion), while low tempera-
tures are beneficial at high conversions to minimize the impact of the
backward reaction. Hence, the optimal temperature profile goes through
a maximum (Salmi et al., 2019). It is shown in Fig. 6 that the temper-
ature profile in the catalytic bed can be adjusted regulating the
switching time: as a result, reverse flow reactors might enhance the
performance of exothermic reversible processes.

The simulation of the reversible process was carried out using the
same reactor and fluid parameters as in the irreversible reaction case
except from the reaction enthalpy, which was fixed to 300 kJ/mol to
simulate the conditions where the process is more sensitive to the re-
action temperature. The reference equilibrium constant was fixed to the
value 1000. Different switching times resulted in different temperature
profiles within the catalytic bed (Fig. 10a) and a maximum in the
amount of B produced with the switching time was obtained (Fig. 10b).

The computations clarify the importance of the reverse flow concept
in process intensification, allowing a considerable decrease of the vol-
ume reactor volume, with respect to the conventional technologies (i.e.,
adiabatic fixed beds coupled with heat exchanges in series). It is note-
worthy that it is not possible to adopt the classical definitions of con-
version and productivity when comparing conventional technologies
with reverse flow operations, as the forced unsteady behaviour of the
reactor eventually lead to fluctuating values of the variables. Hence, the
performance of a reverse flow reactor, in the case of a reversible pro-
cesses, is reported in Fig. 10b, plotting the amount of product produced
over a certain time period, as an adequate descriptor. As revealed, the
trends show a maximum with the switching time, parameter that must
be optimized within the specific process operation.

3.2.5. Case study 3: Consecutive reaction network

To prove the flexibility of the approach to describe complex pro-
cesses, a parametric investigation was conducted considering a consec-
utive reaction network. The simulations were carried out assuming that
Ea;1 = Ea2 and A H; = A H; while varying the ratio between the constants
k1/ky. The results are displayed in Figs. 11-12.

The maximum temperature reached in the reactor is always higher
than in the single reaction case as the reaction ry produces heat (Fig. 11).
The product distribution is also affected by the ratio kj/ks; namely, a
high selectivity of the intermediate B can be achieved at a high ratio k;/
ko. It is necessary to recall that this ratio is not dependent on the specific
reactor technology but on the type of catalyst, which can be either se-
lective or not. Therefore, the advantage of employing the reverse flow
reactor technology for reversible processes is very much case-specific.
However, it is proved that the proposed model can predict very well
the theoretical product distribution in case of complex reaction schemes.

3.3. Description of the air purification data retrieved from the literature

The model presented and implemented was applied to describe
experimental data reported in the literature, to expand the validity of the
approach. Air purification experiments conducted a reverse flow reactor
were simulated, retrieving the data from the literature (van de Beld and
Westerterp, 1996). The experimental temperature profile, reported in
Fig. 13a, was measured at steady state conducting ethylene oxidation in
a reverse flow reactor, setting the following experimental conditions:
ethene feed concentration = 0.088 mol/m®, gas velocity = 0.4 m/s,
pressure = 1.45 bar, feed temperature = 30 °C, switch time = 1600 s.
The bed was packed with sections of inert material at the reactor ex-
tremes (a-Aly03) and Pd/y-Al,O3 as heterogeneous catalysts in the pipe
center. As revealed, temperature increases when the reactants are in
contact with the heterogeneous catalysts. The colder zones are due to the
presence of the inert material.

The developed model was applied to describe the mentioned tem-
perature profile. All the parameters needed to describe the data are re-
ported in the literature (van de Beld and Westerterp, 1996). Fig. 13a
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clearly shows that the model proposed in the present work allows a good
description of the experimental data, both in colder and hotter zones of
the reactor. The obtained agreement was compared with the one re-
ported in the literature, showing that the present model allows a better
description of the data, fact highlighted in the parity plot reported in
Fig. 13b, and by comparing the determination indexes obtained in both
cases. In particular, the present model gives R> = 0.97 vs R? = 0.93
obtained by van de Beld and Westerterp. Thus, it is possible to conclude
that the model validity was successfully demonstrated by applying it in
describing experimental data and comparing it with alternative models.

4. Conclusions

A complete reverse flow reactor model has been proposed and
implemented. The main characteristics of the model are here
summarized:

e axial dispersion for the fluid phase as well as intraparticle diffusion
of the reactants in the catalyst particles were considered to simulate
possible non-idealities of the packed bed;

o the alternation of the feed and outlet positions was simulated by
using appropriate oscillating functions, which were employed to
change periodically both the convective flux and the boundary
conditions.

The model resulted to be very flexible and efficient in predicting
various chemical systems: the effect of several reaction parameters on
the transient and pseudo-steady state behavior of the reverse flow
reactor was deeply investigated and discussed. Different reaction
schemes were considered, proving the flexibility of the model to simu-
late complex reaction systems. For the reversible reaction case, it has
been proved that the reverse flow reactor technology enables the opti-
mization of the temperature profile inside the catalytic bed with an
optimal selection of the switching time. The present model was used
simulate a real system taken from the literature, ethylene decomposi-
tion, demonstrating a good predictive power. In perspective, the model
will be applied to optimize the operating conditions of reverse flow
operations.
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Appendix A

The effect of n value on the simulated a function trends is reported in
Figure A.1. As revealed, a function oscillations become lower at higher

value of the parameter n.
The effect of the heat transfer to the reactor wall was investigated for
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the reference case study (Table 1). The wall heat transfer coefficient was
varied from 0 to 1000 J / (s m3 K). The results are reported in Figure A.2.
As revealed, temperature gradients become lower when the heat transfer
to the reactor wall increases with respect to the ideal adiabatic case (UA
=0J/(m’K).

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ces.2023.119019.
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