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Abstract. In this study, the homogeneity of the continuum model of a fixed bed
reactor operated in steady state and unsteady state systems for lean CH,
oxidation is investigated. The steady-state fixed bed reactor system was operated
under once-through direction, while the unsteady-state fixed bed reactor system
was operated under flow reversal. The governing equations consisting of mass
and energy balances were solved using the FlexPDE software package, version
6. The model selection is indispensable for an effective calculation since the
simulation of a reverse flow reactor is time-consuming. The homogeneous and
heterogeneous models for steady state operation gave similar conversions and
temperature profiles, with a deviation of 0.12 to 0.14%. For reverse flow
operation, the deviations of the continuum models of thepseudo-homogeneous
and heterogeneous models were in the range of 25-65%. It is suggested that
pseudo-homogeneous models can be applied to steady state systems, whereas
heterogeneous models have to be applied to unsteady state systems.

Keywords: continuum model; mathematical modeling; methane; oxidation; reverse
flow reactor; simulation.

1 Introduction

The classification of continuum models given by Froment and Bischoff has
been widely applied in chemical engineering [1]. Froment and Bischoff have
classified the continuum models into two groups, namely pseudo-homogeneous
and heterogeneous models. This classification is based on the transport
processes between gas phase and solid phase. One of the applications for fixed
bed reactors is the reverse flow reactor (RFR). In the last decade, the reverse
flow reactor has received a great deal of attention due to its involvement of the
process of heat integration, which offers benefits in the technical and economic
aspects. The RFR has been widely used to treat waste gases containing volatile
organic compounds (VOC), emitted from stacks, greenhouse gases from coal
mine ventilation, or lean methane leaked from compressor stations in the oil and
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gas industry [2]. The RFR has proven efficient for treating lean and fluctuated
feed gas concentrations due to its capability to operate under autothermal
conditions.

Studies of the RFR have been conducted through modeling and simulation as
well as in laboratory experiments. Both ways are important for observing the
dynamic behavior of the RFR. Various mathematical models have been
proposed to predict the dynamic behavior of the RFR, from simple models
(pseudo-homogeneous one-dimensional models) [3,4] to complex models
(heterogeneous one-dimensional models) [5,6].

In an RFR, the model complexity is often higher when compared to a fixed bed
reactor, once-through operation as a result of the involvement of mass and
energy accumulations in the mathematical model, caused by periodically
reversing the flow direction. This affects the boundary conditions in the model
[7,8]. The accumulations of heat and mass occurring in the RFR influence the
rate of heat and mass transfer from the bulk gas to the solid surface or from the
solid surface to the bulk gas. These effects determine the appropriateness of the
continuum model selection (pseudo-homogeneous model or heterogeneous
model) [9]. The selected model is critical when working on the dynamic
operation of a system such as the RFR since the boundary conditions may alter
periodically over time.

Mears’ criterion is frequently applied for the selection of the continuum model.
For example, Salinger and Eigenberger [10] used the pseudo-homogeneous
model under steady state conditions when the chemical reaction was controlled
by kinetics rather than mass transfer. The temperature of the gas and solid
phases were very similar, to the extent that their differences could be neglected.
Iordanidis [11] showed the differences between the homogeneous and the
heterogeneous models based on the deviation limits according to the idea of
Mears. The results obtained showed that there was no significant difference
between the pseudo-homogeneous and the heterogeneous models for ethylene
oxidation operated under steady state conditions.

Study of the continuum model for selecting a pseudo-homogeneous or a
heterogeneous model is usually conducted under steady state conditions. Very
little attention has been paid to the case of unsteady state conditions, whereas in
fact many applications in the chemical processes take place under unsteady state
conditions. Therefore, the purpose of this study was to identify the homogeneity
of the continuum model for methane oxidation in a fixed bed reactor system
operating under unsteady state conditions. In this study, the unsteady state
operation was intentionally created by reversing the flow direction.
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2  Mathematical Model in Reverse Flow Reactor

According to Hevia, et al. [12], the one-dimensional model is sometimes
accurate enough to describe the behavior of a reverse flow reactor at the
laboratory scale. The radial profiles of temperature and concentration may be
neglected because of the relatively small diameter of the reactor when compared
to its length (very small radial Biot number). The pressure drop along the
reactor may also be neglected. An ideal gas behavior for the gas phase was
assumed. The continuum model of the fixed bed reactor for unsteady state
conditions was developed based on a one-dimensional (1-D) model with axial
dispersions. The latter term was intentionally included with the aim to stabilize
the numerical calculation. The dispersion number was checked and it remained
lower than 107 [13].

The governing equations for the RFR are in principle the same as steady state
equations, but the accumulation terms that describe the rate of changes of
temperature and concentration over time (07/0t and 0C/0¢) are important to be
included. Reversing the flow direction is invoked by changing the velocity sign
u(t)=u.*k(t), where k(t)is+lor —1 depending on flow direction. The mass and
energy balances of the fixed bed reactor heterogeneous model are as follows:

Mass balance for the gas phase:

OCep, *Cey,

’ Cecp, .
po =D, ;7 = 8 —uz(l) & +kfav(CCH4VS _CCHM) H

Energy balance for the gas phase:

(6Gun) 5 =0 2 —hall, 1) -7) @
Mass balance for the solid phase:

kfav(CcH e, )=—;VCHt , for the catalytic bed (3)
kea, (Ccm —Can,, )=O, for the inert bed (4)

Energy balance for the solid phase:

)aT . o°T,

= (,ff62+ha(T ~T,)+AH repy (5)
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Concerning the boundary conditions, Danckwert’s boundary condition was used
for the simulation of the unsteady catalytic reactor following Marin, et al. [14].
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The mass balance for the gas phase (Eq. (1)) included the gas convection, the
axial diffusion due to non-ideal gas flow, and the mass transport between the
gas and solid phases. The same pattern was followed by the energy balance to
the gas phase (Eq. (2)) and any extra heat for taking into account the energy
transport between the gas phase and surroundings. In the mass balance for the
solid phase (Egs. (3) and (4)), the transient term was neglected, assuming a
pseudo-steady state condition [12].

While the one-dimensional pseudo-homogeneous model with dispersion in
unsteady conditions was obtained by assuming that the temperature and gas
concentration in the bulk phase were the same as for the catalyst surface, so
that: T,=T, and Ccpys = Ccnse. The mass and energy balances of the pseudo-
homogeneous model of the fixed bed reactor are as follows, together with the
boundary conditions:

Mass balance:

Ceyy 62CCH Ceyy
4 _ [ y (10)
o /I 52 u, ( ) 5 Ten,
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Energy balance:

oT o°T

oTr
(gbCp’gpg +(1—8b)Cp,SpS)5 = —uz(t)Cp’gpg 8_z+kef@+AH’rCH“
~Wer-1,) (an
dt
Danckwert’s boundary condition:
Inlet:
P2C,uT" = p,Cou.T ~ ,1“% (12)
dCy
u,Coy, =u.Coy —D,, y 4 (13)
z
Outlet:
dT
= -0 14a
dz (1%
dc
o (14b)
dz

The initial conditions of the mass and energy balances of the unsteady state
operation, either in the pseudo-homogeneous or the heterogeneous model,used
the results of the steady state operation.

The models were solved using the finite element method (FEM), based on
approximation of the spatial derivatives by finite element. The resulting system
of partial differential equations was solved using the software package
FlexPDE, version 6, which is particulary recommended for stiff problems.

Out Gas
4

(a) One Direction (b) Reverse Flow

Figure 1 Configuration of fixed bed reactor.
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The fixed bed reactor configuration used in this model consisted of five zones,
namely: left side inert zone, left side of the catalyst, heat extractor, right side of
the catalyst, and right side inert zone. Figure 1 shows the configuration of the
fixed bed reactor operated in once-through direction and reverse flow direction.
Main operating conditions, kinetic parameters, and physical properties used in
the simulation study are shown in Table 1. In the design criterion, the
effectiveness factor was calculated to have a value of 0.95.

Table 1 Main operating conditions, kinetic parameter, and physical properties
used in this study.

Dimensionless reactor Lipere (M) 2x0.1
Lcatalvst (1’1’1) 2x0.02
Lheat exchanger (III) 0.04
dtube-in (1’1’1) 0.0147
tss (M) 0.0032
Material properties for inert, Al;O5[15] Pinert (kg/m?) 1440
Cpinert (J/kg K) 1040
Kinerr (W/m-K) 1.46
Eped(-) 0.4
dball (m) 0.003
Material properties for reactor [15] Pss (kg/m?) 7800
Cpss J/kg-K) 460
K (W/m-K) 14.3
Material properties for catalyst, 0.5%  pPpeg jmmer (Kg/m®) 1082
Pt/ALO;[14] Cpcalalysl (J/kg-K) 836
Keatatyst (W/m-K) 0.042
Ebed inner(') 0.36
dcatalyst (1’1’1) 0.0002
T (8) 2
8calal\/sl(') 05 19
Material properties for isolator [15] Pisolator (KE/M®) 128
Cpisolator (J/kg K) 1340
Kisolator (W/m-K) 0.144
Lisolator (1’1’1) 0.28
Operating  conditions and  kinetic E, (J/mol) 98324
parameters [16] k (1/s) 2.24x10’
u, (m/s) 0.7
C°cra (mol/m?) 0.40
Peas (kg/m’) 0.45
Cpas (J/kg-K) 1122.92
Keas (W/m.K) 0.0554

Ugao(kg/m:s) 3.82x107
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3 Results and Discussion

3.1 Steady State Operation

The first part of the study was the simulation of a catalytic packed-bed reactor
that operates under steady state conditions. Figure 2 shows the effects of the
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Figure 2 Comparison of pseudo-homogeneous and heterogeneous continuum
models: (a) temperature profile and (b) methane concentration profile.
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differences between the pseudo-homogeneous and heterogeneous models at
steady state. The feed gas entered the reactor from the left part (inlet) at a
temperature of 750K with a concentration of 0.4mol/m’. The reaction occurred
in the catalyst zone that was located at position 0.1 to 0.11m from the left end
(see Figure 2(b)). It is indicated that the temperature profiles in the case of using
the pseudo-homogeneous and heterogeneous models coincided along the reactor
bed, whereas the concentration profiles showed different values when the feed
gas was near the catalyst zone, just before entering the reaction section. The
maximum temperatures in the catalyst section for both models were similar, i.e.
around 1380 K. In the outlet section, where the heat brought by the effluent is
removed into the environment, the temperature profiles looked horizontal.
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Figure 3 Temperature deviation of pseudo-homogeneous model and
heterogeneous model under steady state operation.

Figure 3 shows that the deviation values for both models are less than 3%.
Although the deviation value of the heterogeneous model is much lower
compared to that of the pseudo-homogeneous model, the difference is not too
large and can be neglected. Therefore it can be concluded that the pseudo-
homogeneous and heterogeneous models can be applied for catalytic oxidation
of methane to produce CO,. This means that the pseudo-homogeneous model is
accurate enough for describing the phenomena that occur in a fixed bed reactor
for catalytic oxidation of methane under steady state conditions.
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3.2  Unsteady State Operation

The second part of the study was the simulation of a catalytic packed-bed
reactor operated under unsteady state conditions. This condition was maintained
by periodically changing the direction of flow. During start-up, the reactor
section was preheated (using an external heat source) to 500°C (ignition
temperature). Control valves 2 and 2° were open (while valves 3 and 3’ were
closed) for forward flow; control valves 3 and 3 were open (while valves 2 and
2’ were closed) for reverse flow (Figure 1(b)). Both in forward flow and reverse
flow, the heat of the reaction was stored in the inert section, located at the exit
flow. This stored heat was then used to preheat the feed gas when the flow
direction was reversed. Figure 4 shows the temperature profile along the reactor
when the flow direction was to the left and right when the temperature reached a
stable oscillation. The temperature profile as a function of time is presented in
Figure 5.

When the flow direction is from left to the right (see solid line in Figure 4), the
heat released by the exothermic reaction will be stored in the inert material in
the downstream section by two mechanisms, i.e. heat conduction and heat
convection. The heat will be stored in the inert material, which can be used for
heating the feed gas for the subsequent flow from the opposite direction. When
the switching time is very long, the heat accumulation becomes large, which
increases the temperature of the inert material. As can be seen in Figure 4, the
reactor temperature in the inert section is larger than that of the centre one.
When the feed gas is reversed with the feed gas at ambient temperature (303 K),
the heat stored in the inert material section will be transferred for heating up the
feed gas before entering the reaction section. The process of transferring heat
from the solid inert material into the feed gas will take place as long as the heat
stored in the inert material is available. This is to ensure that the feed gas will
reach the reaction temperature when the gas enters the catalyst section. As the
stored heat is continuously withdrawn, the temperature of the inert material
decreases as a function of time. The flow direction from right to left has to be
reversed before the reaction section is extinguished.

The dynamic behavior of the reverse flow reactor indicates that the temperature
of the solid (inert and catalyst) will always alter over time. The maximum
temperature that can be achieved when using the heterogeneous model is equal
to1300K, while using the pseudo-homogeneous model it is 1850K. In the
heterogeneous model, the heat transfer will occur from solid to gas (catalyst and
inert zone during heat saving) or otherwise from gas to solid (inert zone). In the
pseudo-homogeneous model, the heat transfer between gas phase and solid
phase will not occur. Since there is a heat transfer limitation in the
heterogeneous model, the maximum temperature in the catalyst is much lower
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than that of the pseudo-homogeneous model. When compared to the steady state
operation, the temperature achieved for the heterogeneous model is lower. This
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Figure 4 Temperature profile along the reactor bed: (a) the pseudo-
homogeneous model and (b) the heterogeneous model taken just before the flow
direction is reversed when the temperature has reached a stable oscillation. C =
catalyst; ES = empty space. Switching time was set at 300 s.
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means that during reverse flow operation, even stable oscillation of the process
has been gained, but the temperature in the catalyst section still propagates
during the cycle. At this switching time, it seems that part of the heat released
by the exothermic reaction will dissipate into the environment. Due to the heat
transfer limitation involved in the heterogeneous model, the heat movement
from the catalyst to the environment will face many resistances.
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Figure 5 Temperature profile at any time: (a) pseudo-homogeneous model and
(b) heterogeneous model taken in the middle of an inert when the temperature
has reached a stable oscillation with time reversal every 300 seconds.

The dynamic temperature change as a function of time in the middle part of the
inert zone is presented in Figure 5 for both models. From this figure, it is
obvious that the temperature of the inert material at a fixed point will always
alter due to the propagation of the heat flow by conduction and convection. The
temperature increase as shown in each cycle is induced by heat storage in which
the hot effluent gas transfers its energy to the inert material. On the other hand,
the temperature decrease as shown in each cycle is induced by heat extraction in
which the cold feed gas takes the heat from the inert material. The temperature
profile for the pseudo-homogeneous model also indicates that the temperature in
the centre part of the inert material decreases stiffly and subsequently increases
after the flow direction is changed. There is no indication that the temperature
will reach the steady state conditon. On the other hand, the heterogeneous
model indicates that after reaching low temperature, steady state conditions
seem to be achieved.
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In Figure 5, it can be clearly observed that the inert material used in the reverse
flow reactor can act as heat storage. The inert material will store the heat from
the hot gas and it will release the heat to the cold feed gas. The direct contact
between gas phase and solid phase will induce a better efficiency during heat
transfer. The energy efficiency can reach up to 95%, which is much better than
in a conventional reactor [17].

The use of the continuum model for pseudo-homogeneous and heterogeneous
models in reverse flow operation gives a similar trend of temperature profile
characteristics, but the values are significantly different (see Figure 5). In the
pseudo-homogeneous model, the maximum temperature at the center part of the
inert material is 1850K, whereas in the heterogeneous model the maximum
temperature is 1300K.The temperature deviation, which occurs at each point of
observation, was taken after reaching a stable oscillation. Figure 6 shows the
deviation of the models used in the reverse flow reactor simulation for methane
oxidation. The comparison of the model types was used to investigate the
differences of the temperature profile during reactor operation, particularly
regarding the dynamic processes.
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(a) Deviation profile calculated by comparing
temperature 7' simulated under pseudo-homogeneous
models of mass and energy and solid temperature T
simulated under a pseudo-homogeneous model of
mass, but heterogeneous model of heat.

(b) Deviation profile calculated by comparing
temperature 7" simulated under pseudo-homogeneous
models of mass and energy and solid temperature 7T
simulated under a pseudo-homogeneous model of
heat and a heterogeneous model of mass.

Figure 6 Deviation of temperature profile. (......... ) = flow from left to right,
and (- - - -) = flow from right to left, when the temperature has reached a stable
oscillation with ¢, = 300 s.

The deviation values of the pseudo-homogeneous and the heterogeneous models
change as a function of time. This phenomenon is induced by the propagation of
the temperature profile in each section of the reactor bed, as shown in Figure 5.
When the temperature profile has reached a stable oscillation, the temperature
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deviation profile for the direction of gas flow to the left will be like a mirror
image of the deviation profile for the gas flow to the right (see Figure 6) at
similar time after reversing the flow direction. The temperature deviation
profiles will always follow the characteristic of the temperature profile under
dynamic reactor operation.

According to Figure 6, the deviation from the pseudo-homogeneous and
heterogeneous models of mass and heat from the model with a pseudo-
homogeneous model of heat and a heterogeneous model of mass was always
over 23%. This indicates that application of pseudo-homogeneous models of
mass and heat will deviate significantly from a heterogeneous model of heat
(Figure 6(a)), while pseudo-homogeneous models of mass and heat will not
deviate significantly from a homogeneous model. This also implies that the
application of homogeneous models of mass and heat is not suitable under
dynamic reactor operation. It has been proven that this was less critical when
the simulation was conducted under steady state operation, but this was not the
case during transient operation. Therefore, it is strongly recommended to
implement the heterogeneous model of the heat balance during dynamic
operation. The influence of the heterogeneous model of mass is not too
significant, and it is acceptable when using the pseudo-homogeneous model for
mass during dynamic operation.

4 Conclusions

The development of a preliminary model for pseudo-homogeneous and
heterogeneous models both for mass and heat balances has allowed us to
identify some fundamental principles for choosing the appropriate modeling and
simulation with particular attention to the deviation between the pseudo-
homogeneous model and the heterogeneous model. The chosen application of
lean methane oxidation was taken into account, since it has been widely
considered by many research groups concerning the most important issue of
greenhouse gas emission. The developed model consists of mass and energy
balances both in the gas phase and solid phase. The initial value and boundary
condition value of Danckwert were implemented. It was shown that the pseudo-
homogeneous model resulted in a temperature profile similar to the temperature
profile of the heterogeneous model when operated under steady state (one flow
direction). The pseudo-homogeneous and the heterogeneous models resulted in
a similar temperature profile when operated under steady state (one flow
direction). On the other hand, in unsteady state operation of the fixed bed
reactor, the deviation between the pseudo-homogeneous model and the
heterogeneous model of the heat balance ranged from 23-38%, while it was
only a few percent for the mass balance. The influence of the mass balance was
less profound when compared to the heat balance. Since the simulation of the
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reverse flow reactor involved the dynamic boundary condition at every
switching time, the computation time becomes a crucial issue. Therefore, for the
simplicity of the simulation, the mass balance can be conducted under pseudo-
homogeneous models, while this is not the case for the energy balance.
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Nomenclature
a, = Surface area per unit volume, m*/m’
Cpe = Heat capacity for gas, kJ/(kg-K)

Cps Heat capacity for solids (inertfor catalyst), kJ/(kg-K)
C = Gas molar density, mol/m’

d = Diameter, m
Dy = Diffusion coefficient effective gas, m*/s
E, = Energy activity, J/mol
kg = Effective thermal conductivity, W/(m-K)
k¢ = Mass transfer coefficient (m/s)
L = Length of reactor, m
TcH4 = Rate of disappearance of methane, mol/ (m3~ S)
ST = Switching time, s
t = Time, s
T, = Temperature for gas, K
T, = Temperature for feed gas, K
T, = Temperature for solids, K
u, = Superficial velocity, m/s
U, = Heat transfer coefficient overall for wall, W/(m*K)
Z = Axial coordinate, m.
hy = Heat transfer coefficient, W/(m* K)
k(t) = Flow direction sign (+1 for right, —1 for left)
AH, = Enthalpy of methane reaction, J/mol
& = Porosity for bed
De = Density for gas, kg/m3
o) = Density for solids, kg/m’
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