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Abstract
In this study, simulation results are presented for the partial oxidation of ethane to ethylene in a Catalytic Membrane Reactor (CMR) under

isothermal and non-isothermal conditions. Considering the importance of the transport processes, a 2D model was developed and

implemented in FLUENT1 using self-designed program modules for reaction kinetics, transport properties and post-processing. An

analysis of significance of the influencing variables is carried out on the basis of a reference case. The number of parameters were minimized

by the dimensionless formulation of the model. One of the most important variables is the oxygen dosage through the membrane. Both

velocity and oxygen concentration of the trans-membrane stream were varied with the aim of attaining maximum ethylene yield. The results

of the different simulations clearly show the advantages of the CMR compared to the Catalytic Wall Reactor (CWR). The numerical

simulations are essential in order to reduce the experimental costs and to evaluate different reactor concepts.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane reactors are of increasing industrial interest,

which is shown by the recent intensive research work in this

area. This concerns on the one hand the development of

special catalysts with high selectivity and on the other hand

the process optimization for a given catalyst. An overview of

the existing configurations of membrane reactors, develop-

ment of the catalysts and membrane materials, and

published papers in this area was given by Marcano and

Tsotsis [1], Julbe et al. [2], Dixon [3], Drioli et al. [4],

Dittmeyer [5] and Coronas and Santamaria [6]. In many

publications [7–12] the selectivity and the yield of a desired

intermediate product B were investigated experimentally in

a CMR following the simplified reaction scheme:

A þ O2 ! B;

B þ O ! C þ D;
2

where A is an alkane, C and D are end products (CO2, H2O).

If the partial pressure of oxygen is of lower order in
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the desired reaction rate expression than in the

expression for the undesired reaction, the oxygen should

be fed into the reactor through a membrane. Thereby, better

selectivity and yield of the intermediate product are

expected in the membrane reactor than in the Packed

Bed Reactor (PBR) [13]. However, this advantage of the

membrane reactor is linked to a decrease in conversion

caused by lower reactant concentrations at the reactor

entrance.

Different reactor configurations, like Packed Bed

Membrane Reactor (PBMR), Monolith-like Reactor, Cat-

alytic Membrane Reactor (CMR), were investigated and

compared by many authors [14–16]. Better selectivities and

yields of intermediate products were attained with the

membrane reactors than with the traditional PBR.

Akin and Lin [17] reported ethylene yields of 56% and

selectivities of 80% for the selective oxidation of ethane to

ethylene in a PBMR at 875 8C. Tonkovich et al. [18] also

investigated the oxidative dehydrogenation of ethane to

ethylene in a tubular PBMR with fixed oxygen dosage

through the membrane to establish the influence of the

ethane/oxygen ratio, temperature and residence time on the

performance of the reactor. Their experimental studies
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Nomenclature

a0 thermal diffusivity (m2/s)

B permeability (m2)

ci molar concentration (kmol/m3)

cp specific heat capacity (J/(kg K))

C conversion of ethane
kgethane;0�kgethane;z

kgethane;0

� �
dh hydraulic diameter (m)

D diffusion coefficient (m2/s)

EA,j activation energy (j/kmol)

f1 ¼ h
B viscous resistance factor (Pa s/m2)

f2 inertial resistance factor

DRh̃ j enthalpy of reaction j (kJ/kmol)

DRh1,0 dimensionless reaction enthalpy

Iv,d momentum source term in direction d (Pa/m)

k1,j reaction constant kmol1�a�b�m3ðaþbÞ
kg s Kaþb

h i
L length (m)

M̃i molar mass of species i (kg/kmol)

p pressure (Pa)

p	 ¼ p� p0

r0v2
z;0

dimensionless pressure

Pr Prandtl number

ṙ j rate of reaction j (kmol/m3 s)

ṙ1;0 reaction rate of ethylene formation at T0 and

by yC2H6;0; yO2;0 (kmol/m3 s)

Re Reynolds number

s height of product channel (m)

S selectivity of ethylene
kgethylene;z

kgethane;0�kgethane;z

� �
Sh Sherwood number

T temperature (K)

T	 ¼ T
T0

dimensionless temperature

v velocity (m/s)

~v	 ¼ ~v
vz;0

dimensionless velocity

yi ¼ ri
r

mass fraction of species i

y, z coordinates (m)

y	 ¼ y
dh

dimensionless coordinate

Y yield of ethylene
kgethylene;z

kgethane;0

� �
z	 ¼ z

dh
dimensionless coordinate

Greek letters

a, b component order in the reaction

d zone thickness (m)

h dynamic viscosity (kg/(m s))

l coefficient of heat conduction (W/(m K))

n cinematic viscosity (m2/s)

ni,j stoichiometric coefficient

r density (kg/m3)

Subscripts and superscripts

0 entrance

C catalyst

d coordinate direction

eff effective

i component of a reaction

j number of reactions

mix mixture

k zone

M membrane

St standard

y, z coordinates

* dimensionless variable
confirmed that the membrane reactor outperforms a PBR

under low feed ratio conditions.

The performance of membrane reactors depends on the

reactor geometry, the membrane structure and the operating

conditions. The determination of the optimal conditions

demands extensive experiments. Therefore, the simulation

approach is favorable for process analysis and parameter

optimization [13,19,20]. Most of the authors presented 1D

models for the description of catalytic membrane reactors

[11,20–22]. In Saracco et al. [23], an isothermal model was

developed based on the differential mass balance equations

and considering the Dusty Gas Model. This model properly

fits the experimental data for high operating temperatures

(transport-controlled regime), but it fails to describe the

transition from kinetics- to transport-controlled regimes.

Thus, a non-isothermal model was developed in later

investigations [11].

The application of 2D models has received growing

interest in the recent years. This concerns the PBMR [24,25]

as well as the CMR [10,26,27]. Marcano and Tsotsis [1]

developed a generic model of a Packed Bed Catalytic

Membrane Reactor (PBCMR), which takes into account the

mass and energy balances, and incorporates the models of

Tayakout et al. [27] and Dixon and co-workers [28]. Detailed

models were also presented by Brinkmann et al. [10] and

Pedernera et al. [26], where both axial and radial concentra-

tion profiles in the membrane were taken into account.

In the present work, the application of a CMR to selective

partial oxidation of ethane is investigated using the software

package FLUENT1. The transport processes and chemical

reactions are described in detail by a two-dimensional steady-

state model. The simulations serve as a basis for the analysis

and evaluation of the influence of the reactor’s operating

conditions and geometrical parameters on the yield of

ethylene. This study aims to provide a better understanding of

the sub-processes, especially the transport phenomena in all

reactor zones as well as to select effective operating

conditions and thereby to reduce the experimental costs.
2. Analyzed reactor configurations

The CMR is described by a three-zone model consisting

of product channel, catalyst layer and membrane (Fig. 1).
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Fig. 1. CMR and CWR configurations and rate of formation of ethylene for

a reference case.
The CWR is sketched below and consists of two zones. In

both reactor configurations, the product channel and the

catalyst layer are identical. The rate of formation of ethylene

in the catalyst layer of both reactors for comparable

operating conditions is presented as an example.

Both reactors were compared under the conditions that

the Reynolds numbers at the inlet of the CWR and at the

outlet of the CMR are equal, and that the mass flow of educts

is the same. The residence time in the CMR is influenced by

the stream across the membrane.
3. Mathematical model

The mathematical model was applied to the partial

oxidation of ethane based on a simplified reaction network

(cf. Table 1) involving five consecutive and parallel

reactions. The following model assumptions were made:

 2
D formulation for plane channels;

 s
teady-state process;

 L
aminar flow conditions due to the small hydraulic

channel diameters;

 p
lug flow at the entrance of the product channel;

 c
onvective transport in the membrane and in the catalyst

only in y direction;

 c
hemical reactions only in the catalyst layer;

 e
ffective transport coefficients in the catalyst layer and in

the membrane;

 n
egligible energy transfer by radiation;

 n
egligible molecular enthalpy transport of the diffusion

stream as well as negligible dissipation term.

By the multi-dimensional modeling the heat and mass

transfer are an integral part of the model and there is no need

of external formulas for the determination of the heat and

mass transfer coefficients.
3.1. Governing equations

The system of differential equations in dimensionless

form includes Navier–Stokes and energy transport equa-

tions, components and total mass balances.

Navier–Stokes equations

r
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Momentum source term for homogenous porous media

Iv;d ¼ f1v	d þ f2jv	djv	d; f2 ¼ 0 (3)

Continuity equation
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Transport equations for species
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Energy equation
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(6)

All geometrical dimensions were related to the hydraulic

diameter of the product channel dh = 2 s. The use of

dimensionless parameters allows for the applicability of the

results to all similar cases.

Table 2 shows the influencing dimensionless groups.

Among these are counted the geometrical ratios, like the

ratio of catalyst or membrane thickness to hydraulic

diameter and the operating parameters, like mass fraction

of oxygenyO2;0 and velocity ratio v	y ¼ v	 ¼ vM=vz;0.
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Table 1

Reaction kinetics

No. Reaction DRh̃ j by rSt, WSt (kJ/kmol) k1,j (kmol1�a�b m3ðaþbÞ
kg s Kaþb ) EA,j (J/kmol) aj bj

1 C2H6 + 0.5O2 ! C2H4 + H2O 105040 0.488 82.9e + 6 0.88 0.06

2 C2H6 + 3.5O2 ! 2CO2 + 3H2O 1427780 15.19 114.6e + 6 0.75 0.30

3 C2H4 + 2O2 ! 2CO + 2H2O 756800 2.07e � 3 40.9e + 6 0.84 0.11

4 C2H4 + 3O2 ! 2CO2 + 2H2O 1322740 1.79e � 3 58.4e + 6 0.87 0.20

5 CO + 0.5O2 ! CO2 282970 3.58e � 4 32.2e + 6 1.12 0.12
The momentum source term, which can be formulated in

equation (3) by using experimentally determined coeffi-

cients f1 and f2, was considered in the membrane and in the

catalyst layer. A linear equation was chosen as simplification

for small velocities. The calculation of the velocity fields in

the membrane and in the catalyst was based on the

conditions of fully developed flow (vy ¼ f ðzÞ, @vy=@y ¼ 0,

vz ¼ 0, @ p=@y ¼ const). At appropriate values of f1 the

membrane and the catalyst layer were flown through with a

locally constant velocity vy;M, which dropped to the value

vy ¼ 0 in thin layers at both reactor inlet (z = 0) and outlet

(z = 1). Thereby, compliant numerical conditions resulted at

the crucial vertices of reactor’s entrance and exit.

The reaction source terms in the energy and mass

balances were taken into account only in the thin catalyst

layer of thickness dC. The mass balances (5) were solved for

the six species: oxygen, ethane, ethylene, carbon monoxide,

carbon dioxide and water. The concentration of the inert

component (nitrogen) is calculated from the relation Syi = 1.

The diffusion streams are related to the mean velocity of the

center of gravity.

The governing equations were solved under the following

boundary conditions: plug flow in the product channel

(v	z;0 ¼ 1) and along the membrane (v	 ¼ const), constant

inlet temperature T* = 1 for both membrane and product

channel and constant inlet mass fractions of ethane yC2H6;0

and oxygen yO2;0. The flow through the membrane

corresponds to a determined pressure distribution in the

O2-channel, which depends on the properties of the

membrane.

3.2. Physical properties and reaction kinetics

The gas phase is considered as a mixture of ideal gases.

Because of the low concentration of reactants, the physical

properties of nitrogen were applied to approximate the

behavior of the mixture. Specific heat capacity cp, viscosity
Table 2

Influencing dimensionless groups

Re ¼ vz;0dhr

h0 Da ¼ M̃C2HdhrC ṙ1;0

r0vz;0

v	y ¼ vM
vz;0 DRh1;0 ¼ DR h̃1;0

M̃C2H4
cp;0T0

Pr = n0/a0, yC2H6 ;0; yO2 ;0

Sc = n0/D0
heff;k

h0
;
leff;k

l0
;

Deff;k

D0

dM/dh dC/dh
h and thermal conductivity l at the operating temperature

were calculated according to Krauss and Span [29]. A

simplified treatment of diffusive mass transport is possible

by using binary diffusion coefficients for each species in the

mixture (mix), respectively, in the inert excess species. The

required binary diffusion coefficients Di,mix at the operating

temperature were calculated by the method of Fuller,

Schettler and Giddings [29].

The transport processes in the membrane and in the

catalyst layer were formulated under the assumption of

porous layers with effective transport coefficients heff, leff

and Deff. These can depend on the location, especially in the

case of a multilayer configuration. The effective thermal

conductivities of the membrane and the catalyst layer were

approximated by using the values of the solid and gas phase

considering the porosity according to [29] and assumed to be

constant. The effective diffusion coefficients for each

species were estimated following the Bosanquet scheme

[30] by means of a series of diffusion resistances, i.e. as a

function of the molecular and Knudsen diffusivities.

The required material parameters are given in Table 3.

The applied reaction kinetics was determined experi-

mentally [31] for catalyst particles with 1.8 mm diameter

and described by power law equations. The reaction kinetics

was assumed to be valid for a catalyst layer with plane

geometry. The equation form (7) and the values in Table 1

were used for the numerical simulations.

r j ¼ rCTa jþb j k1; j exp �EA; j

R̃T

� �
c
a j

C j
c
b j

O2
(7)

The temperature factor Ta + b enables an easy conversion to
other temperature dependent variables of composition. The

experimentally determined reaction rates were referred to

the inserted mass of the catalyst [31]. The factor rC serves to

convert the reaction rate per catalyst volume because a

pseudo-homogenous approach is used for the catalyst layer.

3.3. Method of solution

The CFD program FLUENT1was used for the numerical

solution. It is based on the finite volume method. FLUENT1

incorporates an effective equation solver with user-friendly

modules for pre- and post-processing. The modeling of the

complex conditions of the membrane reactor requires user-

defined functions. Preparatory tests were performed for
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Table 3

Operating conditions for the CMR

Product channel Membrane and catalyst layer

rN2
= 0.39 kg/m3 rC = 1020 kg/m3

hN2
= 3.8 � 10�5 Pa s hN2

= 3.8 � 10�5 Pa s

cp = 1140 J/kg K cp = 1140 J/kg K

lN2
= 0.005816 W/m K leff = 0.4 W/m K

T0 = 863.15 K T0 = 863.15 K

Di;N2

 10�4 m2/s f1 = 10 � 107 Pa s/m2

p = 0.1 MPa f2 = 0

Di;N2

 10�6 m2/s
some problems with known analytical solutions. The results

were compared for thermally and hydrodynamically

developing flows in pipes and channels [32]. In addition,

the velocity fields of a packed bed reactor were calculated.

The numerical results were in good agreement with the

analytical solution in all simulation cases. Subsequently, the

grid independence of the solution was verified for the

membrane reactor. The results showed that 80 cells in both

coordinate directions already provided a sufficient accuracy.

The number of cells in y direction was 40 for the product

channel and 20 for the catalyst layer as well as for the

membrane. For all calculations the accuracy of the energy

balance and of the mass balances was controlled along the

reactor.
4. Simulation results and discussion

A reference case was defined as basis for the parameter

variation. Fig. 2 and Table 3 show the reactor geometry and

the operating parameters. The velocity vM is kept constant

along the reactor. The composition of the reactants, the

membrane and the catalyst layer properties were chosen

according to the conditions of accomplished experiments in

the research group and to the area of validity of the reaction

kinetics [31,33,34]. The maximum values of concentrations

and temperatures at the explosion limits were taken into

account.

The selectivity and the conversion were calculated on the

basis of mass streams. The yield is defined as the product of

conversion and selectivity.
Fig. 2. Operating conditions for the CMR.
The simulations served to analyze the influence of the

following parameters on the yield of ethylene:
yO2 ;M
Fig. 3. Mass fractio
oxygen fraction in membrane stream
v	 ¼ vM=vz;0
 velocity ratio
Re
 in reference to product channel inlet
yC2H6;0

ethane fraction at product channel inlet
T/T0
 influence of the temperature
dC/dh
 influence of catalyst layer thickness
The increase of the temperature in the CMR is small

under the given conditions. Therefore, most of the

calculations were performed without considering the energy

balance.

Fig. 3 shows the distribution of ethane in the reactor for

the reference case. The mass diffusion of ethane is

influenced by the convective flux and the higher diffusion

resistance in the membrane. In the catalyst layer and in the

product channel the mass fraction decreases along the

reactor because of reactions and permanent dilution. The

ethane gradients become zero inside the membrane. At this

stage, it is important to clarify that ethane is transported

towards the catalyst layer only by diffusion. The convective

fluxes through the membrane and the higher diffusion

resistances act in the opposite direction. Hence, the velocity

through the membrane in the CMR should be lower than the

velocity in the PBMR. This phenomenon brings up another

problem of the catalytic membrane reactor namely to avoid

loss of reactants by diffusion through the membrane. There

are several possibilities:

 i
ncrease of the trans-membrane stream;

 e
nlargement of the membrane layer thickness;

 a
pplication of membrane layers with smaller mean pore

diameter and higher diffusion resistances.

From this follows an optimization problem of CMR: due

to the increase of the trans-membrane stream, less ethane

reaches the catalyst layer. Thus, less ethylene is generated.

Thicker membranes cause higher-pressure drops of the

membrane stream.

Fig. 4 shows the distribution of ethylene in the reactor for

the reference case. Near the inlet, the ethylene mass fraction
n of ethane in the reactor.
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Fig. 4. Mass fraction of ethylene in the reactor.
Fig. 6. Mass fraction of ethylene in the reactor for a high trans-membrane

stream.

Fig. 7. Rate of formation of ethylene for a low trans-membrane stream.
increases rapidly, particularly in the catalyst layer, and

consequently it rises also in the product channel. Ethylene is

an intermediate product and after a certain reactor length its

consumption is higher than its production, i.e. the mass

fraction begins to decrease.

The next figures (Figs. 5 and 6) present the influence of

the flux through the membrane on the ethylene profiles. The

decrease of the mass fraction of ethylene is caused by the

suppressed diffusion of ethane to the catalyst layer due to

higher flow rate through the membrane. The influence of the

flux through the membrane on the rate of the desired reaction

is shown in Figs. 7 and 8. The higher side streams decrease

the reaction rate significantly and only a thin layer of the

catalyst is active.

In the following investigations, the reference case was

taken as a basis for the variation of the parameters. Only the

influence of one parameter on the yield and the selectivity of

ethylene was investigated in each case.

4.1. Influence of oxygen dosage

The oxygen mass fraction was varied within the range

0:001< yO2
< 0:23. Fig. 9 shows that a decrease of the

oxygen amount causes an increase of the ethylene yield. In

the case of yO2
¼ 0:005, the maximum ethylene yield is

achieved. A further lowering of yO2
down to 0.001

significantly decreases the conversion and the yield.

By increasing the trans-membrane stream the oxygen

amount becomes larger in the catalyst layer and less ethane
Fig. 5. Mass fraction of ethylene in the reactor for a low trans-membrane

stream.
reaches the catalyst since higher membrane flow rates

constrain the ethane diffusion. Hence, the yield of ethylene

decreases with increasing flow rate through the membrane.

4.2. Influence of Reynolds number and ethane mass

fraction

Fig. 10 shows the strong influence of the Reynolds

number and thus of the residence time on the yield of

ethylene. In the reference case, the Reynolds number at the

inlet is 20. Low values of the Reynolds number cause an

increase of the conversion of ethane and a decrease in the

selectivity to ethylene. By decreasing the Reynolds number

the maximum of the yield curve is shifted to shorter reactor

lengths.
Fig. 8. Rate of formation of ethylene for a high trans-membrane stream.



K. Georgieva et al. / Catalysis Today 104 (2005) 168–176174

Fig. 9. Influence of the mass fraction of oxygen on the yield of ethylene.

Fig. 10. Influence of the Reynolds number on the yield of ethylene.
Fig. 13. Influence of the catalyst layer thickness d* on the selectivity of

ethylene.

Fig. 12. Influence of the temperature on the yield of ethylene.
The influence of the ethane mass fraction is rather small

in the range 0:005< yC2H6
< 0:05. A maximum yield is

obtained for yC2H6
¼ 0:05. High values of the ethane mass

fraction improve the selectivity and the yield of ethylene.

4.3. Influence of temperature

Simulations for different temperatures were performed

under isothermal conditions. In spite of the higher selectivity

at low temperature, the highest yield of ethylene was

obtained at the highest temperature because of the increased

conversion (Figs. 11 and 12).

4.4. Influence of catalyst layer thickness

Simulations were accomplished for the reference case

using different catalyst layer thicknesses (0.0313 < dC/
Fig. 11. Influence of the temperature on the selectivity of ethylene.
dh < 0.125). As expected, the highest selectivity is obtained

under the given conditions in the case with the thinnest

catalyst layer (Fig. 13). At the reactor outlet, the ethylene

yield for the catalyst layer thickness d* = 0.0625 is still

higher than the yield for the thinnest catalyst layer (Fig. 14),

although the tendency can be clearly recognized; the

decrease of the catalyst layer thickness results in an

enhancement of the selectivity and the yield of the desired

intermediate product. A thicker catalyst layer improves the

conversion of ethane, but the selectivity has the dominant

influence on the yield.

4.5. CMR in comparison with CWR

The simulations for the CWR were performed only for

comparison. In relation to the commonly used PBR, a CWR
Fig. 14. Influence of the catalyst layer thickness d* on the yield of ethylene.
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Fig. 15. Influence of yO2
on the yield curves in CMR and CWR.

Fig. 16. Temperature influence on the yield of ethylene in CMR and CWR.
can be of interest in the case of small characteristic lengths, a

condition encountered for example in monolith reactors. The

reference case was again the basis for the simulation. The

total membrane stream of the CMR was fed at the inlet of the

CWR and hence the residence times are shorter. The

corresponding oxygen mass fraction is smaller because of

the higher inlet mass flow rate.

The simulation results (Figs. 15 and 16) show clearly the

following advantages of the CMR in comparison to the

CWR:

 T
he obtained ethylene yield in the CMR is higher than the

yield in the CWR for shorter reactor lengths.

 T
he CMR offers a better temperature control for highly

exothermic serial–parallel reactions.

To evaluate the potential of both reactors, it is necessary

to perform a comparison under the optimal conditions for

each reactor.
5. Conclusions

From the simulations performed in this work the

following conclusions can be drawn:

 H
eterogeneous models and multidimensional formulation

are necessary for the complete description of a CMR.

 T
he oxygen dosage affects significantly selectivity and

yield of ethylene:

- Lower flow rate through the membrane is necessary in

the CMR in comparison to the PBMR. For given

membrane properties the convective stream through the

membrane influences strongly the activity of the

catalyst layer and the effectiveness of the reactor.

- The yield of ethylene increases with decreasing oxygen

mass fraction until to a determined value. Further

reduction of the oxygen mass fraction affects strongly

the conversion and lowers the yield.

 v
M=vz;0, dC/Deff,k, dM/Deff,M influence strongly:

- the activity of the catalyst layer and

- the transfer of products to the oxygen channel.

 T
he dosage of oxygen through the membrane enables the

operation of the reactor over a wide range of parameters.

This clarifies the advantages of a CMR in comparison to a

PBMR. The porosity distribution in a PBMR can cause

hot spots and undesirable reactor behavior.

 T
he results of the different simulations show clearly the

advantages of the CMR compared to the CWR.

Further systematic simulations are necessary to determine

the effective operating conditions for defined membrane

configurations. Hence, model improvements and adjustments

to the experimental results, concerning the reaction kinetics

and membrane properties, are necessary.
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rohrförmigen Membranen, GVC-Fachausschuß ‘‘Wärme- und Stoffü-
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