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ABSTRACT
Ion transport membrane (ITM) based reactors have been suggested as a novel technology for several applications including
fuel reforming and oxy-fuel combustion, which integrates air separation and fuel conversion while reducing complexity and
the associated energy penalty. To utilize this technology more effectively, it is necessary to develop a better understanding
of the fundamental processes of oxygen transport and fuel conversion in the immediate vicinity of the membrane. In this
paper, a numerical model that spatially resolves the gas flow, transport and reactions is presented. The model incorporates
detailed gas phase chemistry and transport. The model is used to express the oxygen permeation flux in terms of the oxygen
concentrations at the membrane surface given data on the bulk concentration, which is necessary for cases when mass
transfer limitations on the permeate side are important and for reactive flow modeling. The simulation results show the
dependence of oxygen transport and fuel conversion on the geometry and flow parameters including the membrane
temperature, feed and sweep gas flow, oxygen concentration in the feed and fuel concentration in the sweep gas.
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1.

INTRODUCTION
Ion transport membranes (ITM), whose material is characterized by high ionic and electronic conductivity, have

been demonstrated for air separation and oxygen production, and to a lesser extent for fuel reforming and oxidation. At
elevated temperatures, typically above 700 °C [1], and oxygen chemical potential gradients across the membrane surface,
determined by the local oxygen concentrations near the membrane surface, oxygen selectively permeates from the feed (air)
side to the permeate (sweep gas) side. Oxygen undergoes gas phase mass transfer and surface exchange on both sides of the
membrane, as well as bulk diffusion through the membrane itself. In the presence of a fuel on the permeate side, reaction
with the permeated oxygen may lead to partial or full oxidation. This, besides enhancing the oxygen flux across the
membrane, makes it possible to incorporate ITM reactors/combustor to perform oxy-fuel combustion without the need for a
separate air separation unit, a combustion unit and an external heat exchanger [2]. The integration of air separation and fuel
conversion into a single unit could reduce the size and cost of this promising carbon-capture technology.

Since the 1980s when mixed-conducting ceramic membranes were introduced [3-6], extensive research has been
performed to improve oxygen permeation rates. Many researchers have investigated ITM air separation units
experimentally, with separation-only without chemical reactions in the permeate side, in order to measure oxygen
permeation rates at different conditions, such as feed and sweep gas flow rates, membrane temperature, operating pressure
and geometry of the membrane [7-13]. In the course of these experimental activities, a reactive gas such as methane has
been employed on the permeate side to increase the chemical potential gradient by consuming the permeated oxygen and to
maintain the membrane temperature, and thus to enhance oxygen permeation rates. Recent research shows that the oxygen
permeation rate in which air separation and oxidation reactions take place simultaneously increases by a factor of 2 to 9
[14-18] compared to that of the separation-only case.

Incorporating ITMs in different reactors has been suggested for different applications because of the high purity of
oxygen produced in the separation process as oxygen is selectively added to the permeate side through ion transport. In a
reactive process, the high purity oxygen leads to better control over the quality of the product. ITM reactors not only
improve oxygen permeation rates, but also deliver product streams with higher selectivity than conventional reactors [19].
The complete conversion of fuel with pure oxygen yields only carbon dioxide and water [20, 21]. By condensing water, the
exhaust stream contains high purity carbon dioxide. Therefore, oxy-fuel combustion, an important technology in power
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generation with carbon capture, can be performed in an ITM reactor without the need for extra purification for the exhaust
stream. In another application, partial oxidation using the oxygen produced by the membrane can be used to reform a fuel
to a synthesis gas composed of carbon monoxide and hydrogen [2, 22-25]. As oxygen is introduced uniformly into the
permeate side where partial oxidation takes place, ITM reactors achieve a higher carbon monoxide selectivity than typical
reactors (e.g., co-fed, fixed bed reactors). Multiple methods have been investigated for production of hydrogen, and ITM
reactors with partial oxidation of fuel is one of them. Another application of ITM reactors is to produce higher
hydrocarbons such as ethane and ethylene [26, 27], which is called oxidative coupling. By enabling methane to react with
oxygen ions in the crystalline structure, rather than gaseous molecular oxygen, deep oxidation of the fuel is avoided and
higher order hydrocarbons can be produced.

Oxygen permeation rate and hydrocarbon conversion/product selectivity are strongly coupled through the local
oxygen chemical potential in the vicinity of membrane surfaces, as well as the membrane temperature [28]. In case a
reaction takes place on the permeate side, the local oxygen concentration in the vicinity of the membrane is influenced by
oxidation reactions and hence cannot be approximated by the bulk stream oxygen concentrations measured at the permeate
stream outlet side. With respect to fuel conversion, since oxygen is introduced at a finite rate, its local concentration plays
an important role in determining the overall reaction rate and reaction products. Moreover, the heat released along with the
location of reaction zone affects the temperature profile and the membrane temperature. Therefore, it is important to
perform experimental studies and to develop modeling approaches that can spatially resolve the thermochemical field in the
immediate neighborhood of the membrane. So far only a limited number of studies have been conducted [2, 21, 24, 29].

Given the novelty of the technology, only few modeling studies have been published. Tan et al. [21] and Jin et al.
[29] assumed a plug flow to model their reactor, and negligible temperature changes due to oxidation reactions. They
showed how oxygen permeation and fuel conversion rates vary with the operating temperature, feed air and fuel flow rates
and reactor geometry. Smit et al. [2] presented a rigorous model, but neglected gas phase mass transfer and spatial
variations of temperature. Tan et al. [24] considered the spatially resolved oxygen concentrations and temperature in a
membrane reactor for partial oxidation of methane, and solved for the product selectivity and hydrocarbon conversion as a
function of the operating parameters including temperature, methane flow rate, membrane tube diameter and membrane
thickness. They implemented a three-step reaction mechanism, and based their oxygen permeation model on kinetic
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parameters obtained using the bulk stream parameters by Xu and Thomson [30]. As we show in this paper, permeation flux
models parameterized in terms of the oxygen concentration in the bulk may not be applicable in the case of a reactive flow
on the permeate side. We also show that detailed chemistry is necessary to account for important phenomena such as fuel
pyrolysis.

In this paper, we formulate a computational model for oxygen transport and fuel conversion in a set up frequently
used to study the impact of the operating conditions on oxygen permeation across an ITM. Our computational model
incorporates detailed chemical kinetics and multistep transport in the gas phase. We start with the development of an
oxygen permeation flux model parameterized in terms of the local oxygen partial pressures in the vicinity of the membrane.
We show that it is important to use permeation flux models based on the values of the oxygen concentration close to the
membrane surface, and show how experimental measurements of the flux and the oxygen concentration at the bulk can be
used to calculate the oxygen concentration at the surface. The spatially resolved flow field is used to estimate the kinetic
parameters of the membrane. Next we use the permeation flux model to study the dependence of oxygen transport on the
operating conditions including the presence of a fuel in the sweep gas. An overview of the fundamentals of oxygen ion
transport processes and the oxygen transport mechanism considered in this study is discussed in Section 2. In Section 3, the
numerical model and the numerical scheme employed in this study are described. Section 4 summarizes the methodology to
parameterize the spatially resolved oxygen permeation flux expression based on the local oxygen chemical potential at the
membrane surface. In Section 5, the impact of the operating conditions including the membrane temperature, feed and
sweep gas flow rates, sweep gas channel height, oxygen concentration in the feed air and chemical reactions on the oxygen
transport are presented and discussed.

2.

OXYGEN TRANSPORT MECHANISM
The oxygen permeation mechanism is incorporated into the coupled thermochemical-fluid dynamic model

described in Section 3, using a single step expression. In this expression, the oxygen permeation flux is described in terms
of the gas phase parameters, that is, the oxygen partial pressure on both sides of the membrane. This expression is derived
in this section starting with a multi-step mechanism. Figure 1 shows the important steps of oxygen transport across the
membrane: the gas phase mass transfer, surface exchange and bulk diffusion, following the chemical potential gradient. The
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Gas phase mass transfer is described using a fluid dynamic model, while surface exchange and bulk diffusion are based on
surface species and bulk phase ions inside the membrane [1, 31]. Instead of keeping track of the surface species and bulk
phase ions, a single step expression that accounts for surface exchange on both sides of the membrane and bulk ion
diffusion across the ITM is developed. Implementing a single-step oxygen transport expression across the membrane
improve the computational efficiency of the overall model and enables studying important oxygen transport steps and their
dependence on other gas-phase flow parameters.

2.1. Overview of Oxygen Transport Processes
Based on the difference in the oxygen chemical potentials between the feed side and the permeate side, the
membrane temperature and its ambipolar conductivity, oxygen migrates from the high pressure feed side to the low
pressure permeate side, according to the overall transport processes summarized as follows [32-35] (refer to Figure 1 for
stream points, (a) through (f)):

i.

(a) to (b): gaseous oxygen mass transfer (advection and diffusion) from the feed stream to the membrane surface

ii. (b) to (c): adsorption onto the membrane surface, dissociation and ionization of oxygen molecules and subsequent
incorporation of the ions into the lattice vacancies (feed side surface exchange)
iii. (c) to (d): transport of lattice oxygen ions through the membrane (bulk diffusion)
iv. (d) to (e): association of lattice oxygen ions to oxygen molecules and desorption from the membrane surface into the
gas phase (permeate side surface exchange)
v.

(e) to (f): gaseous oxygen mass transfer (advection and diffusion) from the membrane surface to the permeate stream

The gaseous mass transfer processes (i and v) are modeled using homogeneous gas species conservation equations
(continuity, momentum and energy). Global reaction kinetics are used to approximate the surface exchange (ii and iv), the
bulk diffusion (iii) is governed by internal defect reactions or oxygen vacancy transport.

2.1.1. Gas phase mass transfer
The gas phase mass transfer plays an important role in oxygen transport especially when the flow rate is low
enough to result in a relatively thick boundary layer. A high flow rate of the sweep gas or feed gas reduces the
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corresponding boundary layer next to the membrane surface. In this case, the oxygen concentration profile in the gas is
nearly uniform and its effect on the gas phase mass transfer is insignificant. This is the typical assumption in some ITM
research. However, the flow rate in typical ITM reactors is small such that the required stoichiometry of the chemical
reactions is satisfied, and the passages are narrow to maximize the surface area per volume ratio. Accordingly the Reynolds
numbers are low and the boundary layer thicknesses are large. In this case, the gas phase mass transfer has a significant
impact on the oxygen concentration profile, especially in the permeate side where oxidation reactions occur. Recent
research has highlighted the importance of the gas phase mass transfer and the nonuniform oxygen chemical potentials next
to the membrane surface [36].

In typical ITM permeation measurements, the oxygen permeation rates are characterized in terms of the feed
stream inlet partial pressure or oxygen concentration and the same parameters at the sweep gas outlet. Oxygen
concentrations measured at these two points may not be the same as that at the two sides of the membrane surface. By
ignoring the effects of the gas phase mass transfer, it is assumed that the measurements at the points away from the vicinity
of the membrane surface are the same as the local values near the membrane ((b) and (e) in Figure 1). Thus, while the
resulting expressions may be sufficient for describing similar set ups, they are not general [36] and the local oxygen
concentration profiles should be determined in order to recast these expressions in terms of the local values at the vicinity
of the membrane surface.

2.1.2. Surface exchange
The surface exchange processes connect the gas phase oxygen molecules in the immediate neighborhood of the
membrane with the membrane surface species. As mentioned above, gaseous oxygen molecules adsorb onto the membrane
surface, dissociated and ionized by reacting with available free electrons from the lattice, hence occupying an oxygen
vacancy and forming two electron holes [37]. The reverse processes take place on the permeate side of the membrane after
the oxygen ions transport across the membrane by bulk diffusion as discussed in Section 2.1.3. The global surface exchange
reaction describing these processes is,

1
k f / kr
O2 + VO•• ←⎯⎯
→ OOx + 2h•
2

(1)
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The conventional Kroger-Vink notation is used here for the lattice species and defects where

OOx

•

kf

is the lattice oxygen ion; h is the electron hole, and

and

kr

VO••

is the oxygen vacancy;

are the reaction rates of forward and backward

reactions of expression (1), respectively. Although a multistep kinetic mechanism written in terms of more elementary
reactions exist [38, 39], the expression (1) is sufficient to model the overall surface exchange process on both sides of the
membrane [40, 41].

The law of mass action, with reaction rates based on the activation energy and membrane temperature, is used to
approximate the oxygen surface exchange kinetics [38-40, 42, 43]. Based on the transition state theory, the reaction rates
are typically expressed in an Arrhenius form,

ki = ξ

⎛ −EA ⎞
κ BTmem
exp ⎜
hp
⎝ RTmem ⎟⎠

where

ki

(2)

represents either forward ( k f ) or backward ( kr ) reaction rate of the surface exchange reactions, as described in

expression (1);

ξ

activation energy;

is a transmission coefficient;

Tmem

κB

is the Boltzmann constant;

is the membrane temperature and

R

hP

is the Planck constant;

EA

is the

is the universal gas constant. Surface exchange processes are

strongly dependent on the membrane temperature, and the activation energy which is a function of surface properties.

Typical mixed-conducting membranes have a substantially high electronic conductivity, and hence the electron
hole concentrations are constant throughout the ITM at steady state. It can be assumed that the surface exchange reactions
are no longer dependent on the concentration of electron holes. As a result, the backward reaction of surface exchange,
expressed in (1), becomes pseudo-zero order at steady state under isothermal operations [44]. Then, based on the global
reaction (1) and the reaction rate expression (2), the oxygen permeation rate by the surface exchange reaction on each side
of the membrane can be expressed as,
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JO2 = k f PO0.5
CV •• , feed − kr
2 , feed,(s)

: Feed side

(3)

JO2 = kr − k f PO0.5
CV •• ,sweep
2 ,sweep,(s )

: Permeate side

(4)

O

O

where

PO2 , feed,(s)

and

PO2 ,sweep,(s)

stand for the oxygen partial pressures evaluated at the membrane surfaces in both the

feed and sweep gas sides, respectively;

CV •• , feed and CV •• , sweep are the molar concentrations of oxygen vacancies on the
O

O

membrane surfaces in both feed and sweep gas sides, respectively. Note that (3) and (4) are equal at steady state.
Depending on how the expressions in (3) and (4) are simplified or the reaction rate (2) is approximated, different empirical
correlations for the surface exchange processes have been proposed [40, 42, 43, 45].

2.1.3. Bulk diffusion
When both ionic and electronic conductivities of the membrane are sufficiently high, oxygen ion transport through
the membrane does not need an external electrical circuit. The permeation of oxygen ions is charge compensated by a flux
of electrons in the reverse direction. Because these membranes are dense/gas-tight, direct permeation of gaseous oxygen
molecules is prohibited, and only ionized oxygen can move across them. A number of different mechanisms have been
discussed to explain bulk ion diffusion across an ITM, among which the vacancy transport mechanism is widely used [44].
Only mobile ionic defects can move from one lattice position to another, and the oxygen vacancy and electron hole are the
two charged defects in ITM. When an oxygen vacancy moves to the site occupied by an oxygen ion, the oxygen ion is
relocated to the site released by the oxygen vacancy. The transport of charged defects at steady state under an
electrochemical potential gradient is described by the Nernst-Planck equation,

Ji = −

where

σi

( zi F )2

σi

constant;

∇ηi

is the ionic conductivity of charged defects i;

∇ηi

(5)

zi

is the charge number of charged defects i;

is the electrochemical potential gradient of charged defects i, which can be expressed as,
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F

is the Faraday

∇ηi = ∇µi + zi F∇φ

where

∇µi

(6)

is the chemical potential gradient of charged defects i, and

∇φ

is the electric potential gradient across the

membrane. In general, transverse variations of charged defect concentrations are negligible in a thin mixed ionic-electronic
conductor, and a one-dimensional approximation ((c) to (d) in Figure 1) can be implemented. Expression (5) and (6) are
thus written as,

Ji = −

where

σi

( zi F )

Ci

2

⎡
∂ ln Ci
∂φ ⎤
⎢ RT ∂y + zi F ∂y ⎥
⎣
⎦

(7)

is the molar concentration of charged defects i. The Nernst-Einstein relation explains

2
zi F ) Di Ci
(
=

σi

(8)

RT

where

Di

σ i , as shown below.

is the diffusivity of charged defects i. Depending on the simplification applied to the Nernst-Einstein relation for

the ionic conductivity, different empirical correlations for bulk diffusion have been proposed [41, 45-48]. Due to the high
electronic conductivity of mixed-conducting ceramic membranes, the concentration of electrons is maintained constant
across the ITM at steady state. As a result, the oxygen permeation is limited by the transport of oxygen vacancy (i.e., ionic
conductivity). In addition, the membrane is electrically neutralized, and the electric potential gradient is generally neglected
at steady state. Then, assuming a linear variation of oxygen vacancy concentration across the ITM, the oxygen vacancy
transport can be expressed using expression (7) and (8) as,

JV •• = −DV ••
O

O

∂CV ••
O

∂y

=−

DV ••
O

L

(C

VO•• , sweep

− CV •• , feed
O

)

(9)

9

where

L

is the membrane thickness. Note that the oxygen vacancy diffusion coefficient,

DV •• , is dependent on the
O

temperature and the crystalline structure of the membrane. At steady state, under isothermal operations and for small
differences in the oxygen partial pressures, the diffusion coefficient is assumed to be constant across the membrane. Based
on the stoichiometry (refer to expression (1)), the oxygen permeation rate by bulk diffusion becomes,

(

DV ••
1
JO2 = − JV •• = O CV •• , sweep − CV •• , feed
O
O
2 O
2L

)

(10)

Expression (10) shows that the oxygen permeation rate by bulk diffusion is governed by the ionic conductivity, temperature
and the chemical potential gradient of oxygen vacancies across the membrane.

2.2. Reduction in Terms of the Partial Pressures
As proposed by Xu and Thomson [30], at steady state, an expression the combines surface exchange on the feed
and permeate sides and bulk diffusion in terms of the oxygen partial pressures can be derived. At steady state, expression
(3), (4) and (10) are equal. Combining these expressions, we obtain the desired form:

JO2 =

(

(

DV •• kr PO0.5
− PO0.5
2 , feed,(s )
2 , sweep,(s )
O

2Lk f PO2 , feed,(s ) PO2 , sweep,(s )

)

0.5

(

)

+ DV •• PO0.5
+ PO0.5
2 , feed,(s )
2 , sweep,(s )
O

)

(11)

Note that expression (11) describes the important dependence of the oxygen permeation rate on the surface exchange (i.e.,
the membrane temperature and the activation energy) and the bulk diffusion (i.e., the ionic conductivity, chemical potential
gradient and membrane temperature) as discussed in Section 2.1.2 and Section 2.1.3 and can be used under surface
exchange limited and bulk diffusion limited conditions.

To use the single step expression in the fluid dynamic model, the diffusion coefficient of oxygen vacancies,

DV •• ,
O

and the surface exchange reaction rates,

kf

and

kr ,

must be known. These can be expressed in an Arrhenius form as

shown below,
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⎛ −EA,i ⎞
Θi = ψ i exp ⎜
⎝ RTmem ⎟⎠

The pre-exponential factor,

where

Θi = DV •• , k f , kr

(12)

O

ψi ,

and the activation energy,

EA,i ,

are derived from experimental data (i.e., oxygen

permeation rates). Furthermore, the oxygen partial pressures used in expression (11) should be evaluated in the immediate
vicinity of the membrane surface

PO2 , feed,(s)

and

PO2 ,sweep,(s)

((b) and (e) in Figure 1), and not the bulk values. This is

particularly important in cases when the local variations of oxygen partial pressure in the direction normal to the membrane
surface are strong, as discussed in Section 2.1. Xu and Thomson [30] assumed that bulk stream parameters ( PO2 , feed,(b) and

PO2 , sweep,(b) ) can approximate the local oxygen partial pressures when they used a similar expression in their numerical and
experimental work. Given that measurements of these variations are not often available, we propose to evaluate them using
a numerical model, as explained in Section 3. The methodology to compute the oxygen partial pressure profiles is discussed
in Section 4. The numerical model makes it possible to evaluate the partial pressures at the membrane surface, starting with
these values in the bulk and the oxygen permeation flux. Using this approach, we recast the oxygen permeation flux in
terms of the oxygen partial pressures at the membrane surface, endowing it with wider applicability.

3.

OVERALL NUMERICAL MODEL
The analysis of the oxygen transport and fuel conversion processes in an ITM reactor often utilizes a stagnation

flow configuration, mostly in the “button-cell” format. A variation on that is shown in Figure 2, showing an experimental
apparatus that is under development in our laboratory. This flow configuration was selected because, in the neighborhood
of the stagnation line, the profiles of the flow variables including the velocity, temperature, density and species
concentrations follow a self-similar solution in the direction normal to the membrane. This simplifies the analysis by
reducing the dimensionality of the problem and allows us to implement more complex transport and detailed chemistry
models at a manageable computational effort. The membrane divides the physical domain into two computational domains
as shown in Figure 2, each governed by a set of equations shown in Section 3.1, coupled through the heat flux and the
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oxygen permeation flux depending on the partial pressures on both sides. The requisite boundary conditions are discussed
in Section 3.2, and finally Section 3.3 discusses the coupling of the air and fuel domains.

3.1. Governing Equations
The governing equations are derived from the general three-dimensional governing equations for reacting flow
given by Kee et al. [49]. A low Mach number assumption is imposed because of the low gas velocities, and hence the
pressure variations are negligible compared to the thermodynamic pressure, and the oxygen partial pressure is only
dependent on its mole fraction. Variations in the z -direction, normal to the x − y plane of the flow, are neglected, where

x

is measured along the membrane direction and y is the normal direction. A boundary layer approximation is assumed,

in which diffusion along the

x -direction

is neglected with respect to that in the y -direction. Moreover, a self-similar

boundary layer solution is sought, in which all the normalized flow variables are function of the direction normal to the
membrane and time. The momentum equation in y -direction is therefore decoupled and neglected. Gas-phase radiation is
also neglected. The solution variables and the system of governing equations are as follows:

V ( t, y ) = ρυ

: Mass flux ( y direction; normal to the membrane) [kg/m2/s]

(13)

: Scaled parallel velocity ( x direction; parallel to the membrane) [1/s]

(14)

Yk ( t, y )

: Species mass fraction

(15)

T ( t, y )

: Temperature [K]

(16)

: Scaled parallel pressure gradient [kg/m3/s2]

(17)

U ( t, y ) =

Λ x (t ) =

u
x

1 dp
x dx

∂ρ ∂V
ρ ∂T K ρW ∂Yk ∂V
+
+ αρU = −
−∑
+
+ αρU = 0
∂t ∂y
T ∂t k =1 Wk ∂t
∂y

: Continuity

(18)

ρ

∂U
∂U
∂ ⎛ ∂U ⎞
+V
+ ρU 2 + Λ x − ⎜ ϕ
=0
∂t
∂y
∂y ⎝ ∂y ⎟⎠

: x -momentum

(19)

ρ

∂Yk
∂Y
∂j
+ V k + k − ω kWk = 0
∂t
∂y ∂y

: Species

(20)
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where,

ρ

⎛ ∂Y Y ∂W ⎞ DkT ∂T
jk = − ρ Dkm ⎜ k + k
−
⎝ ∂y W ∂y ⎟⎠ T ∂y

K
∂T
∂T 1 ⎡ K
∂T ∂ ⎛ ∂T ⎞ ⎤
+V
+ ⎢ ∑ ĥkω k + ∑ jk c p, k
−
λ
⎥=0
∂t
∂y c p ⎣ k =1
∂y ∂y ⎜⎝ ∂y ⎟⎠ ⎦
k =1

∂Λ x
=0
∂y

Where

ρ

is the density;

ϕ

is the dynamic viscosity;

Dkm

enthalpy of species k;

λ

cp

(21)

: Pressure curvature

(22)

is the mixture-averaged diffusion coefficient;

thermal diffusion coefficient; W is the mixture molecular weight;
molar production rate of species k;

: Energy

is the mixture specific heat;

Wk

is the molecular weight of species k;

c p,k

is the specific heat of species k;

is the thermal conductivity; K is the number of gas-phase species. Note that

α

ĥk

DkT

is the

ω k

is the

is the molar

is 1 for a planar

configuration and 2 for an axi-symmetric configuration [49]. Along with the system of governing equations, the equation of
state is used to compute the density as a function of species mass fractions:

ρ=

pW
RT

(23)

The pressure curvature equation (22) is added to the system of governing equations to model the finite domain
configuration, given that in this case the inlet velocity is imposed as a boundary condition. Thus, the pressure gradient must
be determined as a part of the solution. The scaled pressure gradient

! x is not a function of y , and is constant throughout

the computational domain. Its magnitude is adjusted to satisfy the remaining boundary conditions [49].

The GRI-Mech [50] is implemented to describe the homogeneous gas phase chemical reactions. As nitrogen is not
expected to participate in the reactions, the GRI-Mech is reduced to 37 species and 225 reactions. The detailed chemistry
enables us to capture important phenomena and chemical species appearing in the neighborhood of the membrane. Cantera
[51] is used to integrate the multi-step chemical reactions and evaluate the thermodynamic and the transport properties
shown in the governing equations and reaction kinetics using NASA polynomials.
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The governing equations and boundary conditions is spatially discretized using finite difference. The diffusion
terms in the momentum equation and the species conservation equations are approximated to second-order accuracy. To
avoid numerical instabilities [49], the convective terms are discretized with a first-order upwind differencing. The
continuity equation is discretized using a first-order fully implicit finite difference. The pressure curvature equation keeps
the preconditioner matrix that approximates the inverse of the Jacobian banded. The discretized equations are integrated
using the Sundials IDA solver [52], which integrates the differential algebraic equations using a variable-order (from 1 to 5)
backward differentiation formula. At each time step, this produces a system of nonlinear algebraic equations, which are
solved using a preconditioned Newton-Krylov method.

3.2. Boundary Conditions
The boundary conditions describe inflow conditions at the inlets and at the membrane surface. At the inlets, the
gas temperature, composition and mass flux are known. Pure normal flow condition implies a zero parallel velocity (i.e.,

uin = U in = 0 ), and the molar composition of the inflow is determined by that of air ( Yk, feed ) and a given inlet sweep gas
( Yk,sweep ). The mass influx ( V feed ,

Vsweep ) and the temperature ( T feed , Tsweep ) are also known. The pressure curvature

does not have an explicit boundary condition, and its magnitude is determined to satisfy the mass flux at the inlets. Because
the continuity equation is first-order, it needs only one boundary condition at the membrane surface, which is the oxygen
permeation rate. The finite-gap stagnation flow configuration requires another mass flux boundary condition at the inlets to
account for the given mass influx. This boundary condition is implemented through the pressure curvature equation, in
terms of the inlet mass flux boundary condition for continuity. The boundary conditions at the inlets (i.e., y = H ) can be
summarized as,

Vin = V feed , Vsweep

: Pressure curvature

(24)

U in = 0

: Momentum

(25)

Yk,in = Yk, feed , Yk,sweep

: Species

(26)

Tin = T feed , Tsweep

: Energy

(27)
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At the membrane surface, flux-matching conditions are applied for the continuity, species and energy conservation
equations. Across the ITM, oxygen is transported from the feed side to the permeate side. The convective and diffusive
mass fluxes of the gas-phase species at the membrane surface should consider the oxygen permeation rate,

JO2

. It is a

negative value for the feed side (a sink term), and the permeate side has it as a positive value (source term). Moreover, in
the case of a reducing or reactive sweep gas, heat transfer to or from the membrane and the sweep gas is also considered.
"

The energy conservation across the membrane describes the heat flux ( Q feed ,

"
Qsweep
) to and from the membrane and its

temperature. Note that the oxygen permeation rate and the heat flux are coupling parameters between the feed domain and
the permeate domain. The boundary conditions at the membrane surface (i.e., y = 0 ) can be summarized as,

⎧⎪−JO2
Vmem = ⎨
⎩⎪+JO2

( feed)
(sweep)

⎧ ±JO2
jk + YkVmem = ⎨
⎩0

( k = O2 )
( k ≠ O2 )

(

)

"
4
Qsweep
− Q"feed − 2γ ε memTmem
− ε ∞T∞4 = 0

where, Q feed = − λ∇T +
"

K

∑( j
k =1

k

: Continuity

(28)

: Species

(29)

: Energy

(30)

: Momentum

(31)

+ YkVmem ) ĥk

K

"
sweep

Q

= λ∇T − ∑ ( jk + YkVmem ) ĥk
k =1

U mem = 0

where

γ

is the Stefan-Boltzmann constant,

T∞

is the reactor wall temperature,

ε mem

and

ε∞

are the emissivity of the

membrane and the reactor wall, respectively. Radiation heat transfer may be considered between the membrane and the
reactor wall (whose material is Inconel 601). As shown in Figure 2, the membrane sees a large area of the reactor wall, and
thus the shape factor is essentially assumed to be one. The emissivity of the membrane,
laboratory, which is approximately 0.8, while the emissivity of the reactor wall,
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ε∞ ,

ε mem ,

is measured at our

is assumed to be 0.9 [53]. It is

assumed that

T∞

is the same as the gas inlet temperature at steady state. The parallel velocity at the membrane surface (

U mem ) is set to zero because of the no-slip condition at the solid surface.

3.3. Coupling Computational Domains
The computational domain is divided into two parts, the feed (air) domain and the permeate (sweep gas) domain.
The two domains are coupled and the steady state solution is obtained by matching the oxygen permeation flux and the heat
flux. Each domain uses the oxygen permeation flux and the heat flux as a flux matching boundary condition at the
membrane surface, as stated in expression (28) to (30). Each domain takes into account the permeation flux and the heat
flux as given fluxes at the membrane surface during the time integration. After integrating each domain using the inlet
boundary conditions and the permeation flux and the heat flux determined during the previous time step, the oxygen partial
pressure profile and the temperature profile in each domain are updated. Because the permeation rate depends on the partial
pressures of oxygen in both domains, as discussed in Section 2, the new oxygen partial pressures result in an updated
oxygen permeation flux for the following time step. Similarly, since the heat flux depends on the temperature profile in
both domains, the new temperature profile leads to an updated heat flux for the following time step. This simulation
procedure is repeated until the steady state is achieved.

4.

PARAMETERIZATION OF SPATIALLY RESOLVED OXYGEN TRANSPORT EXPRESSION
Numerical modeling of reacting flow supported membrane processes requires an oxygen transport flux expression

that can be coupled with the transport and reaction chemistry in the vicinity of the membrane. This is especially true in the
case of oxy-fuel combustion and hydrocarbon reforming. Because of the presence oxidation reactions near the membrane
surface, the flow parameters vary significantly throughout the boundary layer on the permeate side. In this case, the bulk
stream parameters or mean values ( PO2 , sweep,(b) ) are substantially different from the local values next to the membrane
because of the combined transport and chemical reactions. Therefore, the oxygen flux model must be formulated in terms
of the local oxygen concentration at the membrane surfaces. These are not available in the literature, and it is difficult to
measure these local properties experimentally and they are not often (or hardly) reported. Instead, and to proceed with our
modeling effort, we first we use the numerical model of the coupled flow-membrane process described above to derive the
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parameters in expression (11) and (12) from the measured global values. We use the permeation rates measured by Xu and
Thomson. The flux expression in terms of the local oxygen partial pressures is then used to estimate the diffusion
coefficient of oxygen vacancies and the reaction rates of surface exchange.

4.1. Estimation of Local Oxygen Partial Pressure
The numerical simulation is used to evaluate the local oxygen partial pressures using the experimentally measured
oxygen permeation rates and bulk conditions. To produce the oxygen partial pressure profile, we used the experimentally
measured oxygen permeation rates by Xu and Thomson [30]. Using the La0.6Sr0.4Co0.2Fe0.8O3-δ membrane, they generated
126 data points in a typical disc-type stagnation-flow permeation facility that were used to evaluate the six parameters (preexponential factors and activation energies) required in expression (12). Note that they used the bulk stream oxygen partial
pressures,

PO2 , feed,(b)

PO2 , sweep,(b) , measured at the feed air inlet and a sweep gas outlet, respectively. Thus the

and

diffusion coefficient of oxygen vacancies and the reaction rates of surface exchange they derived are evaluated in terms of
the bulk stream parameters or mean values. To utilize their permeation rate measurements for a reactive flow supported
membrane process, where the parameters in expression (12) should account for the local flow variations, we used our
model to numerically reproduce their experiments to determine the local oxygen partial pressures near the membrane
surface. As discussed in Section 3.2, the continuity and the species conservation equations need an oxygen permeation rate
to be used as a flux matching boundary condition at the membrane surface. The experimentally measured permeation rates
are set as constant boundary conditions (for the continuity and species equations) at the membrane surface such as,

⎧⎪−JO2 ,exp ( feed)
Vmem = ⎨
⎩⎪+JO2 ,exp (sweep)

(32)

⎧ ±JO2 ,exp
jk + YkVmem = ⎨
⎩0

(33)

where the subscript

exp

(k = O2 )
(k ≠ O2 )

represents the experimentally measured values.

17

The corresponding experimental conditions including feed and sweep gas flow rates, molar compositions and
membrane temperature are used as boundary conditions at the inlets. Table 1 shows the bulk stream oxygen partial
pressures and the membrane temperature at which Xu and Thomson measured oxygen permeation rates. At the feed air
inlet,

PO2 , feed,(b),exp is applied as a species boundary condition when the rest of the feed gas is nitrogen.

Yk, feed

where

⎧ PO2 , feed,(b),exp WO2
⎪
P
W
⎪
⎪ 1 − PO2 , feed,(b),exp WN
2
=⎨

P
W
⎪
⎪
⎪
⎩0

(

P

)

(k = O2 )
(k = N 2 )

(34)

(k ≠ O2 , N 2 )

is the operating pressure that is 1 atm. Note that the feed air flow rate is maintained at the maximum value of

150 ml/min (STP) to reduce the gas phase mass transfer effect in the feed domain [30], and thus the mass flux of feed air is,

V feed =

where

150 ρ feed

(35)

A feed

ρ feed is the density of feed air (STP), and A feed is the feed inlet area of 5.333 × 10 −3 m 2 . At the sweep gas inlet,

the mass flux of the sweep gas can be found from the measured permeation rates and
Thomson. Since

PO2 , sweep,(b),exp is measured at the sweep gas outlet assuming perfect mixing between the permeated

oxygen and the sweep gas,

PO2 , sweep,(b),exp =

PO2 , sweep,(b),exp measured by Xu and

PO2 , sweep,(b),exp is estimated as,

JO2 ,exp
Vsweep,exp + JO2 ,exp

× P

(36)
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Then, the sweep gas mass flux to be used in the numerical simulations as a sweep gas inlet boundary condition is found by
using

PO2 , sweep,(b),exp and the corresponding oxygen permeation rate, JO2 ,exp , by rearranging expression (36),

Vsweep

⎛
⎞
1
⎜
= JO2 ,exp
− 1⎟
⎜ PO2 , sweep,(b),exp
⎟
⎜⎝
⎟⎠

P

(37)

Nitrogen is used as a sweep gas, and the species boundary condition at the sweep gas inlet is,

⎧1 (k = N 2 )
Yk,sweep = ⎨
⎩0 (k ≠ N 2 )

(38)

Both feed air and sweep gases are introduced at the membrane temperature assuming isothermal conditions in the
experiments.

T feed = Tsweep = Tmem,exp

(39)

By imposing the permeation rate measurements and the corresponding experimental conditions in our numerical
model, we computed the local oxygen partial pressures,

4.2. Evaluation of

PO2 , feed,(s)

and

PO2 , sweep,(s ) , at each operating condition in Table 1.

DV •• , k f and kr for Oxygen Transport Expression
O

The local oxygen partial pressures computed by our numerical model, and the membrane temperature, are used to
evaluate the diffusion coefficient of oxygen vacancies and the surface exchange reaction rates, that is, the six parameters in
expression (12)) to account for the local flow variations, using a nonlinear regression analysis.

DV •• , k f and kr derived
O

from the analysis are shown in Table 2 and Figure 3, where they are compared with the values estimated on the basis of
using the bulk stream parameters [30]. The results confirm that the local variations of the oxygen partial pressure should be
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considered when constructing an oxygen transport model for use in reactive flow studies. The pre-exponential factor,
of the surface exchange reaction rates ( k f and

!

,

kr ) is substantially larger than that obtained on the basis of using the bulk

oxygen partial pressures in the permeation flux. As shown in Figure 1, when the local oxygen concentrations at the surface
((b) and (e) in Figure 1) are considered, the chemical potential gradient is smaller than that determined by the bulk oxygen
partial pressures. With respect to activation energy of the surface exchange reaction rates, they remain nearly the same.
Because the activation energy accounts primarily for the dependency of the reaction rates on temperature, its magnitude
does not vary significantly when the same temperature is used in its evaluation. The pre-exponential factor and the
activation energy of the diffusion coefficient also remain essentially the same.

The fact that the coefficients in the oxygen transport expression pertaining to

DV •• , k f and kr depend on
O

whether the bulk or the local oxygen partial pressures are used to estimate them highlights the importance of a spatially
resolved oxygen partial pressure field and the local oxygen partial pressure in the vicinity of membrane surfaces. The
oxygen transport expression should be evaluated by the local oxygen partial pressure. If the oxygen transport expression is
based on the oxygen partial pressure at bulk streams as used in previous research, the model cannot predict the oxygen
concentration profile in ITM reactors where significant local flow variations exist.

5.

FACTORS INFLUENCING OXYGEN TRANSPORT
The numerical model supplemented with the oxygen permeation flux properly parameterized can be used to

examine oxygen transport and other processes in membrane supported flows. In typical experimental investigations, the
measurement tools are limited and results are shown as function of the bulk stream data which may not be reflective of the
local conditions at the membrane surface, especially in the reactive cases. Here we use our spatially resolved model
examine the dependency of the process on different operating parameters including the membrane temperature, feed and
sweep gas flow rates, geometry and oxygen concentration in the feed stream. The base-case parameters and the range of
their variations in the parametric study are summarized in Table 3. Moreover, the effects of chemical reactions on oxygen
transport are discussed.

20

5.1. Membrane Temperature
The high sensitivity of

DV •• , k f and kr to temperature is shown in Figure 3. The resistances of surface
O

exchange kinetics and bulk diffusion to oxygen permeation are reduced significantly with the membrane temperature.
According to the lower resistances, the permeation rate increases by nearly four orders of magnitude for a temperature rise
from 950K to 1300K, as shown in Figure 4(a). However, beyond a certain point, the sensitivity of oxygen permeation to
temperature starts to decrease. This can be explained by the different activation energies of the surface exchange
coefficients and the diffusivity of oxygen vacancies. As shown in Figure 3, the slope of

DV •• is substantially lower than
O

that of

kf

and

kr . As the temperature is raised, the diffusivity of oxygen vacancies becomes limiting factor in oxygen

transport [30].

Figure 4(a) shows two different oxygen permeation rates evaluated using the oxygen transport expression based on
the oxygen partial pressures at the bulk stream,

JO2 ,(b) , or the local partial pressures at the membrane surface, JO2 ,(s) ,

respectively. The figure shows that the dependence on the membrane temperature is weaker when the oxygen permeation
rate is described in terms of the local partial pressure. An increasing membrane temperature leads to a larger permeation
rate that accounts for a sink and a source term for the feed domain and the permeate domain, respectively. However, the
permeation flux and partial pressures are coupled (see Figure 4(b)). The local oxygen partial pressure in the feed side
decreases and that of the permeate side increases due to the higher permeation rate, and reduces the chemical potential
gradient across the membrane, as shown in Figure 5. We note here that, experimentally, the bulk stream pressure is a mean
value measured in the exiting stream. As shown in Figure 5, the oxygen partial pressures change significantly from the
membrane surface to the inlet in the permeate domain. Assuming complete mixing in the sweep gas at the exit section, the
measured pressure is lower than that at the membrane surface, increasing the apparent partial pressure difference between
the two sides and hence not accurately accounting for the dependency of the permeation flux on that parameter.

5.2. Feed and Sweep Gas Flow Rates
Given the significant impact of the gas phase mass transfer on oxygen transport, it is of interest to consider the
impacts of the feed and sweep gas flow rates. Figure 6(a) shows that the permeation rate increases significantly as the
sweep gas flow rate is raised. As shown in Figure 6(b), the spatially averaged parallel velocity on the permeate side
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increases linearly as the sweep gas flow rate is raised, lowering the oxygen partial pressure. However, the rate of change in
the permeation rate and the oxygen partial pressure become smaller as the sweep gas flow rate increases. It can be
explained by the spatially resolved partial pressure profiles shown in Figure 7. As the sweep gas flow rate increases, the
boundary layer is restricted to a narrow region in the vicinity of the membrane surface. As a result, the oxygen transport
becomes less dependent on the sweep gas flow rates.

On the other hand, the permeation rate is much less dependent on the feed gas flow, as shown in Figure 8(a). At
1100 K (base-case temperature), the forward surface exchange rate,

k f , is higher than both DV

••
O

and

kr , as shown in

Figure 3, and hence the permeation is limited by the bulk diffusion or the surface exchange kinetics on the permeate side.
Thus, although the effects of the gas phase mass transfer in the feed side is reduced by the higher momentum (see Figure
8(b)), the oxygen permeation rate is hardly affected by an increase in the local oxygen partial pressure. This can also be
seen in the spatially resolved partial pressure profiles shown in Figure 9. Whereas the feed side oxygen concentration
profiles vary substantially as the feed gas flow rate increases, the oxygen partial pressure in the permeate side does not
change, which represents negligible changes in the permeation rate.

Ignoring gas phase mass transfer is valid only at high gas flow rates. As shown in Figure 7, the boundary layer on
the permeate side is reduced to a narrow region near the membrane surface when the sweep gas flow rate is raised. In this
case, gas phase mass transfer is negligible, and the bulk stream oxygen partial pressure can be used to asymptotically
approximate the local oxygen partial pressure (see Figure 6(a)). However, as discussed in Section 2.1.1, the flow rate in
ITM reactors is limited by the required stoichiometry of the chemical reactions and the narrow channels.

Comparing Figure 4(a) and Figure 6(a), it can be shown that gains in the permeation rate by increasing the gas
flow rates are much smaller than those induced by heating the membrane. The fact that the oxygen permeation rate is
weakly dependent on the gas phase flow makes it less efficient to increase the flow rate for enhancing the oxygen
permeation rate given that high gas flow rates introduce more pressure drop.

5.3. Geometry – Channel Height from Membrane to Sweep Gas Inlet
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To further investigate the dependence of the oxygen permeation rate on the permeate side gas phase mass transfer,
a sensitivity analysis with respect to the channel height on the sweep gas side was conducted. A smaller channel height
increases the parallel velocity (momentum) on the permeate side reducing the mass transfer effect. In the parametric
investigation of the geometry, the sweep gas flow rate is maintained constant. As shown in Figure 10, the local oxygen
partial pressure,

PO2 , sweep,(s ) , is lowered with the channel height, enhancing the flux and highlighting the effect of

momentum. Note also that the bulk stream parameters ( J O2 ,(b) and
the local flow parameters ( J O2 ,(s) and

PO2 , sweep,(b) ) vary in the opposite direction to that of

PO2 , sweep,(s ) ) with respect to the geometry. Since bulk oxygen partial pressure

measured at the exit stream is determined assuming perfect mixing of the permeated oxygen with the sweep gas (refer to
expression (36)), its value increases when oxygen permeation is enhanced by reducing the gap height, lowering the
apparent bulk stream oxygen partial pressure as opposed to the results based on the local oxygen partial pressures.

5.4. Oxygen Concentration in Feed Air
An increase in the oxygen permeation flux with the oxygen concentration in the feed air is obvious, as discussed in
Section 2. In this study, we assume that both feed and permeate domains are at the same operating pressure, which results
in no total pressure difference across the ITM, for mechanical stability. The permeation rate

JO2

increases when the

oxygen partial pressure in the feed air is higher, as shown in Figure 11. Note that the effects of gas phase mass transfer in
the feed domain are negligible (for the configurations considered in this investigation), as discussed in Section 5.2.
Therefore, a larger oxygen partial pressure in the feed air directly increases the local oxygen partial pressure near the
membrane surface. Gains in the permeation rate are larger than those induced by the feed gas flow rates, but not as large as
those earned by increasing the membrane temperature.

5.5. Chemical Reactions
To capture the effect of chemical reactions on oxygen transport across the membrane, a reactive gas (CH4) is
introduced into the permeate side with diluents (CO2). Other flow parameters are maintained at the base-case values as
listed in Table 3. We note here that to support combustion on the permeate side in the form of a diffusion flame, a
substantial amount of oxygen is required. A diffusion flame is established in the region of unity stoichiometry. To achieve a
significant oxygen permeation flux for the oxidation reactions, in this study, it is assumed that the feed and sweep gases are
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introduced at 1300K. Low oxygen concentration due to low permeation would make it necessary to use a higher dilution
ratio (for instance CH4:CO2 = 1:40 on a molar basis) in order to sustain a diffusion flame. To highlight the impacts of
oxidation reactions, the results are compared with those of inert gas.

Oxidation reactions in the permeate side change the oxygen concentration profile as well as the membrane
temperature. The oxygen permeation flux increases in reactive environment because oxygen concentration in the permeate
side is reduced by consumption in the reaction zone. If the diffusion flame is established in the vicinity of the membrane,
the effect of lowering the oxygen concentration is enhanced and the permeation rate increases further. Figure 12 shows that
this is indeed the case, and the reaction zone is located a few millimeters away from the membrane. Oxidation reactions in
this region reduce the oxygen concentrations compared to the inert gas case, as shown in Figure 13. Furthermore, compared
to the inert gas case in which no temperature variations is seen, the membrane in the reactive environment conducts heat
from the permeate to the feed sides. The heat released at the reaction zone is transferred to the membrane, as well as to the
feed side, raising its temperature, and further enhancing the oxygen permeation flux. Thus, in a reactive flow, lower oxygen
concentration (resulting in

!JO2 = 1.49 " 10 #1 µ mol / cm 2 / s ) and higher membrane temperature (leading to

!JO2 = 1.00 µ mol / cm 2 / s ) enhance the oxygen permeation flux. In comparison with the inert gas case (
JO2 = 1.15 µ mol / cm 2 / s ), in the reactive case, the permeation rate is JO2 = 2.30 µ mol / cm 2 / s .

Partial oxidation and fuel pyrolysis are also seen on the permeate side. When fuel is introduced into a high
temperature reactor without oxygen, the decomposition and pyrolysis of fuel proceed rather than combustion. The oxygen
permeation rate and hence the oxygen concentration on the permeate side are rather low, resulting in a fuel-rich
environment in the reaction zone. In this case, instead of being fully converted to carbon dioxide (complete combustion),
methane is partially oxidized to form synthesis gas composed of carbon monoxide and hydrogen, as follows.

1
CH 4 + O2 → CO + 2H 2
2

(40)
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Figure 14(a) shows the spatially resolved species concentrations. Within the reaction zone, fuel-rich conditions are
established, and the partial oxidation of fuel produces carbon monoxide and hydrogen. Note that the fuel stream is highly
diluted by carbon dioxide. Methane is reformed to produce carbon monoxide and hydrogen by carbon dioxide reforming
reaction as shown below.

CH 4 + CO2 → 2CO + 2H 2

(41)

Moreover, methane is decomposed and pyrolyzed before reaching the reaction front at 1300K, as shown in Figure 14(b).
Fuel pyrolysis may result in soot formation and carbon deposition on the membrane surface [55]. Deposited carbon
degrades the membrane activity including oxygen permeation. Rigorous investigation on these phenomena will be
conducted using the current model. The location of the reaction zone along with fuel pyrolysis shows the importance of
possible heterogeneous reactions on the membrane surface. It has been reported that typical mixed-conducing ion transport
membranes exhibit catalytic activities [28]. This is another phenomenon that will be investigated.

6.

CONCLUSIONS
A numerical model for oxygen transport and fuel conversion processes in an ITM reactor was presented. The

model is consistent with a finite-gap stagnation flow configuration, which is often used in experimental studies. The
membrane separates the domain into two sides, the feed side and the permeate side, coupled by the oxygen permeation flux
and the heat flux across the membrane. The model is based on the transport of mass, momentum and energy on both sides
while imposing appropriate boundary conditions, and accounting for detailed transport and chemistry. We have
implemented an efficient numerical approach to obtain solution over a wide range of operating conditions.

First, we used available experimental data and the numerical model to obtain an expression for the oxygen
permeation flux in terms of the oxygen partial pressure at the membrane surface on both sides. We demonstrated that this is
a more accurate and general representation that allows the application of the resulting expression over a wider range of
conditions. We showed that neglecting the impact of mass transfer in parameterizing the dependency of the permeation flux
on the operating conditions may lead to errors. The flux expression accounts for the adsorption/desorption kinetics and the
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diffusion across the membrane. The values of the parameters

DV •• , k f and kr evaluated using the local oxygen partial
O

pressures confirm that the local variations should be considered when constructing an oxygen transport model.

The resulting model was then used to examine the impact of the operating conditions, such as the membrane
temperature, feed and sweep gas flow rates, geometry, oxygen concentration in the feed air and chemical reactions on
oxygen transport. The oxygen permeation rate depends most strongly on the membrane temperature, but also on the gas
flow rates and the channel height on the permeate side. Moreover, a lower oxygen concentration in the permeate side and a
higher membrane temperature resulting from fuel oxidation reactions on the permeate side enhance the oxygen permeation
rate. A reaction zone located in the vicinity of the membrane consumes the permeated oxygen and reduces its partial
pressure. A high temperature and low oxygen concentration environment may also result in the partial oxidation and/or the
pyrolysis of fuel. The latter is a subject of current studies.
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8.

NOMENCLATURE

PO2

Oxygen partial pressure

JO2

Oxygen permeation rate

VO••

Oxygen vacancy

Oox

Lattice oxygen ion

h•

Electron hole

µi

Chemical potential of species i
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ki

Surface exchange rate of reaction i

Ji

Permeation rate of charged defects i

Ci

Molar concentration of charged defects i

σi

Ionic conductivity of charged defects i

zi

Charge number of charged defects i

ηi

Electrochemical potential of charged defects i

Di

Diffusivity of charged defects i

φ

Electric potential

F

Faraday constant

ξ

Transmission coefficient

κB

Boltzmann constant

hp

Planck constant

EA

Activation energy

ψ

Pre-exponential factor

L

Membrane thickness

R

Gas constant

U

Mass flux

V

Scaled parallel velocity

Yk

Mass fraction of gas-phase species k

T

Temperature

Λy

Scaled parallel pressure gradient

ρ

Density

ϕ

Dynamic viscosity

Dkm

Mixture-averaged diffusion coefficient
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DkT

Thermal diffusion coefficient

W

Mixture molecular weight

Wk

Molecular weight of species k

ω k

Molar production rate of species k

cp

Mixture specific heat

c p, k

Specific heat of species k

ĥk

Molar enthalpy of species k

λ

Thermal conductivity

K

Number of gas-phase species

ε

Emissivity

H

Channel height from membrane to inlet

γ

Stefan-Boltzmann constant

P

Operating pressure

A

Area

subscripts
feed

Feed side of membrane

sweep

Sweep gas (permeate) side of membrane

in

Inlet

mem

Membrane

exp

Experimentally measured values

(s)

Membrane surface

(b)

Bulk stream

∞

Reactor wall
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Figure 14 Influences of chemical reactions on the species concentration variations when a reactive gas is used as a
sweep gas: (a) major species including CH4, O2, CO, H2, and H2O, and (b) soot precursors including C2H2 and C2H4
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Re sweep =
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Table 1 Experimental conditions for oxygen permeation rate measurements by [30]

Parameter

Unit

Value

L

[cm]

0.399

Oxygen partial pressure at the
feed air inlet

PO2 , feed,(b),exp

[atm]

0.21  1.0

Oxygen partial pressure at the
sweep gas outlet

PO2 , sweep,(b),exp

[atm]

4.6 × 10 −4  2.3 × 10 −3

Tmem

[K]

1023  1223

Membrane thickness

Membrane temperature
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Table 2 Pre-exponential factors and activation energies of

DV •• , k f and kr : (a) accounting for the local flow
O

variations (based on

PO2 , feed,(s)

PO2 , sweep,(s ) ) computed by the numerical simulation and (b) evaluated by bulk
stream parameters ( PO2 , feed,(b),exp and PO2 , sweep,(b),exp ) by [30]
and

Pre-exponential factor,
Parameter

ψ

Activation energy, E A
[J/mol]

Value

Unit
(a)

(b)

(a)

(b)

DV ••

[cm2/s]

1.01 E-02

1.58 E-02

7.56 E+04

7.36 E+04

kf

[cm/atm0.5/s]

9.21 E+08

5.90 E+06

2.68 E+05

2.27 E+05

kr

[mol/cm2/s]

1.75 E+11

2.07 E+04

3.77 E+05

2.41 E+05

O
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Table 3 Flow parameters used in the parametric study ( Re feed

Parameter

=

V feed H feed

Unit

Base-case value

µ feed

and

Re sweep =

Vsweep H sweep

µ sweep

)

Range of variations
Min

Max

Membrane temperature

Tmem

[K]

1100

950

1300

Sweep gas flow rate

Vsweep

[kg/m2/s]

0.1
( Re sweep = 42.92)

0.005
( Re sweep = 2.146)

3.0
( Re sweep = 1287.6)

Feed gas flow rate

V feed

[kg/m2/s]

0.1
( Re feed = 111.38)

0.001
( Re feed = 1.114)

1.0
( Re feed = 1113.8)

Channel height from
membrane to
sweep gas inlet

H sweep

[mm]

25.4
( Re sweep = 42.92)

5.0
( Re sweep = 8.449)

70
( Re sweep = 118.29)

Oxygen concentration
in feed air

YO2 , feed

[atm]

0.21

0.21

1.0

Membrane thickness

L

[mm]

1.0

--

--

Channel height from
membrane to
feed gas inlet

H feed

[mm]

50.8

--

--
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