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ABSTRACT 

The interactions between oxygen permeation and homogeneous fuel oxidation reactions on the sweep side of an ion 

transport membrane (ITM) are examined using a comprehensive model, which couples the dependency of the oxygen 

permeation rate on the membrane surface conditions and detailed chemistry and transport in the vicinity of the membrane. 

We assume that the membrane surface is not catalytic to hydrocarbon or syngas oxidation. Results show that increasing the 

sweep gas inlet temperature and fuel concentration enhances oxygen permeation substantially. This is accomplished 

through promoting oxidation reactions (oxygen consumption) and the transport of the products and reaction heat towards 

the membrane, which lowers the oxygen concentration and increases the gas temperature near the membrane. Faster 

reactions at higher fuel concentration and higher inlet gas temperature support substantial fuel conversion and lead to a 

higher oxygen permeation flux without the contribution of surface catalytic activity. Beyond a certain maximum in the fuel 

concentration, extensive heat loss to the membrane (and feed side) reduces the oxidation kinetic rates and limits oxygen 

permeation as the reaction front reaches the membrane. The sweep gas flow rate and channel height have moderate impacts 

on oxygen permeation and fuel conversion due to the residence time requirements for the chemical reactions and the 

location of the reaction zone relative to the membrane surface. 

 

 

                                                           
∗ Corresponding author.  Tel.: +1 617 253 2295; Fax: +1 617 253 5981 
Email address: ghoniem@mit.edu (Ahmed F. Ghoniem) 



 2 

1. INTRODUCTION 

 Oxygen permeable inorganic dense membranes have been considered for simultaneous air separation and fuel 

conversion integrated into a single compartment. Driven by the oxygen chemical potential gradient across the membrane at 

high temperatures typically above 700 °C, oxygen ions selectively permeates from the air side to the sweep gas side of the 

membrane [1, 2]. A reactive gas such as methane can be introduced into the sweep side of an ion transport membrane 

(ITM) to promote simultaneous air separation and fuel conversion (i.e., ITM reactor). Oxygen consumption through the fuel 

oxidation reactions leads to a higher oxygen chemical potential gradient, raising the oxygen permeation rate, while the heat 

of reaction reduces the external thermal energy required to sustain a sufficiently high temperature [3]. In addition, the 

introduction of oxygen into the sweep side in a controlled manner allows complete or partial oxidation with oxygen in the 

absence of nitrogen (i.e., oxy-fuel combustion, syngas production and oxidative coupling). Multiple applications have been 

proposed for ITM reactors [4], such as oxy-fuel combustion, which is an attractive technology for carbon dioxide capture 

and storage [5, 6], and hydrocarbon reforming to produce syngas through partial oxidation, which can be used for liquid 

fuel synthesis or hydrogen production [7-9].  

 

 When a reactive gas is added to the sweep stream of an ITM reactor, the oxygen permeation rate and the 

hydrocarbon conversion are influenced by the local thermodynamic state (predominantly the oxygen concentration and the 

gas temperature near the membrane surface). Because oxygen is introduced through permeation, the fuel and oxidizer in the 

sweep side of an ITM are not pre-mixed, leading to the establishment of a non-premixed or diffusion-controlled reaction 

zone [10]. In such diffusion-supported reactions, the local thermodynamic state including species concentration and 

temperature play significant roles in establishing stable reactions and determining the reaction products. Unlike typical 

diffusion-controlled combustion in which the temperature is so high that the overall hydrocarbon conversion rate is 

governed almost solely by diffusion, the temperature in an ITM reactor is kept low to protect the membrane, and hence 

chemical kinetics play an important role in determining the fuel conversion rate. Furthermore, the initial conditions of the 

oxidizer and the fuel streams (i.e., permeated oxygen and sweep gas in the case of ITM reactors, respectively) govern the 

hydrocarbon conversion. However, unlike other conventional reactors, the flow rate and temperature of the oxidizer stream 

(i.e., oxygen permeation) in an ITM reactor are not known a priori and rather depend on the oxygen partial pressure in the 

immediate vicinity of the membrane and its temperature. Therefore, it is difficult to independently control the mass ratio of 

the fuel to the oxidizer in the sweep side and hence hydrocarbon conversion processes. 
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 Modeling approaches implemented so far have not resolved the interdependency of oxygen permeation and the 

reactive flow in detail. Jin et al. [11] and Tan et al. [12] examined the dependence of the oxygen permeation rate and the 

CH4 conversion on the operating conditions including the temperature, the air and sweep gas flow rates and the reactor 

geometry. They assumed a plug flow to model their reactor and negligible temperature variations due to the chemical 

reactions. Smit and Zhang et al. [13, 14] presented a more detailed model, but it still neglected the species transport and 

heat transfer from the bulk stream in the gas-phase towards the membrane surface. Tan and Li [9] resolved spatially the 

species concentration and temperature on the sweep side in a membrane reactor used for partial oxidation of methane. 

Implementing a three-step reaction mechanism, they discussed the product selectivity and hydrocarbon conversion with 

respect to the temperature, the fuel flow rate, the membrane tube diameter and the membrane thickness. However, their 

numerical model was based on an oxygen permeation rate expression parameterized in terms of the bulk stream parameters, 

not the local thermodynamic state at the membrane surface. Moreover, they assumed fuel conversion on the catalyst surface 

(mounted on the membrane) and neglected gas-phase fuel conversion processes that could lead to the local variations of 

species concentration and temperature along the direction normal to the membrane. 

 

 In this study, the interactions between oxygen permeation and fuel conversion on the sweep side of an ITM are 

investigated using numerical simulations. A computational model that resolves species concentration and temperature, 

spatially and temporally, is used. Detailed gas-phase chemistry and species transport are incorporated to examine the fuel 

conversion and mass transfer in the gas-phase, while an oxygen permeation rate expression parameterized in terms of the 

oxygen partial pressures on the membrane surface and the membrane temperature is applied to account for the influence of 

the local thermodynamic state on oxygen permeation. The parameters used in the expression, such as the diffusivity of 

oxygen vacancy and surface exchange rate coefficients, are based on oxygen permeation rate measurements for 

La0.6Sr0.4Co0.2Fe0.8O3-δ [3, 15]. It is assumed that no additional catalyst is mounted on the membrane, and the membrane 

surface is not catalytically active for hydrocarbon or syngas conversion. To elucidate the relationship between fuel 

conversion and oxygen permeation, a parametric study is performed with respect to several control parameters including the 

fuel concentration in the sweep gas stream (i.e., fuel plus a diluent), its inlet temperature, flow rate and the channel height 

(i.e., the distance from the membrane to the sweep gas inlet or the opposite walls). The numerical approach used in this 

study is summarized in Section 2. The parametric study results with respect to the control parameters are discussed in 
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Section 3. Section 4 includes discussion regarding the feedback interactions between the CH4 conversion and the oxygen 

permeation rate. 

 

 

2. NUMERICAL APPROACH 

 Investigations on fuel conversion and oxygen permeation in an oxygen permeable mixed ionic-electronic 

conducting membrane reactor are conducted using numerical simulations. To examine the operating regimes of an ITM 

reactor, the physical model considers a planar, finite-gap stagnation-flow configuration shown in Figure 1. An experimental 

apparatus in our laboratory is also based on this configuration, which is described in [16]. The self-similar stagnation-flow 

configuration is selected because detailed chemistry and species transport in the gas-phase can be implemented while 

keeping the computational cost at a manageable level. Detailed analysis of the chemical reactions, the mass and heat 

transfer and the local thermodynamic state is necessary for the fundamental studies of ITM supported fuel conversion 

processes and their relationship with oxygen permeation. Although the results from this study may not be directly 

applicable to all reactor systems due to the geometry, the flow field (and thus the mass transfer) and reactor dynamics, this 

configuration allows sufficiently detailed analysis of the fluid dynamic and thermo-chemical processes, contributing to the 

fundamental understanding of ITM reactors and the underlying physics in multi-dimensional, commercial reactor 

configurations. Furthermore, the fundamental knowledge and oxygen permeation expressions gained from such 

investigations can be applied for future studies considering more complex reactor configurations and geometries. 

 

 The numerical model spatially resolves the gas-phase flow, transport and chemical reactions and incorporates an 

oxygen permeation rate expression that models both surface exchange and bulk diffusion processes to connect oxygen 

permeation with the gas-phase flow field. The detail of the numerical model including the governing equations, the 

boundary conditions at the air and sweep gas inlets and the membrane surface and the oxygen permeation rate expression 

were discussed in our previous study [3] and are briefly summarized here. Starting with the general three-dimensional 

governing equations for reacting flow [17], the dimensionality of the model is reduced to one dimension considering the 

similarity behavior of the flow. In the neighborhood of the stagnation line, the flow variables (i.e., density, velocity, 

temperature and species concentration) and their local variations can be described using a self-similar solution in the 

direction normal to the membrane (i.e., y -direction). In addition, a low Mach number assumption is employed because of 
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low gas velocities. The pressure variations are negligible in comparison with the thermodynamic pressure, and the oxygen 

partial pressure depends only on its mole fraction for a given pressure. While flux-matching conditions, i.e., oxygen 

permeation and heat fluxes across the membrane, are applied at the membrane surface, input operating conditions, i.e., the 

gas composition, flow rate and temperature, are imposed at the inlets. The oxygen permeation rate expression was 

parameterized (i.e., the diffusivity of oxygen vacancy and surface exchange rate coefficients) in terms of the local oxygen 

partial pressures in the immediate vicinity of the membrane [3], as opposed to conventional expressions in which the 

oxygen concentration at the bulk streams measured at the air inlet and sweep gas outlet are used [15]. Since the oxygen 

concentration on the sweep side of an ITM varies significantly between the bulk and the membrane surface due to the 

chemical reactions and the mass transfer, the oxygen permeation rate expression used in the analysis must be based on the 

local oxygen partial pressures at the membrane surface. The expression also resolves the dependence of oxygen permeation 

on the membrane temperature, the local oxygen partial pressure and the membrane thickness.  

 

 To examine the fuel conversion processes, a detailed chemical kinetic mechanism for methane (GRI-Mech 3.0 

[18]) is implemented for the homogeneous gas-phase chemical reactions. To integrate the multi-step chemical reactions and 

evaluate thermodynamic and transport properties, Cantera [19] is used along with NASA polynomials. Surface reactions 

are ignored to focus on the gas-phase fuel conversion and their relationship with oxygen permeation. Surface chemistry will 

be considered in future studies. 

 

 

3. PARAMETRIC STUDY 

To examine the interactions between fuel conversion and oxygen permeation, a parametric study is conducted with 

respect to several control parameters including the fuel concentration in the sweep gas stream on a molar basis, xCH4 ,sweep
, 

the sweep gas inlet temperature, Tsweep , volumetric flow rate, Fsweep , and the channel height, Hsweep . The parameters and 

their variations considered in the parametric study are summarized in Table 1. The interaction between the permeated 

oxygen and the fuel forms a laminar, non-premixed (diffusion), oxy-fuel reaction zone [10]. The oxygen permeation rate is 

substantially lower than the flow rate of a convective oxidizer feed stream in conventional counter-flow diffusion flames [2, 

20, 21], and hence the fuel stream (i.e., sweep gas) has to be fed into the sweep side at a low velocity in order to maintain 
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an overall stoichiometric mixture. Moreover, the fuel stream is heavily diluted with CO2 to keep the reaction zone 

temperature low [22] in order to protect the membrane material, and hence the fuel oxidation kinetic rates are not as fast as 

in the case of conventional diffusion flames. To meet this requirement, the base-case considers a sweep gas volumetric flow 

rate of 4.39 × 10-4 m3/s (sweep gas velocity at the inlet = 7.56 × 10-2 m/s, Resweep = 15.6) and a fuel concentration of 6%, 

with the remainder being CO2 at a temperature of Tsweep = 1300K . Note that, integrated at the front end of a power plant, 

an ITM reactor may use a hot recycled carbon dioxide stream as a diluent in the sweep gas stream. The base-case considers 

a membrane thickness, L , of 100 µm and the sweep gas channel height of 25.4 mm. Throughout the parametric study, the 

air inlet flow rate of 1.97 × 10-3 m3/s (air velocity at the inlet = 3.70 × 10-1 m/s, Reair = 100) and temperature of 1300 K, are 

maintained constant. It is assumed that the surrounding wall temperature is the same as the gas (i.e., both air and sweep gas) 

inlet temperature. The total pressure is kept constant at 1 atm. These control parameters for the base-case are selected as 

they are representative of realistic operating conditions for ITM reactors. 

 

3.1. Base-case Results and Important Features 

 The base-case results highlight the characteristics of the diffusion-controlled reaction zone and the important 

features regarding fuel conversion and oxygen permeation. Figure 2(a) shows the variations of the CH4 and O2 molar 

concentrations, the temperature and the heat release rate between the membrane and the sweep gas inlet. The concentrations 

of CH4 and O2 decrease from the sweep gas inlet and the membrane surface, respectively, approaching the reaction zone in 

which the maximum temperature and the peak heat release rate are found. The chemical reactions, i.e., CH4 conversion and 

O2 consumption, around the reaction zone lower their concentrations while raising the heat release rate and the temperature. 

A rise in temperature exists even in regions without a significant heat release due to the heat transfer and the transport of 

the hot products towards both the membrane surface and the sweep gas inlet. A sharp temperature gradient near the 

membrane indicates a high heat transfer rate towards the membrane, Qtransfer , of 7.44 kW/m2, being a significant fraction 

of the gross heat release, Qgen , of 12.1 kW/m2. This raises the membrane temperature while lowering the reaction zone 

temperature [10]. The membrane conducts a part of this heat (3.19 kW/m2) to the air side and transfers the rest of it (4.25 

kW/m2) to the sweep side surrounding walls via radiation. On the air side, the conducted heat plus the thermal energy 

associated with oxygen permeation of 1.06 kW/m2 is transferred towards the air side surrounding walls via radiation (4.25 
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kW/m2). Note that the radiative heat transfer plays an important role in controlling the membrane temperature and 

maintaining a high reactor temperature. The gross heat release is defined as follows,   

 

Qgen = qdysweep = 0

Hsweep∫0

Hsweep∫ (
1

N

∑  ω k ĥk ) dysweep       (Eq.1) 

 

where q  is the heat release rate; N  is the number of gas-phase species;  ω k  is the molar production rate of species k; ĥk  

is the molar enthalpy of species k. The gross heat release shows the extent of the chemical reactions and their effect on the 

temperature rise, whereas the heat transfer to the membrane indicates a thermal effect on the temperature drop.  

 

 The transport of the products away from the reaction zone is also important for determining the temperature as 

well as the local species concentration. The major products from fuel conversion processes include CO2, CO, H2 and H2O, 

and their concentrations indeed show large increase around the reaction zone (i.e., production) and continuous reductions 

away from it (i.e., transport), as shown in Figure 2(b). Note that the CO2 concentration drops as the fuel stream reaches the 

reaction zone increasing that of CO, due to decomposition or reverse water gas-shift reactions, which suppresses the 

production of H2 [10, 23]. The reduction in the CO2 concentration is also attributed to the transport of O2 and H2O towards 

the sweep gas inlet. After being produced through the chemical reactions, the primary products diffuse out from the 

reaction zone towards the membrane surface and the sweep gas inlet. Thus, in such diffusion-controlled reactions, both 

species production and their transport are important for determining the local thermodynamic state including species 

concentration and temperature. In particular, when comparing the molar concentration of the products and oxygen at the 

membrane surface in Figure 2(a) and Figure 2(b), it can be seen that the transport of the products towards the membrane 

surface reduces the oxygen concentration and raises the gas temperature near the membrane. Since the reaction zone, the 

location of which, relative to the membrane, is represented by the location (i.e., reaction front, yfront ) of the maximum heat 

release rate, is established near the membrane surface, the effect of species transport towards the membrane is substantial, 

resulting in a low oxygen partial pressure in the immediate vicinity of the membrane, PO2 ,mem , and a high membrane 

temperature, Tmem . As a result, the transport of the products and heat towards the membrane along with oxygen 

consumption through the chemical reactions enhances the oxygen permeation rate, JO2 , to 3.53 µmol/cm2/s, in comparison 
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with the case of an inert sweep gas which achieves the oxygen permeation rate less than or nearly 1.00 µmol/cm2/s [3]. The 

transport of the reaction products towards the membrane is also important in influencing the kinetic rates on the oxidizer 

side of a diffusion-controlled reaction zone. The product concentrations on the oxidizer side of a reaction zone can change 

substantially the O2 consumption and radical reaction rates, i.e., chain-branching and chain-terminating reactions [10]. 

Moreover, depending on the membrane, the composition of the mixture at the membrane surface can have significant 

implications on the membrane longevity [24-26]. 

 

 Fuel conversion processes in an ITM reactor can be characterized by key variables such as the CH4 conversion, the 

gross heat release, the residence time and the average scaled transverse (i.e., parallel to the membrane) velocity. The CH4 

conversion, XCH4
, is defined as,  

 

 
XCH4

=
VCH4 ,converted

FsweepxCH4 ,sweep
ς sweep( ) Asweep =

− ωCH4
dysweep0

Hsweep∫
FsweepxCH4 ,sweep

ς sweep( ) Asweep      (Eq.2)
 

 

where VCH4 ,converted
 is the conversion rate of CH4 on the sweep side; ς sweep  is the molar density of the sweep gas; Asweep  is 

the sweep gas inlet area. The CH4 conversion indicates how much fuel is consumed relative to the amount of fuel in the 

sweep gas stream, representing the effectiveness of fuel conversion processes on the sweep side. The base-case result shows 

a CH4 conversion of 39.4%. The rest of the fuel cannot be converted through the chemical reactions and rather flows out 

from the reaction zone following the transverse velocity, whose magnitude is represented by the average scaled transverse 

velocity, Uavg : 

 

Uavg =
1

Hsweep

U dysweep0

Hsweep∫           (Eq.3) 

 

where U  is the scaled transverse velocity (see Figure 1). Given the normal velocities of the oxidizer (i.e., oxygen 

permeation at the membrane surface) and the fuel (i.e., sweep gas at the inlet) streams and the sweep gas channel height, the 

flow field within the sweep side is determined and hence the transverse velocity. In addition, the normal velocities of both 
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streams determine the available time or the residence time for the chemical reactions. The residence time, tres , is defined 

as, 

 

tres =
Hsweep

υO2
+υsweep( )            (Eq.4) 

 

where υO2
 is the velocity associated with the oxygen permeation rate; υsweep  is the sweep gas velocity at the sweep gas 

inlet. Under diffusion-controlled conditions, the fuel oxidation kinetics governs the CH4 conversion based on such variables 

as the flow field as well as the local thermodynamic state and the initial conditions of the oxidizer and the fuel streams.  

 

 Important features found in the base-case results show that it is worthwhile to investigate the relationship between 

fuel conversion and oxygen permeation by varying flow conditions on the sweep side. In diffusion-controlled reactions, the 

local thermodynamic state has a large impact on the fuel oxidation kinetics and hence the CH4 conversion. Furthermore, 

oxygen consumption via the chemical reactions, the species transport and heat transfer towards the membrane play 

significant roles in determining the gas temperature and the oxygen concentration in the vicinity of the membrane, affecting 

the oxygen permeation rate. For these reasons, a parametric study is conducted with respect to the control parameters that 

change flow conditions on the sweep side, including the fuel concentration in the sweep gas, its inlet temperature, flow rate 

and the channel height. 

 

3.2. Effect of Fuel Concentration 

In an ITM reactor used for oxy-fuel combustion or fuel reforming, the fuel is diluted in CO2. Here, we investigate 

the impact of the fuel concentration in the CO2 sweep stream on fuel conversion and oxygen permeation. In the parametric 

study, the fuel concentration is raised from 3% to 30%, while the sweep gas inlet temperature, flow rate
 
and channel height 

are maintained at their base-case values. Figure 3 shows that increasing the fuel concentration enhances the oxygen 

permeation rate substantially up to xCH4 ,sweep
≈ 15% , while the CH4 conversion is gradually lowered. Beyond this point, 

as the fuel concentration is raised further, the oxygen permeation rate starts decreasing. As the oxygen permeation rate 

approaches a peak, the CH4 conversion does not change significantly, but decreases extensively again, as the oxygen 
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permeation rate decreases with further increases in fuel concentration. To examine why these two regimes (i.e., the 

enhancement and reduction of the oxygen permeation rate) exist, variables changing largely with the fuel concentration and 

affecting the oxygen permeation rate and the CH4 conversion need to be investigated. 

 

Oxygen consumption, the generation and transport of the products, in particular, the primary products such as 

H2O, near the membrane and the heat transfer towards it play significant roles in determining the oxygen permeation rate 

through the oxygen partial pressure near the membrane and its temperature. In addition, the reaction zone is shifted towards 

the membrane with increasing CH4 concentration, which further lowers the CH4 conversion. Figure 4(a) shows the 

enhancement of the oxygen consumption rate, ϖO2
, and the gross heat release with the fuel concentration. In addition, as 

the fuel concentration is raised, the reaction zone is shifted towards the membrane, while the molar flow rate ratio of the 

oxygen permeation rate to the fuel influx, JO2 / JCH4 ,in
, gradually decreases. Higher reactant concentrations in the reaction 

zone promote the fuel oxidation kinetics in the gas-phase, consuming more oxygen, and result in substantial fuel 

conversion, although the membrane is not catalytically active. Furthermore, since the increase in oxygen permeation is not 

sufficient to match that of the fuel supply, raising the fuel concentration moves the reaction zone towards the oxidizer 

stream inlet, i.e., the membrane surface. As such, more fuel is convected out following the transverse velocity prior to the 

reaction zone, hence reducing the CH4 conversion. On the other hand, when the reaction zone is shifted towards the 

membrane along with the higher oxidation kinetic rates, more products such as H2O are produced and transported towards 

the membrane, increasing the product concentration at the membrane surface while decreasing that of O2, as shown in 

Figure 4(b). In the meantime, the heat transfer increases significantly driven by a larger gross heat release and the reaction 

zone established closer to the membrane, which leads to a higher membrane temperature. Therefore, the enhancement of 

oxygen consumption, species production and transport near the membrane and the heat transfer lowers the oxygen partial 

pressure in the immediate vicinity of the membrane and increases its temperature, hence enhancing the oxygen permeation 

rate. However, these variations change their trends as the reaction zone reaches the membrane. Once this occurs, 

subsequent increases in the fuel concentration result in decreases in the oxygen permeation rate. 

 

The heat transfer towards the membrane impacts the reaction zone temperature and the fuel oxidation kinetics, and 

causes the reaction zone remaining near the membrane surface. The maximum gas temperature, Tmax , represents the 
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reaction zone temperature. Figure 5(a) shows that the reaction zone temperature initially increases with the fuel 

concentration. However, as the fuel concentration is raised, the reaction zone temperature reaches a peak at the same fuel 

concentration at which the net heat release (gross heat release minus heat transfer) is at a maximum. It should be noted that 

this occurs at a lower fuel concentration than the maximum gross heat release. In addition, the concentrations of the 

reactants such as CH4, CO and H2 at the membrane surface rise slowly, when the reaction zone temperature decreases 

substantially with a further increase of the fuel concentration. When the gross heat release increases with the fuel 

concentration, the heat transfer also increases resulting in the reduction of the net thermal energy released, Qgen −Qtransfer , 

which contributes to the variation of the reaction zone temperature. When the reaction zone is established close to the 

membrane, heat transfer to the air side and reactor walls increases, and extensive heat loss lowers the reaction zone 

temperature significantly. This slows down the fuel oxidation kinetics, and eventually leads to the reaction zone remaining 

near the membrane surface [27, 28]. Figure 5(b) shows the heat release rate profiles at different fuel concentrations, 

showing that the reaction zone reaches the membrane, and the maximum heat release rate reduces at high fuel 

concentration. As a result of extensive heat loss and the reaction front remaining at the membrane surface, when the fuel 

concentration is further increased, partial oxidation of methane, CO2 decomposition reactions or the reverse water gas-shift 

reactions and hydrocarbon pyrolysis prevail, and the extent of the chemical reactions is reduced, while the reactants that are 

not fully oxidized reach the membrane surface. Therefore, at high fuel concentration, the oxygen permeation rate is reduced 

due to the lower kinetic rate of oxygen consumption and associated increase in local oxygen concentration and the reduced 

generation and transport of the products near the membrane and the heat transfer, all due to the reaction zone being located 

at the membrane surface. The rise in the reactant concentrations at the membrane surface implies that heterogeneous 

chemistry may play a role at high fuel concentration if the catalytic activity of the membrane is significant or if it has 

additional catalysts on its surface. 

 

The heat loss to the air side and the surrounding walls via radiation from the membrane limits the rise of the 

membrane temperature and its effect on oxygen permeation. As shown in Figure 4(b), the variation of the membrane 

temperature is much smaller than that of the reaction zone temperature (see Figure 5(a)). Although a substantial amount of 

thermal energy is transferred to the membrane from the sweep side due to the chemical reactions, as the reaction zone is 

shifted towards the membrane, the rise of the membrane temperature is insignificant. This is attributed to the extensive heat 

loss to the air side and the surrounding walls via surface radiation. Note that the membrane sees large surrounding walls 
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whose temperatures are maintained at the gas inlet temperature, as shown in Figure 1. Since the membrane temperature is 

nearly constant, its effect on oxygen permeation is limited, and the oxygen permeation rate is mostly dependent on the 

oxygen partial pressure. As seen in Figure 3 and Figure 4(b), the oxygen permeation rate increases nearly three-fold, as the 

oxygen concentration near the membrane surface is significantly reduced for increasing fuel concentrations (given that the 

reaction zone is not at the membrane surface). At a high membrane temperature, oxygen permeation is largely governed by 

the species concentration in the vicinity of the membrane. Thus, the species concentration near the membrane surface and 

the location of the reaction zone relative to the membrane play important roles in controlling oxygen permeation. 

 

3.3. Effect of Sweep Gas Inlet Temperature 

The sweep gas inlet temperature is another important parameter that is expected to impact oxygen permeation and 

fuel conversion. To examine its effect, the sweep gas inlet temperature is varied from 1050 K to 1400 K while maintaining 

the fuel concentration, the sweep gas flow rate
 
and channel height at their base-case values. The air inlet and reactor wall 

temperature are also changed to the same value. As discussed in [3], the oxygen permeation rate varies significantly 

depending on the membrane temperature, and a higher sweep gas inlet temperature raises the membrane temperature, 

enhancing oxygen permeation. Figure 6 shows that, as the sweep gas inlet temperature is increased, the oxygen permeation 

rate first grows slowly and then experiences a sudden and significant increase around Tsweep ≈ 1200K  at which the CH4 

conversion also rises substantially. Beyond this point, as the sweep gas inlet temperature is raised further, the growth rate of 

the oxygen permeation rate is lowered, while the CH4 conversion keeps increasing extensively. To investigate why these 

sudden and substantial increases of the oxygen permeation rate and the CH4 conversion occur and their growth rates 

change, variables that depend on the sweep gas inlet temperature and impact oxygen permeation and fuel conversion are 

examined. 

 

The onset of homogeneous fuel oxidation reactions contributes to the consumption of the permeated oxygen and 

the generation and transport of species near the membrane. Figure 7(a) shows that the gross heat release and the oxygen 

consumption rate rise substantially around Tsweep ≈ 1200K , which coincides with the increase of the oxygen permeation 

rate and the CH4 conversion, as the sweep gas inlet temperature is raised. This phenomenon can be explained by the 

initiation of the CH4 oxidation kinetics. When the gas temperature is not high enough to facilitate methane oxidation, only 

the decomposition of CH4 and CO2 occurs, which does not significantly affect the oxygen concentration or temperature and, 
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as such, does not impact the oxygen permeation. To obtain the considerable gas-phase fuel conversion and oxygen 

permeation from the ITM reactor, the sweep gas inlet temperature has to be high enough, i.e., above an ignition temperature 

at the given reactant concentration, to facilitate the CH4 oxidation reactions. Note that the typical operating temperature or 

membrane temperature of ITM reactors are high enough to permeate substantial oxygen to the sweep side in order to enable 

fuel conversion processes [2]. As a result, in the case of ITM reactors operating at high temperature, fuel oxidation 

reactions in the gas-phase can contribute substantially to the enhancement of oxygen permeation and fuel conversion. The 

sweep gas inlet temperature influences oxygen permeation not only by changing the membrane temperature, but also 

promoting fuel oxidation kinetics. However, as the sweep gas inlet temperature is raised further (after the initiation of 

homogeneous fuel oxidation reactions), the growth rate of the oxygen permeation rate decreases, although a higher gas 

temperature continues to increase the membrane temperature, enhances the fuel oxidation kinetics, and increases the 

oxygen permeation rate.  

 

The reaction zone shifts away from the membrane with an increase of the oxygen permeation rate, reducing the 

effect of mass and heat transfer on oxygen permeation. When the temperature is significantly high and fuel oxidation 

occurs, a significant H2O concentration at the membrane surface and the heat transfer towards it are obtained, lowering the 

oxygen partial pressure and raising the membrane temperature, which confirms the effect of the CH4 oxidation and the mass 

and heat transfer on oxygen permeation, as shown in Figure 7(b). However, as the sweep gas inlet temperature is raised 

further, the H2O concentration near the membrane and the heat transfer decrease slowly, although the oxidation reactions 

are further promoted, as the reaction zone is pushed away from the membrane due to a higher oxygen permeation rate. 

Consequently, the oxygen concentration at the membrane surface grows gradually, driven by a higher oxygen permeation 

rate. The heat and mass transfer towards the membrane is reduced when the reaction zone is established further from the 

membrane, which weakens their effect to lower the O2 concentration in the vicinity of the membrane and to raise its 

temperature. Because of the reduced mass transfer, the accumulation of the permeated oxygen on the sweep side reduces 

the growth rate of oxygen permeation, as the sweep gas inlet temperature is raised further after the onset of homogeneous 

fuel oxidation reactions. Therefore, oxygen permeation is governed not only by oxygen consumption, but also by the heat 

and mass transfer.  

 

3.4. Effect of Sweep Gas Flow Rate 
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We now examine the influence of another sweep gas inlet condition, the sweep gas volumetric flow rate, which 

determines the effect of fuel stream velocity on fuel conversion and oxygen permeation. The change in the sweep gas flow 

rate influences the flow field and hence the mass transfer. To highlight the mass transfer effect, the sweep gas flow rate is 

varied from 3.00×10-4 m3/s to 4.50×10-3 m3/s while maintaining the fuel concentration in the sweep gas stream, its inlet 

temperature and the channel height at their base-case values. Figure 8 shows that, as the sweep gas flow rate is raised, the 

CH4 conversion gradually decreases, whereas the oxygen permeation rate increases, before showing sudden and substantial 

reductions around Fsweep ≈ 2.30 ×10
−4 m3 s . Beyond this point, the oxygen permeation rate is raised again with an 

increase of the sweep gas flow rate, while the CH4 conversion remains negligible. Given the fuel concentration and 

temperature, the homogeneous fuel oxidation reactions can proceed and contribute to fuel conversion and oxygen 

permeation up to a certain flow rate. Beyond this flow rate, oxygen permeation is governed by a non-reacting flow. To 

verify the reason for these variations and the extinction of fuel conversion processes in the gas-phase, variables that have 

impacts on the oxygen permeation rate and the CH4 conversion when the sweep gas flow rate is raised are examined. 

 

The enhanced species transport establishes the reaction zone closer to the membrane and contributes to an increase 

of the oxygen permeation rate, but reduces CH4 conversion. Figure 9(a) shows that the reaction zone is gradually shifted 

towards the membrane, and the CO2 concentration in the immediate vicinity of the membrane rises, leading to the reduction 

of the oxygen partial pressure near it to a similar degree, with an increase of the sweep gas flow rate. The H2O 

concentration at the membrane surface remains constant and then decreases to a small value, approximately 

Fsweep ≈ 2.30 ×10
−4 m3 s , coinciding with the significant reductions of both the oxygen permeation rate and the CH4 

conversion. A higher sweep gas flow rate enhances the convective transport of the species towards the membrane and 

results in the reaction zone being established closer to it. In this case, more species such as CO2 are transferred towards the 

membrane surface, which lowers the concentration of O2 in the vicinity of the membrane, hence increasing the oxygen 

permeation rate. However, the concentration of H2O at the membrane surface does not change even with the movement of 

the reaction zone towards the membrane and a larger oxygen permeation rate, which promotes the formation of the 

products. This is attributed to the limited enhancement of homogeneous fuel oxidation reactions, as evidenced by the small 

rise of the gross heat release and the O2 consumption rate shown in Figure 9(b), and the low fuel concentration. In the 

meantime, the heat transfer towards the membrane increases more substantially, driven by the displacement of the reaction 



 15 

zone, as the sweep gas flow rate is raised. Aided by the rise of the permeated oxygen, the fuel oxidation reactions are 

promoted, forming more products and consuming oxygen, which also contributes to an increase of the oxygen permeation 

rate. However, despite the rise of the oxygen permeation rate, the growth of the gross heat release is not significant. In 

addition, the low CH4 concentration leads to a small increase in the H2O concentration, and the overall reactions are 

predominantly governed by the CO/CO2 reactions due to a high CO2 concentration on the sweep side [10]. Thus, the limited 

enhancement of the fuel oxidation reactions in the gas-phase and the low fuel concentration increase the formation of the 

reaction products slowly, as compared to the faster transport of CO2, the net effect of which is that the H2O concentration at 

the membrane surface is approximately constant. The slowly promoted oxidation reactions, a gradual reduction in the molar 

flow rate ratio of the permeated oxygen to the fuel influx and the movement of the reaction zone towards the membrane 

contribute to a continuous reduction in CH4 conversion before the extinction of the fuel oxidation reactions.  

 

The limited enhancement of the chemical reactions and their extinction are attributed to the higher heat capacity of 

the sweep gas due to the higher flow rate, as well as to the extensive heat loss towards the membrane, the smaller residence 

time and the flow field with a higher transverse velocity. Figure 9(c) shows that, as the sweep gas flow rate is increased, the 

residence time and the reaction zone temperature are gradually reduced, while the average scaled transverse velocity 

increases significantly. Since the velocity associated with oxygen permeation is approximately three orders of magnitude 

smaller than the sweep gas velocity at the inlet due to the low oxygen permeation rate [10], the residence time is 

predominantly governed by the sweep gas velocity, i.e., the sweep gas flow rate. Given the sweep gas channel height, a 

higher sweep gas velocity results in a smaller residence time (see Eq.4) and a flow field that is more stretched in the 

direction parallel to the membrane gaining a higher transverse velocity. In this case, a substantial fraction of the fuel is not 

converted and rather flows out from the reaction zone, and the convective heat transfer away from the reaction zone is 

enhanced. In addition, the heat capacity of the sweep gas is raised due to a higher sweep gas flow rate, as is the convective 

heat transfer to the membrane, both of which reduce the temperature rise driven by the reaction exothermicity, even if the 

gross heat release is increased. Note that the extinction of the homogeneous oxidation reactions coincides nearly with the 

flow rate at which the reaction zone reaches the membrane (compare Figure 9(a) and Figure 9(b)), which highlights the 

significant effect of the heat transfer towards the membrane on fuel conversion processes. As a result, the oxidation kinetic 

rates are substantially lowered. If the sweep gas velocity is too high such that the residence time is not sufficient for the fuel 

oxidation kinetics, the homogeneous fuel oxidation reactions cannot proceed. As a result of this mass and heat transfer 
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effect, the chemical reactions in the gas-phase are extinguished with an increase of the sweep gas flow rate, and their 

positive effect on oxygen permeation and fuel conversion vanishes.  

 

3.5. Effect of Sweep Gas Channel Height 

It has been shown above that the location of the reaction zone relative to the membrane and the flow field play 

important roles in determining the oxygen permeation rate and the CH4 conversion. Now we investigate another way to 

manipulate them. The flow field and reaction zone position can be manipulated without changing the sweep flow rate or 

fuel concentration, both of which have significant impacts on the kinetics of fuel conversion, by varying the sweep gas 

channel height. In the following, the sweep gas channel height is varied from 3 mm to 30 mm while maintaining the fuel 

concentration in the sweep gas stream, the inlet temperature and flow rate at their base-case values. Figure 10 shows that, as 

the sweep gas channel height is reduced, the oxygen permeation rate and the CH4 conversion first increase and then show 

substantial reductions around Hsweep ≈ 7.5mm . When the sweep gas channel height is reduced further beyond this point, 

the oxygen permeation rate rises again, whereas the CH4 conversion is lowered continuously to zero. Note that the growth 

rate of the CH4 conversion is smaller than that of the oxygen permeation rate when both of them rise before the significant 

decrease. Given the sweep gas initial conditions, the fuel oxidation reactions in the gas-phase can proceed and contribute to 

fuel conversion and oxygen permeation only above a certain channel height. Below this channel height, oxygen permeation 

is governed by a non-reacting flow. To examine what results in these variations and their different growth rates, variables 

that are mostly dependent on the sweep gas channel height and influence the oxygen permeation rate and the CH4 

conversion need to be examined. 

 

The rise of the oxygen permeation rate is attributed to the enhanced mass transfer, driven by the reaction zone 

established closer to it, as well as a higher transverse velocity [3]. Figure 11(a) shows that, as the sweep gas channel 

becomes narrower, the reaction zone is shifted towards the membrane, and the oxygen partial pressure in the immediate 

vicinity of the membrane first reduces and then grows significantly around Hsweep ≈ 7.5mm  at which the oxygen 

permeation rate suddenly drops, while the CO2 concentration at the membrane surface changes to a similar degree. Beyond 

this point, as the sweep gas channel height is reduced further, the O2 concentration near the membrane decreases again. The 

H2O concentration at the membrane surface remains constant and then decreases to a substantially small value. As the 

reaction zone approaches the membrane with decreasing the channel height, mass transfer is enhanced, reducing the O2 
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concentration at the membrane surface and enhancing oxygen permeation. However, the concentration of the primary 

product, H2O, at the membrane surface remains constant, which does not contribute to the reduction of the O2 

concentration, even if the reaction zone is established closer to the membrane. This phenomenon and the sudden increase in 

the magnitude of the oxygen partial pressure are explained by the low fuel concentration and the limited enhancement of 

the fuel oxidation reactions in the gas-phase and their extinction with a reduction of the sweep gas channel height, as shown 

in Figure 11(b). The gross heat release is raised with a reduction of the sweep gas channel height, enhancing the O2 

consumption rate and the heat transfer towards the membrane. Note that heat transfer to the membrane increases faster than 

the gross heat release because of the movement of the reaction zone. Given the sweep gas initial conditions, the fuel 

conversion is enhanced with an increase of the oxygen permeation rate. A larger amount of the permeated oxygen promotes 

the fuel conversion kinetics, which enhances further oxygen consumption and thus the oxygen permeation rate. However, 

the gross heat release does not rise as fast as the oxygen permeation rate. In addition, as explained in Section 3.4, the low 

CH4 concentration results in a small rise of the H2O concentration. Thus, although the formation of H2O is slowly promoted 

(i.e., a small increase in the gross heat release), its transport towards the membrane is reduced as compared to that of CO2, 

maintaining the H2O concentration at the membrane surface constant and making the oxygen partial pressure rather 

dependent on the CO2 concentration. As soon as the fuel conversion is substantially limited due to the extinction of 

homogeneous fuel oxidation reactions, the production of H2O and the consumption of the permeated oxygen vanish, 

increasing the oxygen partial pressure significantly. Therefore, along with the oxidation reactions in the gas-phase, the 

location of the reaction zone with respect to the membrane plays an important role in determining the extent of the mass 

and heat transfer and hence the oxygen permeation rate. 

 

Extensive heat loss, a smaller residence time and the stretched flow field in the direction parallel to the membrane 

cause the limited enhancement of homogeneous fuel oxidation reactions and eventually lead to their extinction. Figure 

11(c) shows that the residence time is gradually lowered, while the average scaled transverse velocity increases 

continuously, as the sweep gas channel height is reduced. In the meantime, the reaction zone temperature is lowered and 

drops to a small value around Hsweep ≈ 7.5mm , coinciding with a reduction of the CH4 conversion to zero. Given a 

constant normal velocity of the sweep gas stream, a smaller sweep gas channel height lowers the residence time (see Eq.4) 

and makes the flow field more stretched in the transverse direction, resulting in a higher transverse velocity, analogous to 

what is seen for the sweep gas flow rate variation. Furthermore, the heat loss towards the membrane increases significantly 
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as the reaction zone is shifted towards the membrane. Note that the extinction of the gas-phase reactions coincides nearly 

with the channel height at which the reaction zone reaches the membrane. As a result of slower kinetic rates due to the heat 

loss from the reaction zone, the reduced residence time and the flow field more stretched in the direction parallel to the 

membrane, the growth of the gross heat release and accordingly the CH4 conversion is not as fast as that of the oxygen 

permeation rate, and the diffusion-controlled reactions extinguish at small sweep gas channel height. Thus, changing the 

sweep gas channel height not only affects the mass and heat transfer via the reaction zone location, it also influences the 

residence time and the flow field for fuel conversion processes. 

 

 

4. FEEDBACK INTERACTIONS 

 Results of the parametric analysis show that fuel conversion and oxygen permeation are strongly interconnected 

through the change in several dependent variables, e.g., reaction zone location relative to the membrane, oxygen 

consumption rate, residence time, etc. Figure 12 shows schematically the feedback interactions between the dependent 

variables and the oxygen permeation rate, all of which have effects on the CH4 conversion. As discussed Section 3, the 

sweep gas initial conditions and the reactor geometry play significant roles in influencing the local thermodynamic state 

and hence the fuel oxidation kinetics, affecting the gross heat release, the oxygen consumption rate and the reaction zone 

temperature. These in turn depend on the homogeneous fuel oxidation reactions and the flow field. In addition, the reaction 

zone location with respect to the membrane influences the local thermodynamic state through the mass and heat transfer 

towards it, changing the amount of the reaction products and thermal energy transported towards the membrane. Thus, the 

dependent variables encapsulating the chemical effect, the mass and heat transfer and the flow field are closely 

interconnected and have significant impacts on thermodynamic state at the membrane surface, i.e., the oxygen partial 

pressure in the immediate vicinity of the membrane and its temperature, and the oxidation kinetic rates. When the control 

parameters or independent variables are changed, both the chemical and heat and mass transfer effects determine the 

oxygen permeation rate and the CH4 conversion. 

 

 When a reactive gas is employed on the sweep side of an ITM, the local thermodynamic state changes 

significantly between the membrane surface and the opposite wall or sweep gas inlet, through the variations of the 

dependent variables by influencing the chemical reactions and the energy and species transport. The local thermodynamic 
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state is governed by the diffusion-controlled oxidation reactions and the mass and heat transfer in the gas-phase, and vice 

versa. Therefore, bulk stream parameters measured at the outlet of an ITM reactor cannot predict correctly the oxygen 

permeation rate and the CH4 conversion in the case of an ITM reactor. To control and examine the permeation rate and the 

amount of fuel converted, the diffusion-controlled oxidation kinetics, the reactor geometry and mass and heat transfer have 

to be taken into account.  

 

 Fuel oxidation reactions in the gas-phase enable substantial fuel conversion and oxygen permeation in the absence 

of catalytic surface activity. The oxygen permeation rate obtained in the parametric analysis is comparable to the values 

reported in the literature [2], which is on the order of 0.2~9.0 µmol/cm2/s and based on ITM reactors, which are believed to 

include catalytic fuel conversion. 

 

 

5. CONCLUSIONS 

A parametric study using numerical simulations was conducted to investigate the interactions between fuel 

conversion and oxygen permeation on the sweep side of an ITM. Within an ITM reactor, the oxygen permeation rate is not 

known a priori and rather depends on the oxygen partial pressure in the immediate vicinity of the membrane and its 

temperature. The oxygen permeation rate, in part, determines the oxygen concentration in the reaction zone and hence the 

local mass ratio of oxygen to fuel, affecting fuel conversion processes. The local thermodynamic state (i.e., species 

concentration and temperature) govern the diffusion-controlled reactions, i.e., non-premixed reactants, and vice versa. In 

this study, a numerical model that incorporates detailed chemistry and species transport in the gas-phase was used, enabling 

us to obtain the spatially resolved profiles of species concentration, velocity and temperature. The oxygen permeation rate 

expression parameterized by the local oxygen partial pressure in the immediate vicinity of the membrane and its 

temperature was employed to relate oxygen permeation across the membrane to the local thermodynamic state. Control 

parameters including the fuel concentration in the sweep gas stream, its inlet temperature, flow rate and channel height 

were considered for the parametric study. 

 

The oxygen permeation rate and the CH4 conversion are strongly interconnected through the fuel oxidation 

kinetics, the reaction zone location relative to the membrane, the residence time for the chemical reactions and the oxygen 
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partial pressure and gas temperature near the membrane, all of which have significant effects on the local thermodynamic 

state and hence fuel conversion and oxygen permeation. The diffusion-controlled reactions in the gas-phase depend heavily 

on the local thermodynamic state and affect oxygen consumption, the heat transfer and the generation of the reaction 

products near the membrane, resulting in substantial fuel conversion and the enhancement of oxygen permeation even 

without catalytic surface activity. The location of the reaction zone relative to the membrane, governed by the fuel 

oxidation kinetics, has large influences on the transport of the reaction products and heat from the reaction zone towards the 

membrane, showing the effects of the mass and energy transfer on the local thermodynamic state near the membrane. These 

two effects determine the oxygen concentration in the immediate vicinity of the membrane and its temperature, 

respectively, and hence the oxygen permeation rate. Moreover, the heat transfer towards the membrane, i.e., heat loss from 

the reaction zone, impacts the reaction zone temperature and accordingly the fuel oxidation kinetics. If the heat loss is too 

extensive such that the reaction zone temperature is lowered to a large degree, slowing down the fuel oxidation kinetics, the 

extent of the chemical reactions and hence their effect on fuel conversion and oxygen permeation are significantly limited. 

The residence time and the flow field influence the amount of fuel that can be converted following the oxidation pathway 

and the heat and mass transfer away from the reaction zone. The oxygen permeation rate determines the local oxygen 

concentration in the reaction zone and the velocity associated with the oxidizer stream, affecting the oxidation kinetics and 

the reaction zone location. Sufficient oxygen permeation rate, gas temperature and the residence time are needed to support 

gas-phase fuel conversion processes or oxidation kinetics on the sweep side of an ITM. Thus, the feedback interactions 

among the reaction zone location, the residence time, the fuel oxidation kinetics and the local thermodynamic state near the 

membrane highlight the importance of the chemical and mass and heat transfer effect on the CH4 conversion and the 

oxygen permeation rate. When a reactive sweep gas is employed, the diffusion-controlled oxidation kinetics and the mass 

and heat transfer resistance have to be accounted for in order to examine and control the operating regimes of an ITM 

reactor. 
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7. NOMENCLATURE 

xCH4 ,sweep
 Fuel concentration in the sweep gas stream on a molar basis 

Tsweep   Sweep gas inlet temperature 

Fsweep   Sweep gas flow rate 

Hsweep   Sweep gas channel height (the distance from the membrane to the sweep gas inlet or the opposite walls) 

JO2   Oxygen permeation rate 

XCH4
  CH4 conversion 

Tmem   Membrane temperature 

PO2 ,mem   Oxygen partial pressure in the immediate vicinity of the membrane on the sweep side 

xk ,mem   The concentration of species k at the membrane surface 

Qtransfer   Heat transfer towards the membrane on the sweep side 

Qgen   Gross heat release from the fuel oxidation reactions 

ϖO2
  Oxygen consumption rate 

Tmax   Reaction zone temperature 

tres   Residence time 

Uavg   Average scaled transverse velocity 

yfront   Reaction zone location relative to the membrane 

ysweep   Distance from the membrane on the sweep side 

JO2 / JCH4 ,in
 The molar flow rate ratio of the oxygen permeation rate to the fuel influx 



 22 

Aair   Air inlet area 

Asweep   Sweep gas inlet area 

L   Membrane thickness 

υ   Normal velocity ( y -direction) 

υO2
  Normal velocity associated with oxygen permeation 

υsweep   Sweep gas velocity at the sweep gas inlet 

U   Scaled transverse velocity ( x -direction) 

q   Heat release rate 

N   The number of gas-phase species 

 ω k   The molar production rate of species k 

ĥk   The molar enthalpy of species k 

VCH4 ,converted
 The conversion rate of CH4 

ς sweep   The molar density of the sweep gas 
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(B)	  THE	  MEMBRANE	  TEMPERATURE,	  THE	  CONCENTRATIONS	  OF	  H2O	  AND	  O2	  AT	  THE	  MEMBRANE	  SURFACE,	  THE	  REACTION	  ZONE	  
LOCATION	  RELATIVE	  TO	  THE	  MEMBRANE	  AND	  THE	  HEAT	  TRANSFER	  TOWARDS	  THE	  MEMBRANE,	  WITH	  RESPECT	  TO	  THE	  CHANGE	  IN	  
THE	  SWEEP	  GAS	  INLET	  TEMPERATURE	  ( xCH4 ,sweep

= 6% ,	  Fsweep = 4.39 ×10
−4 m3 s 	  AND	  Hsweep = 25.4mm )	  

FIGURE	  8	  THE	  CHANGE	  IN	  THE	  OXYGEN	  PERMEATION	  RATE	  AND	  THE	  CH4	  CONVERSION,	  WHEN	  THE	  SWEEP	  GAS	  FLOW	  RATE	  IS	  RAISED	  (
xCH4 ,sweep

= 6% ,	  Tsweep = 1300K 	  AND	  Hsweep = 25.4mm )	  
FIGURE	  9	  THE	  VARIATIONS	  OF:	  (A)	  THE	  CONCENTRATIONS	  OF	  CO2,	  H2O	  AND	  O2	  AT	  THE	  MEMBRANE	  SURFACE	  AND	  THE	  REACTION	  ZONE	  

LOCATION	  RELATIVE	  TO	  THE	  MEMBRANE;	  (B)	  THE	  GROSS	  HEAT	  RELEASE	  FROM	  THE	  CHEMICAL	  REACTIONS,	  THE	  OXYGEN	  
CONSUMPTION	  RATE,	  THE	  HEAT	  TRANSFER	  TOWARDS	  THE	  MEMBRANE	  AND	  THE	  MOLAR	  FLOW	  RATE	  RATIO	  OF	  THE	  OXYGEN	  
PERMEATION	  RATE	  TO	  THE	  FUEL	  INFLUX;	  (C)	  THE	  RESIDENCE	  TIME,	  THE	  REACTION	  ZONE	  TEMPERATURE	  AND	  THE	  AVERAGE	  SCALED	  
TRANSVERSE	  VELOCITY,	  WITH	  RESPECT	  TO	  THE	  CHANGE	  IN	  THE	  SWEEP	  GAS	  FLOW	  RATE	  ( xCH4 ,sweep

= 6% ,	  Tsweep = 1300K 	  

AND	  Hsweep = 25.4mm )	  
FIGURE	  10	  THE	  DEPENDENCY	  OF	  THE	  OXYGEN	  PERMEATION	  RATE	  AND	  THE	  CH4	  CONVERSION	  ON	  THE	  SWEEP	  GAS	  CHANNEL	  HEIGHT	  (

xCH4 ,sweep
= 6% ,	  Tsweep = 1300K 	  AND	  Fsweep = 4.39 ×10

−4 m3 s )	  
FIGURE	  11	  THE	  CHANGE	  IN:	  (A)	  THE	  CONCENTRATIONS	  OF	  CO2,	  H2O	  AND	  O2	  AT	  THE	  MEMBRANE	  SURFACE	  AND	  THE	  REACTION	  ZONE	  

LOCATION	  RELATIVE	  TO	  THE	  MEMBRANE;	  (B)	  THE	  GROSS	  HEAT	  RELEASE	  FROM	  THE	  CHEMICAL	  REACTIONS,	  THE	  OXYGEN	  
CONSUMPTION	  RATE	  AND	  THE	  HEAT	  TRANSFER	  TOWARDS	  THE	  MEMBRANE;	  (C)	  THE	  RESIDENCE	  TIME,	  THE	  REACTION	  ZONE	  
TEMPERATURE	  AND	  THE	  AVERAGE	  SCALED	  TRANSVERSE	  VELOCITY,	  WHEN	  THE	  SWEEP	  GAS	  CHANNEL	  HEIGHT	  IS	  REDUCED	  (
xCH4 ,sweep

= 6% ,	  Tsweep = 1300K 	  AND	  Fsweep = 4.39 ×10
−4 m3 s )	  

FIGURE	  12	  THE	  FEEDBACK	  INTERACTIONS	  AMONG	  IMPORTANT	  DEPENDENT	  VARIABLES	  AFFECTING	  THE	  OXYGEN	  PERMEATION	  RATE	  AND	  
THE	  CH4	  CONVERSION	  WITH	  RESPECT	  TO	  THE	  VARIATION	  OF	  THE	  CONTROL	  PARAMETERS	  OR	  INDEPENDENT	  VARIABLES	  
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Figure 1 The stagnation-flow configuration considered in this investigation (υ  = normal velocity ( y -direction), U  
= scaled transverse velocity ( x -direction), xCH4 ,sweep

 = fuel concentration in the sweep gas on a molar basis, Tsweep  = 

sweep gas inlet temperature, Fsweep  = sweep gas flow rate, Hsweep  = sweep gas channel height, tmem  = membrane 

thickness, air inlet area = Aair = 5.33×10
−3m2 , sweep gas inlet area = Asweep = 5.81×10

−3m2 ) 
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Figure 2 Base-case ( xCH4 ,sweep
= 6% , Tsweep = 1300K , Fsweep = 4.39 ×10

−4 m3 s  and Hsweep = 25.4mm ) 
results: (a) the profiles of the temperature, the heat release rate, the CH4 and O2 mole fractions; (b) the 

concentrations of the products including CO2, CO, H2O and H2, along the direction normal to the membrane 
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Figure 3 The dependency of the oxygen permeation rate and the CH4 conversion on the fuel concentration (
Tsweep = 1300K , Fsweep = 4.39 ×10

−4 m3 s  and Hsweep = 25.4mm )  
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Figure 4 The variations of: (a) the oxygen consumption rate, the gross heat release from the chemical reactions, the 
reaction zone location relative to the membrane and the molar flow rate ratio of the oxygen permeation rate to the 
fuel influx; (b) the heat transfer towards the membrane, the membrane temperature and the concentrations of H2O 

and O2 at the membrane surface, with respect to the change in the fuel concentration (Tsweep = 1300K , 

Fsweep = 4.39 ×10
−4 m3 s  and Hsweep = 25.4mm )  
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(b) 
 

Figure 5 (a) The variations of the reaction zone temperature, the gross heat release subtracted by the heat transfer 
towards the membrane and the concentrations of CH4, CO, H2 at the membrane surface, with respect to the change 
in the fuel concentration; (b) the profiles of the heat release rate at difference fuel concentrations (Tsweep = 1300K , 

Fsweep = 4.39 ×10
−4 m3 s  and Hsweep = 25.4mm ) 
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Figure 6 The dependency of the oxygen permeation rate and the CH4 conversion on the sweep gas inlet temperature 
( xCH4 ,sweep

= 6% , Fsweep = 4.39 ×10
−4 m3 s  and Hsweep = 25.4mm )  
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Figure 7 The variations of: (a) the gross heat release from the chemical reactions and the oxygen consumption rate; 
(b) the membrane temperature, the concentrations of H2O and O2 at the membrane surface, the reaction zone 

location relative to the membrane and the heat transfer towards the membrane, with respect to the change in the 
sweep gas inlet temperature ( xCH4 ,sweep

= 6% , Fsweep = 4.39 ×10
−4 m3 s  and Hsweep = 25.4mm )  
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Figure 8 The change in the oxygen permeation rate and the CH4 conversion, when the sweep gas flow rate is raised (
xCH4 ,sweep

= 6% , Tsweep = 1300K  and Hsweep = 25.4mm ) 
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(c) 
 

Figure 9 The variations of: (a) the concentrations of CO2, H2O and O2 at the membrane surface and the reaction 
zone location relative to the membrane; (b) the gross heat release from the chemical reactions, the oxygen 

consumption rate, the heat transfer towards the membrane and the molar flow rate ratio of the oxygen permeation 
rate to the fuel influx; (c) the residence time, the reaction zone temperature and the average scaled transverse 

velocity, with respect to the change in the sweep gas flow rate ( xCH4 ,sweep
= 6% , Tsweep = 1300K  and 

Hsweep = 25.4mm ) 
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Figure 10 The dependency of the oxygen permeation rate and the CH4 conversion on the sweep gas channel height (
xCH4 ,sweep

= 6% , Tsweep = 1300K  and Fsweep = 4.39 ×10
−4 m3 s ) 
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(c) 
 

Figure 11 The change in: (a) the concentrations of CO2, H2O and O2 at the membrane surface and the reaction zone 
location relative to the membrane; (b) the gross heat release from the chemical reactions, the oxygen consumption 
rate and the heat transfer towards the membrane; (c) the residence time, the reaction zone temperature and the 

average scaled transverse velocity, when the sweep gas channel height is reduced ( xCH4 ,sweep
= 6% , 

Tsweep = 1300K  and Fsweep = 4.39 ×10
−4 m3 s ) 
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Figure 12 The feedback interactions among important dependent variables affecting the oxygen permeation rate 
and the CH4 conversion with respect to the variation of the control parameters or independent variables 
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Table 1 The control parameters or independent variables and their variations considered in the parametric study 

Range of variations Control parameter  
(independent variable) Unit Base-case value 

Min Max 

Fuel concentration in 
the sweep gas 
(with the remainder 
being CO2) 

xCH4 ,sweep
 [%] 6 3 30 

Sweep gas inlet 
temperature 

Tsweep  [K] 1300 1050 1400 

Sweep gas flow rate Fsweep  [m3/s] 4.39 × 10-4 3.00 × 10-4 4.50 × 10-3 

Sweep gas channel 
height 

Hsweep  [mm] 25.4 3.00 30.0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


