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Abstract 
Oxygen gas separation membranes with mixed ionic and electronic conductivity (MIEC) have 

found great prospects in membrane technology for oxygen separation from gas mixtures (e.g. 

air) under a partial pressure gradient as the driving force. The separation of oxygen using 

membranes is more energy efficient than traditional processes such as the cryogenic Linde 

process or pressure swing adsorption (PSA). The inverse relationship between the membrane 

thickness and flux underscores the need for a very thin membrane. Consequently, the low me-

chanical stability of free-standing thin membranes motivated the processing of asymmetric 

membranes, where the thin membranes are supported by a porous structure. Asymmetric 

membranes provide a low ionic resistance of the functional separation layer together with a 

high mechanical stability. However, the microstructure of the porous support in the membrane 

assembly affects the overall flux significantly. Therefore, a porous support that provides the 

required mechanical stability needed for the dense membrane, with little or no limiting effect 

on the overall flux is desired.  

 

The gas flow through porous media including that of multiple species is often described by the 

Binary Friction Model (BFM) considering the binary diffusion, Knudsen diffusion, and vis-

cous flow. Therefore, the transport through an asymmetric membrane was studied by applying 

the BFM for the support together with a modified Wagner equation for the dense membrane in 

one dimension. In addition, transport relevant parameters obtained from micro computed to-

mography data of asymmetric membranes manufactured from different processing routes were 

used. The effects of the geometrical parameters of the support’s microstructures on the overall 

flux through an asymmetric membrane were compared for different feed gases (oxygen and 

air) and flow configurations (3-end and 4-end mode, assembly orientations). The rate-limiting 

effect of the support with large pore diameters (> 35µm) for the 3-end mode transport process 

using oxygen as feed gas was less than 10% with respect to the flux of the isolated thin mem-

brane. This was not the case for the 4-end mode irrespective of the feed gas, and for the 3-end 

mode with the support at the feed side using air as feed gas. This was attributed to the binary 

diffusion term in the BFM which is not affected by the change in pore size. Thin small-pored 

supports yield the same flux as thick large-pored supports considering a non-linear relationship 

between thickness and pore size. This can be used for the optimization of the support’s micro-

structure with regards to mechanical strength and permeability. Elongated pores in the flow di-

rection will be ideal for membrane reactors because of the mixed gas transport in the porous 

supports, whereas single gas transport through the porous support is significantly less influ-

enced by the tortuosity. Computational fluid dynamics simulations were used to investigate the 

effect of pore geometry on viscous flow. The pore morphology (size, shape and orientation) 

and not just the pore opening diameter affects the in-pore velocity. Furthermore, a two-layer 

support system was designed for the optimization of the porous support with respect to me-

chanical strength and permeability. Comparable fluxes were obtained for the two-layer support 

system with respect to 90% membrane performance for single support layer system. 

 

Finally, two simplifications of the pressure profiles within the porous support (constant pres-

sure according to the pressure at the free surface and the average at the surface and the inter-

face) were compared to the exact numerical solution of the BFM, given that the exact numeri-
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cal solution of the binary friction model is complicated and requires high computational efforts 

(most especially for implementations in three dimensional simulations). The simplification us-

ing a constant pressure equal to the gas pressure outside the support deviated from the exact 

solution under certain operating condition is ~ 3 times more than the average constant pressure 

simplification. The average constant configuration using still a constant pressure averaged be-

tween the outside of the support and the support/membrane interface had no significant devia-

tion with the exact solution. Therefore, this is a useful measure to reduce computational efforts 

when implementing the Binary Friction Model in computational fluid dynamics simulation. 
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Kurzfassung 

Mischleitende Sauerstoffgastrennmembrane weisen ein großes Potential in der Anwendung der 

Sauerstoffabtrennung aus Gasgemischen wie Luft auf, weil die Abscheidung von Gasen mit-

tels Membranen energieeffizienter als herkömmliche Verfahren wie das kryogene Linde-

Verfahren oder die Druckwechseladsorption (PSA) ist. Die reziproke Beziehung zwischen 

Membrandicke und resultierendem Fluss unterstreicht die Notwendigkeit einer sehr dünnen 

Membran.  Die geringe mechanische Stabilität von freistehenden dünnen Membranen führte 

zur Entwicklung von asymmetrischen Membranen bei welchen die dünnen Membranen von 

einer porösen Struktur getragen werden, um so gleichzeitig einen geringen Ionenwiderstand 

der funktionellen Trennschicht als auch eine hohe mechanische Stabilität zu erreichen. Die 

Mikrostruktur des porösen Trägers in der Membran Anordnung beeinflusst jedoch den Ge-

samtfluss signifikant. Daher ist ein poröser Träger erwünscht, der neben der erforderlichen 

mechanischen Stabilität einen möglichst geringe Strömungswiderstand aufweist.  

 

Die Gasströmung einschließlich derjenigen von mehreren Spezies, durch poröse Medien, wird 

häufig durch das Binary Friction Model (BFM) beschrieben, das die binäre Diffusion, die 

Knudsen-Diffusion und die viskose Strömung berücksichtigt. Daher wurde der Transport 

durch eine asymmetrische Membran untersucht, in dem das eindimensionale BFM für den 

Träger zusammen mit einer modifizierten Wagner-Gleichung für die dichte Membran ange-

wendet wurde. Die transportbestimmenden Parameter (Permeanz, Tortuosität, Porengröße) für 

das poröse Substrat wurden mit Hilfe von Simulationsrechnungen aus Mikro-Computer-

Tomographie-Daten ermittelt. Die Einflüsse der geometrischen Parameter des Trägergefüges 

wurden für verschiedene Einsatzgase (Sauerstoff und Luft) und Strömungskonfigurationen (3-

End, 4-End, Einbaurichtung) verglichen. Bei großen Substratporen (> 35 µm) konnte für den 

3-End-Modus unter Verwendung von O2 als Einsatzgas ein Gesamtfluss von mehr als 90% be-

zogen auf die isolierte Membranschicht erreicht werden. Dies war nicht der Fall für den 4-

End-Modus unabhängig von dem Speisegas und für den 3-End-Modus mit Luft als Speisegas. 

Genau bei diesen Modi tritt im Substrat eine binäre Diffusion auf, die durch die Veränderung 

der Porengröße nicht beeinflusst wird. Dünne kleinporige Träger ergeben den gleichen Fluss 

wie dicke großporige Träger unter Berücksichtigung einer nichtlinearen Beziehung zwischen 

Dicke und Porengröße. Dies kann zur Optimierung der Mikrostruktur des Trägers in Bezug auf 

mechanische Festigkeit und Permeabilität verwendet werden. Langgestreckte Poren in Strö-

mungsrichtung sind aufgrund des Mischgastransports in den porösen Trägern ideal für Memb-

ranreaktoren (4-End), während für der Gastransport eines reinen Gases (3-End) durch den po-

rösen Träger nur geringfügig von der Tortuosität beeinflusst wird. Computational Fluid Dy-

namics-Simulationen wurden verwendet, um den Effekt der Porengeometrie auf die viskose 

Strömung in Bezug auf den Transport-Prozess zu untersuchen. Aufbauend auf den Ergebnis-

sen einlagiger Träger wurde ein doppellagiges, gradiertes Trägersystem konzipiert, welches 

eine hohe Permeabilität bei einer gleichzeitig ausreichenden Substratdicken aufweist. 

 

Abschließend wurden zwei Vereinfachungen der Druckprofile innerhalb des porösen Trägers 

(konstanter O2-Partialdruck entsprechend des Drucks an der freien Oberfläche und des Mittel-

werts an der Oberfläche und Grenzfläche) mit der genauen numerischen Lösung des BFM ver-
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glichen, angesichts der Tatsache, dass die exakte numerische Lösung des BFM kompliziert ist 

und einen hohen Rechenaufwand erfordert (insbesondere für Implementierungen in dreidimen-

sionalen Simulationen). Die Vereinfachung unter Verwendung eines konstanten Partialdrucks 

gleich dem Druck an der freien Oberfläche des Trägers, der von der exakten Lösung unter be-

stimmten Betriebsbedingungen abweicht, ist ~3-mal mehr als die durchschnittliche konstante 

Druckvereinfachung. Die Vereinfachung unter Verwendung eines immer noch konstanten Par-

tialdrucks, der zwischen der Außenseite des Trägers und der Träger / Membran-Grenzfläche 

gemittelt wurde, wies keine signifikante Abweichung von der exakten Lösung auf. Daher ist 

dies eine nützliche Maßnahme, um den Rechenaufwand bei der Implementierung des binären 

Reibungsmodells in der numerischen Strömungssimulation zu reduzieren. 
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Nomenclature 

Symbols 

A = Cross-sectional area 

oB  = Permeability (m
2
) 

C = total molar density 

Ci = Molar density of species i 

/o vc c  = Concentration of oxygen anions / vacancy 

d = Pore diameter (µm) 

2Oj  = Oxygen flux (mol/s m
2
) 

DAB = Binary diffusion coefficient (cm²/s) 

D
V = Diffusion coefficient of oxygen vacancies (cm²/s) 

K
gD  = Knudsen diffusion 

Fi = External body force 

 j = Flux (mol/s m
2
)  

0

ex
j  = Surface exchange rate (mol O2 cm

-2
s

-1
) 

js = Entropy flux relative to mass average velocity  

ok  = Surface exchange coefficient (cm s
-1

) 

fk  = Forward reaction 

rk  = Reverse reaction 

sk  = Surface exchange coefficient 

LA = Thick layer substrate (Layer A) 

LB  = Thin layer substrate (Layer B) 

L = Length (m) 

Lc = Characteristic thickness (m) 

M = Molecular weight of species i (mol O2 cm-2s-1) 

Le = Pore length (m) 

Ni = Flux (mol/s m2) 

2Op  = Partial pressure of oxygen (mbar) 

Pt = Total pressure (mbar) 

Pi  = Partial pressure of species i (mbar) 

Q = Flow rate (m
3
/s) 

rim  = Friction term 

Ŝ  = Entropy per unit mass 

T  = Temperature in °C or K 

it  = Transference number of charged species i (i = electrons, or ions) 

ui = Velocity of diffusion of species i 

xi = Mole fraction of specie i. 

kz  = Charge number 
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Greek symbols 

ε  = Porosity  

η  = viscosity (Kg/m s) 

κ  = Tortuosity factor 

v  = mass average mixture velocity 

σ = Volumetric rate of entropy production 

ambσ  = Ambipolar conductivity (S/m) 

elσ  = Electronic conductivity (S/m) 

ionσ  = Ionic conductivity (S/m) 

kσ   = Conductivity of charge carriers (S/m) 

ζ  = Interaction parameter  

τ  = Tortuosity   

kµ  = Electrochemical potential of charge carriers (J/mol) 

kσ  = Conductivity of charge carriers (S/m) 

kφ  = Electronic potential (volt) 

λ  = Molecular mean free path 

iω  = Volume fraction of species i 

,T p iµ∇  = Isothermal-isobaric gradient of the molar chemical potential 

 

Constants  

R  = Gas constant (J /K mol)  8.3144598 

F  = Faraday’s constant (C/mol)  96 485.3329 

Kb  = Boltzmann constant (J/K)  1.38064852 × 10
–23

 

 

Abbreviations 

MIEC  = Mixed ionic and electronic conducting membrane  

OTM  = Oxygen transport membrane 

BFM  = Binary Friction Model 

µCT  = Micro computed tomography 

CFD  = Computational fluid dynamic 

SF  = Support on the feed side 

SP  = Support on the permeate side 

PSA  = Pressure swing adsorption 

BSCF  = Ba0.5Sr0.5Co0.8Fe0.2O3- δ  

BSCF3Zr = Ba0.5Sr0.5(Co0.8Fe0.2)0.97Zr0.03O3-δ  

TC = Tape cast 

FC = Freeze cast 
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1. Introduction 

1.1 Overview 

 

Dense ceramic oxygen transport membranes (OTM) have found great prospects in membrane 

technology for the supply of oxygen through air separation [1-4]. OTM have been developed 

and tested for the production of ultra clean fuels [5] and they also offer high potential for oxy-

combustion and syngas applications [6]. They are also considered to be key components for 

low-pollutant combustion power plants, energy efficient oxygen generators, the synthesis of 

higher hydrocarbons [7, 8], novel types of membrane reactors [9, 10], in health care, and in 

various industrial sectors (such as steel, iron, cement, and glass plants).  

 

The separation of oxygen from air using membranes is more energy efficient than traditional 

processes such as the cryogenic Linde process and, the pressure swing adsorption (PSA) [11, 

12]. Perovskites with the chemical formula ABO3-δ are widely used for manufacturing oxygen 

transport membranes. These perovskites, in particular Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF) which 

was first reported by Shao et al. [13] exhibit high oxygen permeability at elevated tempera-

tures [14, 15]. This high permeability originates from a pronounced mixed ionic and electronic 

conductivity (MIEC) [13, 16], which is attributed to the crystal lattice arrangement of the per-

ovskite structure. These MIEC membranes allow only the permeation of oxygen, and a perm-

selectivity of 100% can be achieved if the membrane is gas tight [17].   

 

Over the years, research studies have investigated ways to improve the overall flux through the 

dense membrane. Studies have found that the thinner the MIEC membranes are the higher the 

flux becomes, but this reduces their mechanical stability owing to the application of these 

membranes. This motivated the state-of-the-art processing of an asymmetric membrane (the 

thin dense membrane supported by a porous structure) that provide a low ionic resistance of 

the functional separation layer together with a high mechanical stability.  

 

Notwithstanding, the flux observed from asymmetric membranes is not commensurate to the 

expected flux with regards to the thickness of the thin dense membrane considering the Wag-

ner equation [16-19]. The Wagner equation which is a solid-state diffusion equation shows 

that the flux has an inverse relationship with the dense membrane thickness. As a result, the 

oxygen flux through thin supported membranes is expected to increase with respect to the 

thickness of the dense membrane. Research studies have found that the porous support does 

not only provide the mechanical stability needed, but it affects the overall observed flux [20, 

21]. Li et al. [20] showed through permeation experiment for both H2 and CO2 that the flux 

observed for thin supported membranes when compared to thick dense membranes was not as 

high as expected. Owing to the fact that an inadequate support microstructure becomes rate 

limiting for the gas transfer, further improvements are needed. Lately, the optimization of this 

sort of asymmetric microstructures have been under investigations by using novel fabrication 

methods like freeze-casting [22-27] and phase inverse casting [28, 29]. Using different mem-
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brane materials, these asymmetric membranes have demonstrated an improvement on permea-

tion rate [14, 30, 31], as the porosity, the tortuosity factor, pore opening diameter and the mor-

phology of the pores are tailored and controlled based on the processing route. The architec-

tures resulting from these fabrication routes offer various advantages like improving flux, re-

ducing concentration polarization, etc., when compared to bulk membranes.  

 

During permeation through an asymmetric membrane, different sets of very complex transport 

mechanisms are encountered. Each of which are possibly rate limiting and can be interpreted 

as a series of resistances for the transport. This comprises the gas phase diffusion, surface ex-

change reaction, bulk diffusion, and concentration polarization within the pores and in the gas 

phase. Each of these individual mechanisms has been investigated and studied. Combination 

of all these mechanisms in a single model for simulating the overall transport through an 

asymmetric membrane is needed. The need to understand to what extent the geometrical pa-

rameters of the support microstructure would be rate limiting and ways to optimize it motivat-

ed this work.  

  

1.2 Objectives of this work 

 

In this work, the simulation of the transport processes through an asymmetric gas (Oxygen) 

separation membrane is to be considered. According to research studies, the porous support 

significantly hinders the overall flux through an asymmetric membrane. As a result, it is essen-

tial to understand and simulate the extent or the support limitations on flux. The membrane-

support interface pressure cannot be measured from permeation measurements. Therefore, 

there is a need to evaluate the membrane support interface pressure and the dependence of this 

pressure on the support microstructure with respect to observed flux.  In addition, the simula-

tion of the effect of the support geometry on the overall flux through an asymmetric membrane 

should show how much the porous support is rate limiting and will further aid the optimization 

of the porous support.    

 

For these investigations, a one-dimensional analytical model combining the Wagner equation 

and the binary friction model was used for the description of the transport through the dense 

membrane and the porous support, respectively. The effect of the porous support geometry on 

flux taking into consideration the different transport modes (the 4-end mode and the 3-end 

mode) and the orientations of the asymmetric membrane encountered in application were 

evaluated. In addition, different simplification of the partial pressure profiles through the sup-

port of an asymmetric membrane using the binary friction model according to Kerkhoff [32] 

would be used to investigate the pressure effect.  

 

Comparison of the obtained simulated results to experimental observation would validate the 

model and the process steps employed. Finally, the question of how to manufacture a porous 

support for an asymmetric membrane which offers the mechanical stability needed but with lit-

tle or no limitations on the observed flux will be answered.  
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2. Fundamentals and state of the art 

2.1 Inorganic Oxygen transport membranes 

 

Inorganic gas separation membranes can be simply described as a discrete interface or a barri-

er which differentially allows or moderates the permeation of certain constituent of a gas mix-

ture through it (Figure 2.1).  

 

 
Figure 2.1: Membrane separation process. 

 

The use of these membranes for separation process is a dynamic and rapidly growing field and 

would be advantageous with respect to low energy use and capital investments. They can be 

used for O2 separation, H2 separation and CO2 separation. Inorganic gas separation membranes 

are considered key components for chemical reactors as well as low emission power plants 

with high efficiency. 

 

Oxygen is one of the most widely used chemicals in the world [17]. In industry it has found 

application in manufacturing industry, food industry, chemical industry, combustion processes 

of higher hydrocarbon, etc. It is also used in health care for patients with chronic lung disease 

or who cannot breathe on their own. Yearly, several million tons of oxygen are produced [33], 

and may increase over the years with the advancement of large-scale clean energy technolo-

gies [34]. These technologies will require pure oxygen as feed gas for combustion in order to 

combat e.g. NOx emissions. In the recent past, the production of oxygen is mainly realized by 

conventional techniques; cryogenic distillation of air and pressure swing adsorption (PSA) [9, 

12]. As a result of the high cost and high energy demands of these conventional techniques, 

development of an energy efficient oxygen production technology is of great economical in-

terest. The separation of oxygen from air using inorganic (ceramic) gas separation membranes 

for oxygen production offer substantial advantages to the conventional techniques. As the sec-

tors where combustion is the primary source for heat are major contributors of greenhouse gas 

emission [35], ceramic oxygen transport membranes are planned to be employed to reduce the 

emissions.  
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In pre-combustion process, the oxygen transport membrane (OTM) is to be used to separate 

oxygen from air, to produce pure oxygen for the partial oxidation of the fossil fuel to syngas (a 

mixture of H2 and CO). Adding steam to the mixture in a shift reactor, a water-gas-shift reac-

tion occurs. This generates H2 and CO2, and the hydrogen is either combusted to produce pow-

er or used for different application, while the CO2 is collected for further utilization [36] or 

stored. Similarly, production of NOx in oxy-fuel combustion process can be prevented because 

pure oxygen generated from oxygen transport membranes is used for combusting the fuel. As a 

result, the flue gas produced contains mainly a mixture of CO2 and steam which can be easily 

separated by a condensation process. As a result, production of NOx can be prevented. The 

generation of oxygen or hydrogen, might not only be generated only from simple gas mixtures 

such as air or syngas, but also from the decomposition of industrial waste (CO2, H2O, NOx, 

H2S, etc. [37]) stream from gasification plants. Studies [36-39] have shown that ion (O-, H-) 

conducting inorganic gas separation membranes can be used in membrane reactors [7, 40, 41] 

for the synthesis of various chemicals [41]. 

 

Oxygen transport membranes have been widely investigated for integration into membrane re-

actors [35, 42-55] for reforming and partial oxidation of hydrocarbons to produce syngas and 

also the utilization of CO2. In addition, waste heat from combustion processes will be used in 

these reactors and it also improves efficiency as well as sustainability. The synthesis of useful 

products from these gases that are in some cases hazardous is more valuable and stirs the 

chemical industry in a sustainable direction. 

 

2.1.1 Ceramic membrane material  

 

Much effort is being exerted to understand the phenomena involved during gas transport 

through membranes as well as to synthesize novel materials with better separation properties. 

Although the concept of permeating oxygen using mixed ionic-electronic conductor was intro-

duced by Cales and Baumard [56], the current industrial interest in membrane separators was 

proposed by Teraoka et al. [57]. They observed an oxygen flux of 3.2 mL/cm² min on the in-

vestigated 1mm thick perovskite type oxide (SrCo0.8Fe 0.2O3-d) at a temperature of 850°C. 

There has been a rapid growth of both scientific and industrial interest in the use of these 

membranes for the separation of oxygen since then. 

 

2.1.1.1 Requirements of ceramic OTM membrane material  

 

The core requirements of a good ceramic membrane for the transport of both ions and elec-

trons are as schematically shown in Figure 2.2 They should be stable at high operating temper-

atures, easy to clean and easy to be catalytically activated. In addition, it should be able to re-

sist harsh environments and high pressure drops during operation compared to organic mem-

branes. However, not all OTM have the ability to resist harsh operating environments.  
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Figure 2.2: Showing the core requirements of 

a good MIEC membrane for oxygen transport. 

 

 

Notwithstanding their enormous advantages, they are limited as a result of their brittle nature, 

high capital cost, and in some cases do not always have good chemical stability. Fluorite or 

perovskite type material, pyrochlore, brownmillerite, Ruddlesden-Popper series [58-64] are 

some materials that have been found promising for manufacturing OTM. Compound exhibit-

ing fluorite and perovskite type crystal are best in terms of oxygen permeation, but the perov-

skites are most attractive because they exhibit higher oxygen permeability at elevated tempera-

tures. 

 

2.1.1.2 Perovskites 

 

Perovskites is the name of structural family described by the general formula ABO3 shown 

schematically in Figure 2.3 as well as the name of a mineral compounds that occur naturally 

with the chemical formula CaTiO3 [65].  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: The perovskite structure 

ABO3 [61] 
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The chemical compound (CaTiO3) in its natural state have been synthesized for the manufac-

turing of oxygen transport membrane [66] and it also finds application as electronic or optical 

material [66]. However, the ideal perovskite is not typified by CaTiO3 rather by SrTiO3 which 

is a cubic closed packed structure [65]. The arrangement of atoms within the perovskite crystal 

structure has found great prospects in membrane technology for the production of OTM. The 

perovskite type compounds are crystalline ceramics with different symmetry at room tempera-

ture, but can transform to cubic [17] symmetry at high temperatures [67, 68].  

 

The A and B are cations with different sizes occupying the cube corners and body centered po-

sitions respectively, and the oxygen (an anion bonding A and B) occupying the face centered 

position. The A and B sites are occupied by an alkaline earth ion or rare earth ion and a transi-

tion metal cation, respectively. The A-site ion exits at the interstitial of the BO6 octahedral. 

Therefore, because A cations are generally larger than the B cations, it distorts the BO6 octa-

hedral. With respect to the geometric considerations, the Goldschmidt tolerance factor, t, [17, 

69] is used to define the tolerance limit of the cationic radii in the A and B sites according to 

Eq. 2.1 

 ( )2

A B

B O

r r
t

r r

+
=

+
 (2.1) 

where r
A
, r

B
, and r

O
 are the radii of the A, B cations, and the oxygen ion, respectively. The 

perovskite structure is stable for a tolerance factor in the range of 0.75 – 1.0. An ideal perov-

skite lattice exists when t is close to one and becomes distorted to less symmetric structures as 

the magnitude of t decreases. 

 

Doping the A and B sites with multivalent cations can lead to the occurrence of a material or a 

compound with mixed ionic and electronic conductivity property [13, 21, 52, 57, 70]. Depend-

ing on the atoms doped at the A and B site, the properties like conductivity, magnetism, and 

thermal expansion of the material are significantly influenced [17]. For example, transition 

metal with multiple oxidation states tend to take a lower oxidation state, thereby effectively 

freeing up electrons to pass current when doped at the A and B sites.  Furthermore, doping 

some of the B site (transition metal) with an aliovalent transition metal will also yield an in-

crease in electronic conductivity. Aliovalency simply means when the oxidation states of the 

dopant in the lattice differs from the cation ion. Also increasing the intrinsic oxygen vacancy 

concentration during doping will increase the available hopping sites, thereby increasing the 

ionic conductivity [31, 71].  Oxygen vacancies in the crystal lattice of perovskite type OTM 

facilitate the oxygen transport. As such, the rate of vacancy diffusion within the membrane and 

the interfacial oxygen exchange on either side of the membrane control the flux. Several mate-

rials belonging to the perovskite class; (X,Y)MO3 (X = rare earth, Y = Ca, Sr, Ba, M = Fe, Co, 

Cu, Zn) have been shown to provide fast oxygen transport [12, 17, 58-60, 62, 64].  

 

2.1.2 Dense Mixed Ionic and Electronic Conducting membranes 

 

Dense ceramic OTM comprises different metal oxides that are not stoichiometric at room or at 

elevated temperature and some unoccupied oxygen sites (vacancies) in its crystal structure. 
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The material composition, initial lattice structure, ambient gas composition and temperature 

affect the number of oxygen vacancies. With sufficient thermal energy to overcome the energy 

barrier, the lattice oxygen around these vacancies can hop randomly from their original site to 

these vacancies. These hops of oxygen ions can have a statistical direction under a partial pres-

sure gradient of oxygen across the membrane (driving force) from the high PO2
 (feed side) to 

the low PO2 side (permeate side), respectively. The oxygen ions and electrons flow counter cur-

rent to each other through the membrane. 

a) 

      

b) 

     

Figure 2.4: The transport mechanism for (a) the pure ionic and (b) MIEC oxygen transport membrane.  

 

There are pure ionic OTMs (Figure 2.4.a) and mixed ionic and electronic conducting OTMs 

(Figure 2.4.b). The pure ion conducting membranes as the name goes, allow on the transport of 

oxygen ion. To maintain charge neutrality in a pure ion conducting membrane, a counter-

transport of electronic charge carrier is necessary and has to be introduced by applying an ex-

ternal circuit. This is not the case for mixed ionic and electronic conducting (MIEC) oxygen 

transport membranes. 

 

The MIEC membranes have a simpler design and reduced energy requirements in comparison 

to the pure ion conducting membranes. These membranes exhibiting mixed oxygen ionic and 

electronic conductivity [34] provide a new way for oxygen production. Across the MIEC 

OTM, there is relatively fast and sustainable transport of oxygen ions and electron holes under 

appropriate operating conditions, resulting in oxygen conduction [3, 64, 72-74]. This is as a re-

sult of their ability to support oxygen vacancies and lattice disorder. Studies have shown that 

the flux of oxygen through the membrane is dominated by the membrane material composi-

tion, the operating temperature, and oxygen gradient [12, 57, 75-77].  

 

2.1.3 Transport mechanism in dense membrane 

 

The transport mechanism of oxygen through MIEC OTM and the corresponding resistances is 

as depicted in Figure 2.5. At the zone 1, the oxygen molecule is transported from the gas phase 

to the membrane surface by gas to gas diffusion. The transported oxygen molecule adsorbs to 

the membrane surface (zone 2) and dissociates into two oxygen ions by receiving electrons 

from the membrane surface according to the equation on the top side of Figure 2.4.b, and is in-

corporated in the crystal lattice. At this membrane surface, the oxygen partial pressure is high-
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er than it is at the membrane surface at zone 4. The oxygen ion transport (bulk diffusion) oc-

curs in the zone 3. After the incorporation of oxygen ions in the crystal lattice of the surface 

layer, the oxygen ion diffuses across the membrane under an oxygen partial pressure as the 

driving force through the oxygen vacancies in the crystal lattice. The transported oxygen ion 

recombines on the membrane surface (zone 4) with the lower oxygen partial pressure to form 

molecular oxygen. This recombination is as shown at the bottom side equation of Figure 2.4.b. 

Finally, the recombined oxygen molecule desorbs from the membrane surface into the gas 

phase (zone 5) and is transported by gas diffusion.  

 

 

  

 

 

Zone 1 and 5: Gas phase transport 

Zone 3: Bulk diffusion 

Zone 2 and 4: Surface exchange reac-

tion 

Figure 2.5: The dense membrane showing the corresponding transport resistances and the drop of chemical po-

tential (m´ and m´´) across the bulk and interfacial zones of a membrane under a partial pressure gradient.  

2

'

OP and 
2

''

OP  are the partial pressures on the high oxygen content surface (feed side) and the low oxygen content 

surface (permeate side), respectively. 

 

The oxygen fluxes at the membrane surfaces (zone 2 and 4) are controlled by the kinetics of 

the surface exchange reactions during dissociation/association. Similarly, the oxygen flux 

through the membrane is controlled by the bulk diffusion. The flux observed from bulk diffu-

sion has an inverse relationship with the thickness of the membrane according to Wagner 

equation [17, 18].  Either of these two resistances (surface kinetics or bulk diffusion) affects 

the oxygen flux through the entire membrane. Therefore, depending on which of the above-

mentioned resistances is rate limiting for the MIEC membrane, appropriate modification 

measures can be employed to improve flux. 

 

2.1.3.1 Bulk transport – Wagner equation 

 

The transport through the dense membrane is described by solid state diffusion whereby, the 

oxygen ions hop through the vacancies in the crystal lattice under a gradient in chemical po-

tential as the driving force. The basic assumption is that this lattice diffusion determines the 

overall permeation rate [17]. This can be attributed to the fact that the resistance to electronic 

transport in perovskites is so small that they can move freely and faster relative to the oxygen 

vacancies.  
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The interaction between the oxide lattice and O
2
 molecule can be represented using the 

Kröger-Vink [78] notation as 

 
..

2 0

1
2 ´ O

2

x
OO V e+ + =  (2.2) 

With the assumption that oxygen vacancies are the mobile ionic defects and neglecting surface 

exchange reaction, and cross terms between fluxes, the flux, kj , of a single charge carrier, k , 

can be represented as [17, 79], 

 2 2
ˆk

k k

k

j
z F

σ
µ= − ∇ ,  (2.3)

 where ˆ
k k kz Fµ µ φ∇ = ∇ + ∇  (2.4)

σ
k 
=  conductivity of charge carries 

kµ∇  =  gradient of electrochemical potential 

z
k =  charge number  φ∇  =  gradient in electrical potential 

F =  Faraday constant  

 

The flux for oxygen ions as charge carriers is 

 
2

2 2

2

2 2
ˆO

O O

O

j
z F

σ
µ

−

− −

−

= − ∇  (2.5) 

2O
z −  =  charge number = -2   

Whereas the flux for electrons as charge carriers is  

 2 2
ˆe

e e

e

j
z F

σ
µ= − ∇  (2.6)

ez  =  charge number = -1   

 

The dissociation of half an oxygen molecule and subsequent incorporation of the oxygen ions 

into the crystal lattice requires two oxygen vacancies and two free negatively charged elec-

trons. The fast diffusion of the charge carriers causes a gradient in the electrical potential. If 

the transport of charges through the lattice does not affect the internal defect chemistry, the 

chemical potential gradients of the individual charged species are equal to the chemical poten-

tial of the gaseous oxygen. At local chemical equilibrium,  

 ..
2

1
ˆ ˆ2 0

2 O
O eV

µ µ µ∇ + ∇ + ∇ = , and (2.7) 

 
´ 0e h

µ µ∇ + ∇ =i  (2.8) 

 

holds, where 
2Oµ , 

ÖVµ , and eµ  are the chemical potential gradient for the oxygen vacancy, 

electrons and electron holes, respectively. 2
ÖV O

µ µ −= . At steady state, these transports are in 

equilibrium and charge accumulations do not occur. As a result, a gradient in electrical poten-

tial is not established at steady-state,  
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 2 2
2

2( ) 4( ) 0O e eO O
z F z Fµ µ φ µ φ− −∇ − ∇ + ∇ + ∇ + ∇ =  (2.9) 

 2
2

2( 2 ) 4( ) 0O eO
F Fµ µ φ µ φ−∇ − ∇ − ∇ + ∇ − ∇ =  (2.10) 

 2
2

2 4 0O eO
µ µ µ−∇ − ∇ + ∇ =  (2.11) 

As can be seen the potential term, φ∇ , cancels out. In addition, the charge balance between 

ions and electrons with respect to no charge accumulation can be related as 

 22 0eO
j j− + =   (2.12) 

Substituting the fluxes for oxygen ion and electron from Equations (2.5) and (2.6), respective-

ly, in the charge balance equation yields 

 
2

22 2 2 2
ˆ ˆ2 0

( 2) ( 1)

O e
eOF F

σ σ
µ µ

−

−− ∇ − ∇ =
− −

  (2.13) 

This can be further simplified to give 

 2 2ˆ ˆ 0e eO O
σ µ σ µ− −∇ + ∇ =   (2.14) 

 

The flux of O2 is 

 2
2

1

2
O O

j j −= , (2.15) 

 
2

2
2 2

1
ˆ

2 ( 2)

O
O O

j
F

σ
µ

−

−= − ∇
−

 (2.16) 

Therefore, substituting Eq. (2.14) in Eq. (2.11) and finally substituting the outcome in Eq. 

(2.16), the oxygen flux through the membrane can be evaluated by  

 
2

2 2

2

2

1

16

e O
O O

e O

j
F

σ σ
µ

σ σ
−

−

 ⋅
= − ∇ 

+  
. (2.17) 

Where eσ  and, ionσ are the partial electronic and ionic conductivity respectively. Using the re-

lationship, 

 2

2

ln O

O

P
RT

x
µ

∂
∇ =

∂
 (2.18) 

R 
 
=  molar gas constant  L  =  Membrane thickness 

T = temperature 
2OP =  oxygen partial pressure 

 

and substituting it in Eq. (2.17) yields the Wagner equation  

 

''

2

2 2
'

2

ln p

2

ln p

1
ln

16

O

O

O amb O

RT
j d p

F L
σ= − ∫ , (2.19) 

  where 
2

2

e O
amb

e O

σ σ
σ

σ σ
−

−

⋅
=

+
. (2.20) 

The Wagner equation can be further simplified for perovskites like BSCF where 

el ionσ σ≫ with the assumption that 
2

( )ion Of Pσ ≠  to 
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2

2

2

''

2 '

p1
ln

16 p

O

O amb

O

RT
j

F L
σ= − . (2.21) 

   

2.1.3.2 Surface exchange 

Considered with respect to characteristic thickness 

 

Bulk transport is more dominating for thick membrane, while the surface transport effect is 

very minimal. The inverse relationship between the membrane thickness and flux in Wagner 

equation (Eq. (2.21)) underscores the need for a very thin membrane. However, the surface 

exchange becomes more rate-limiting with decrease in membrane thickness. There is a need to 

extend the Wagner equation for cases where the surface exchange kinetics controls the 

transport. Schematically, the bulk and interfacial zones of a membrane are as presented in Fig-

ure 2.5. The individual zones yield separate chemical potentials which sum up to the total 

chemical potential as  

 
2 2 2 2

' ''
total bulk
O O O Oµ µ µ µ∆ = ∆ + ∆ + ∆  (2.22) 

 

2

bulk
Oµ∆  

=  driving forces at the bulk 
2
'Oµ∆  = driving forces at the low-pressure interface zone  

  
2
''Oµ∆  = driving forces at the high-pressure interface zone 

 

The low and the high-pressure sides are represented with the single and double prime, respec-

tively. The rate limiting/the controlling process between the bulk diffusion and the surface ex-

change kinetics receive a greater proportion of the driving force [17, 80]. The oxygen flux, 

2Oj , through the membrane (bulk and interfacial zones) according to the Onsager relation [81] 

is given as 

 

 

(2.23) 

0

exj
 
=  surface exchange rate   

where elt  and iont are the fractions (transference number) of the total conductivity provided by 

electronic and ionic defects [17], and el ion total ion el el iont t t tσ σ σ= = . el iont σ  is the average value of 

the product across the membrane thickness. According to Bouwmeester et al. [80], elt  was set 

to 1. Using isotope exchange measurements, 0

ex
j , can be determined by surface exchange co-

efficient, sk , and the equilibrium concentration of oxygen anions, oc . 

 
0 1

4
s oex

j k c=  (2.24) 

For very small 
2

pO gradient across the membrane, 0 0' "ex exj j= , and adopting the condition for 

mixed control where the total driving force is equal for both bulk diffusion (
2

bulk
Oµ∆ ) and sur-

face exchange 
2

surface
Oµ∆ (

2 2 2
' "

surface
O O Oµ µ µ∆ = ∆ + ∆ ). Comparing the bulk flux to the surface flux 

for this small 
2

pO gradient across the membrane, the flux balance would be; 

2 2 2

2

0 0

2

' ''
' "

16

bulk
O O Oel ion

O ex ex

t
j j j

RT F L RT

µ µ µσ∆ ∆ ∆
= − = − = −



2.1. Inorganic Oxygen transport membranes 

12 

 2

2

0

216

surface
Obulkel ion

O ex

t
j

F L RT

µσ
µ

∆
− ∆ = −  . (2.25) 

Therefore, from Eq. (2.23) the condition of mixed control stated above is satisfied at a charac-

teristic thickness expressed as  

 2 016

el ion
c

ex

tRT
L

F j

σ
= , (2.26) 

The concept of the characteristic thickness, Lc, according to Bouwmeester et al. [17] can be 

used to determine the rate limiting steps for dense OTM. Lc represents the thickness at which 

the oxygen transport is equally governed by bulk diffusion and surface exchange kinetics. Be-

low this thickness the transport is limited by surface exchange kinetics. 

Incorporating the characteristic thickness (Eq. (2.26)) in Eq. (2.13), the entire oxygen flow 

through a symmetrical membrane is governed by: 

 
2

2

2

''

2 '

p1 1
ln

216 p
1

O

O amb
c O

RT
j

LF L

L

σ= −
 +  
 

 
(2.27) 

Here, 2Lc implies the same exchange rate on both sides of the membrane if the membrane is 

symmetric. In perovskite material where el ionσ σ≫ and with the assumption that the ionic con-

ductivity is purely anionic, it can be represented using the Nernst-Einstein relation [82] as  

 
2 2

o s o
ion

c D z F

RT
σ =  (2.28) 

sD  =  self diffusion coefficient 
oz  = valence charge number = -2 

 

Inserting Eq. (2.24) and Eq. (2.28) in (2.26) while setting elt = 1 yields, 

 
s

c

s

D
L

k
=  (2.29) 

The self-diffusion can be assumed to be equivalent to the tracer diffusion if the correlation ef-

fect and the effects due to mass difference are neglected. 

 

Considered with correlation to oxygen partial pressures 

 

Xu and Thompson [79] developed an explicit model for oxygen permeation based on the anal-

ysis of the individual step of the permeation mechanism. Considering also oxygen transport 

through a perovskite type system, similar assumptions as in section 2.2.1.1 were also assumed 

here. The oxygen flux with respect to oxygen vacancy as the charge carrier can be expressed in 

the form of Fick’s law by using lnk vµ RT C∇ = ∇ and combining equations (2.3), (2.11), and 

(2.15) to be 

 
2

'' '( )
2

v
O v v

D
j C C

L
= − . (2.30) 

  Dv              = diffusion coefficient of oxygen vacancies 

'co , and 
''co  = concentration of oxygen vacancies at the high- and low-

pressure side of the membrane, respectively 
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Surface exchange kinetics also governs the concentration of oxygen vacancies on the surfaces 

of the membrane [79]; 

 ..

2 0

1
O 2

2

f rk k
x

OO V h+ + i
⇌  (2.31) 

 
..

0 2

1
O 2

2r f

x
O

k k
h O V+ +i
⇌  (2.32) 

 

Where fk  and rk  are the forward and the reverse reaction rate constants at zone 2 and 4, re-

spectively, as presented in Figure 2.5. At steady state under isothermal conditions, the reverse 

and forward reactions at zone 2 and 4, respectively, are of pseudo zero-order [79]. This can be 

attributed to the high electronic conductivity, thereby making the electron holes constant at 

both surfaces. Therefore,  

 
2 2

' 0.5 '

O f O v rj k P C k= −  (2.33) 

 
2 2

' 0.5 ''

O r f O vj k k P C= − . (1.34) 

Solving Eq. (2.30), (2.33), and (1.34) simultaneously, the oxygen permeation through the 

membrane can be described by  

 
2 2

2

2 2 2 2

' 0.5 '' 0.5

' 0.5 '' 0.5 ' 0.5 '' 0.5

(P P )

2 (P P ) (P P )

v r O O

O

f O O v O O

D k
j

L k D

−
=

⋅ + +
 (2. 35) 

The diffusion coefficient and the reaction rate constants are temperature dependent. They can 

be determined by fitting experimental oxygen permeation data as a function of temperature. 

Introducing surface exchange coefficients '

exk and ''

exk for the interfacial zones 2, and 4, respec-

tively and expressing the equilibrium concentration in terms of partial pressures at the interfa-

cial zone by setting
2

0Oj =  yields 

 
2

' ' 0.5Pex f Ok k=   (2.36) 

 
2

'' '' 0.5Pex f Ok k=   (2.37) 

Therefore, the transport at the oxygen rich surface, oxygen lean surface, and the bulk can be 

described by Eq. (2.38-2.40), respectively.  

 

 
2

2

0.5
'

'

''

P
1

P

O

ex r

O

j k
  
 = −     

 (2.38) 

 

 2

2

0.5
''

''

'

P
1

P

O

ex r

O

j k
  
 = −      

 (2.39) 

 

 
2 2

' 0.5 '' 0.5(P P )
2

v r
diff O O

f

D k
j

L k
= −   (2.40) 
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The oxygen flux is then determined based on the rate limiting step. This explicit model accord-

ing to Ref. [79] can also be employed for the evaluation of the surface exchange effects. How-

ever, for the scope of the present work, the consideration of the surface exchange according to 

Bouwmeester et al. [17] was employed.  

 

2.1.4 Dense membrane modifications for flux improvement 

2.1.4.1 Surface modification  

 

In a situation whereby, the surface exchange reaction is rate-limiting, modifying the membrane 

surface by roughening it would increase the surface-to-volume ratio [83, 84]. This technique 

has been reported to increase flux. In addition, coating the surface of the dense MIEC mem-

brane with a porous layer is also another effective means to increase surface area. The porous 

layer can be of the same material as the dense MIEC membrane or a different MIEC material 

[85-91]. In comparison to the roughening technique, coating a porous layer has proven to be 

more effective. Coating a catalytic layer on the membrane surface to increase adsorption and 

dissociation of oxygen is another way to improve flux. Research studies on the deposition of 

palladium or platinum catalyst on the surface of MIEC membranes; have demonstrated an in-

crease in oxygen flux in comparison to the unmodified membrane surfaces [88, 92-94]. Simi-

larly, the oxygen permeability of an LSCF membrane was significantly improved by coating 

the open surface of the hollow fibre with a silver catalyst.  

 

2.1.4.2 Reduction of membrane thickness 

 

According to the Wagner equation (Eq. 2.27), reducing the thickness of the membrane when 

the bulk diffusion is the rate limiting step invariably increases the oxygen flux but reduces the 

mechanical stability with consideration to the operating condition. Niehoff et al. [95] showed 

the effect of reducing the membrane thickness by varying the membrane thickness from 0.9 

mm to 20µm. Oxygen flux through the membranes increased reciprocally with the membrane 

thickness. Reducing the thickness below the characteristic membrane thickness, Lc, the diffu-

sion processes become sufficiently fast, which leads to a change in the kinetic behaviour [17]. 

 

Notwithstanding the improvement in the transport rate across the thin membrane, the low me-

chanical stability of free-standing membrane motivated the processing of asymmetric mem-

branes, where the thin membranes are supported by a porous structure [95, 96].  

 

2.2 Asymmetric membranes 

 

Initial studies with regards to asymmetric membranes were the coating of thin layers of MIEC 

OTM on conventional porous substrates like alumina (Al2O3). However, the use of the same 

material for both the membrane and the porous support avoids chemical and physical incom-
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patibility [16, 21, 85, 89, 97, 98]. Numerous studies [16, 19, 93-98] have shown flux im-

provement for an asymmetric membrane when compared to the thick dense membrane. How-

ever, the flux observed [21, 98] from asymmetric membranes is not commensurate to the 

thickness of the thin dense membrane with regards to Wagner equation [16-19]. Li et al. [20] 

showed through a permeation experiment for both H2 and CO2 that the flux observed for thin 

supported membrane when compared to thick dense membrane was not as high as expected. 

This is due to the fact that non-adequate support microstructure becomes rate-limiting for the 

gas transfer.  

 

Novel fabrication methods for instance, freeze-casting [22-27], and phase inverse casting [28, 

29] have been lately under investigation as a means to optimize microstructure of the porous 

support. This is because the porosity, tortuosity, pore opening diameter and the morphology of 

the pores are tailored and controlled based on the processing route. In comparison to bulk 

membranes, the resulting architectures from these fabrication routes offer various advantages; 

improving flux, reducing concentration polarization, etc. Reason is that tailored microstruc-

tures might possess channel-like pores with reduced tortuosity (flow path for the diffusing spe-

cies). Using different membrane materials; these asymmetric membranes have demonstrated 

an improvement on permeation rate [16, 30, 31]. However, the effect of the porous support on 

the overall flux through an asymmetric membrane is still not negligible.   

 

2.2.1 Transport processes 

 

In membrane application, either the 3-end mode or 4-end mode of transport (Figure 2.6) is 

been employed during the separation/mixing process. For both processes, there is a feed gas 

which is the gas mixture to be separated. When this feed gas reaches the surface of the mem-

brane, the desired specie is transported across the membrane and collected as the permeated 

gas, while the depleted gas is been collected as the retentate gas.  
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Figure 2.6: The transport processes through an asymmetric membrane; (on the right hand side) the 4-end mode 

and (on the left hand side) the 3-end mode    (vacuum is applied at the permeate side) [99] 

 

The difference between the 4-end mode and the 3-end mode transport process is how the per-

meated gas is collected. Sweep gas is used to remove the permeated gas in 4-end mode while 

vacuum is applied for the removal of the permeated gas in the 3-end mode. In the present 

work, these transport processes were considered during the simulation of the transport through 

an asymmetric membrane. 

 

2.3 Porous substrate 

 

Porous materials are encountered in a wide variety of technologies, where it is been employed 

for filtration, mixing or reacting transported species, and separation purposes. The description 

of the transport process of multicomponent or single component fluid through porous media 

(from nano-porous to micro-porous media) is of great interest for the modelling of a wide 

range of processes. As such, the transport of gaseous component through porous media has 

been extensively studied. In the past, many models and theories have been proffered that, alt-

hough correct in rendering experimental observations, are inadequate on closer inspection. 

This may be attributed to the fact that the porous media is not properly being considered or not 

considered at all. 

 

In the case of gas transport in porous media, the material-specific characteristics of the mem-

brane material, the geometry of the media, as well as the thermodynamic laws for the gas must 

be considered. This is so because the thermodynamic and chemical properties of the gas and 
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the material play a major role. In addition, all gas molecule interactions (self, gas-gas, and gas-

wall) should be considered. 

 

2.4 Transport mechanism in porous support 

 

The transport mechanisms through porous structures have a dependency on the pore morphol-

ogy (e.g. size of the pore, pore shape, etc.), porosity, pressure, the size of the transported mol-

ecule and interconnected pores. A relationship between pore size and porosity exists [100]. 

The interconnected pores are essential for the evaluation of the effective porosity of the struc-

ture. Notwithstanding that high porosity of the porous structure yields a high permeability, 

however, it limits the relative strength [101]. Therefore, an understanding of the transport pro-

cesses through pore is essential. The molecular mean free path length, λ , of the particle is the 

average distance a molecule can travel between two collisions, and is represented as 

 
22

bK T

d P
λ

π
= , (2.41) 

Kb = Boltzmann constant d  = pore diameter 

 

The predominating gas transport process for high temperature (~ 900°C) can be deduced from 

the relationship between the mean free path length and the average pore diameter [102]. The 

Knudsen number, Kn, [103] is the defining parameter for differentiating between different 

transport modes. 

 Kn
d

λ
=  (2.42) 

Knudsen diffusion (Figure 2.7.a) occurs when the molecular mean free path is much larger 

than the pore diameter in which the diffusing molecules are being transported. As a result, the 

molecules tend to collide with the wall rather than colliding with other molecules. This 

transport mechanism occurs usually when 1Kn≫  and for pore sizes in the range of 10-100 

nm. The total momentum of the gas molecules is not conserved in this case and the molecules 

move at different rates as a function of thermal mobility, which depends on the molecular 

mass. The transport of molecules of different type is independent of each other. In a straight 

cylindrical tube with pore diameter d and length L, the Knudsen flux can be evaluated using 

[104] 

 
,K cap K

i i ij CD x= − ∇  (2.43) 

,K cap
ij = molar Knudsen flux of gas i   C =  total molar density 

ix∇  = gradient in the mole fraction of specie i K
iD = the Knudsen diffusion coefficient for gas i 

 

The Knudsen diffusion coefficient for gas i can be represented as;  

 
8

3

K
i

i

d RT
D

Mπ
=  (2.44) 

Mi  = molecular weight of the gas molecule.  
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The ratio of the porosity and the tortuosity factor can be included in the Knudsen diffusion co-

efficient to take into the consideration the geometry of the porous media 

 

A molecular sieve is a material that has very small, yet definite uniformly sized pores. In mo-

lecular sieving as shown in Figure 2.7.b, the separation of gas components is based on the dif-

ferences in the kinetic diameter of the gas molecules. The pores are expected to be small 

enough as to allow the passage of smaller molecules and hinder that of larger molecules.  

 

a.) 

 

b.) 

 

c.) 

 

Figure 2.7: The (a) the Knudsen diffusion, (b) the molecular sieving, and (c) viscous flow mechanism of 

transport in porous media. 

 

The mechanism of viscous flow (Figure 2.7.c) occurs when the pore diameter is greater than 

the mean free path of a gas molecule. In this transport mechanism, 1Kn≪ . In contrast to the 

Knudsen diffusion, the probability of the particles colliding is higher than a collision between 

pore wall and gas particles. As such, the total momentum is conserved since the momentum is 

transferred from gas molecule to gas molecule. The total pressure gradient is the driving force 

for a viscous flow, and this maintains same speed for all transported gas molecules. Consider-

ing viscous flow in a capillary, the Hagen Poiseuille equation can be used to describe the flow 

rate  

 
4

8

P R
Q

L

π
η

∆
=  (2.45) 

  Q = total discharge (flow rate) η  =  viscosity 

P∆  = total pressure drop  L = length over which the pressure drop is taking place 

 

Similarly, the Darcy law can also be used for the description of a viscous flow through a po-

rous media, and can be represented as;  

 
0B A P

Q
Lη
∆

=  (2.46) 

 B0 = intrinsic permeability of the medium A =  cross-sectional area 

  

Multiplying the obtained volumetric flow rate with the total molar concentration of the trans-

ported species, Ci, yields the viscous flux, viscj , as 

 
0

visc

B P
j C

Lη
∆

= − . (2.47) 
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2.5 Transport models for porous media 

 

Considering the different models that have been employed for the quantification of the diffu-

sive transport through the porous structure, Fick’s law and the Graham’s law are the basis for 

understanding of the gas diffusion phenomena. Amongst these models, Fick’s law is the most 

popular approach owing to its simplicity. The validity of the application of Fick’s law for the 

description of transport through porous media has been questioned [105-107] and found not 

sufficient under many operating conditions. Maxwell-Stefan model (MSM) [106, 108], which 

is simply an extension of the Fick’s law for multicomponent mixture is an approach often em-

ployed. Comparison between MSM and the Fick’s law pointed out special conditions where 

Fick’s law is appropriate [109]. For the above two models (MSM and Fick’s law) efforts have 

be made to account for the porous media without altering the basic transport equation. They 

can be better applied for the description of diffusive transport in open space but not to porous 

media. Another widely used model is the advective dispersive model (ADM) [110]. It is a lin-

ear addition of advection and ordinary diffusion calculated by Darcy’s law and Fick’s law, re-

spectively. The ADM considers the Knudsen diffusion or slip effects using a Klinkenberg fac-

tor for advection. The effect of porous media is included through a porosity-tortuosity-gas sat-

uration factor. 

 

Evans et al. [111-115] presented the dusty gas model (DGM), which combines different 

transport mechanisms as well as the effect of the porous media. In this approach, the porous 

media is assumed to be a large molecule fixed in space. The material component is treated as a 

very heavy gas and the resulting gas mixture of heavy gas (porous media) and light gas (per-

meating gas) is considered. Cunningham and Williams [116] have extensively reviewed this 

work. Kerkhof [32] however, found an inconsistency within the dusty gas model where the 

viscous flux was considered twice. For a better description of the situation, Kerkhof derived 

the "Binary Friction Model" (BFM) starting from the Lightfoot equation [117], and it com-

bines bulk diffusion, Knudsen diffusion and viscous flow. The analytical description of the 

transport through the porous support using the binary friction model according to Kerkhoff 

[32] has been observed to be sufficient [20, 21, 95, 118, 119]. 

 

2.5.1 The Binary Friction Model 

 

Entropy is the degree of randomness or disorder in a system. Therefore, a complete description 

of entropy changes taking place in a system should also provide a description for all spontane-

ous processes which are possible in that system. The general conservation equation for entropy 

is 

 ( )s

ˆd

d

S
j

t
ρ σ= − ∇ ⋅ +  (2.48) 

Ŝ  = entropy per unit mass s =  volumetric rate of entropy production 

sj = entropy flux relative to the mass average velocity 
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The complete description of the rate of entropy production considers all-natural processes pos-

sible in a system being considered. This agrees with first postulates of non-equilibrium ther-

modynamics which states that “Departures from local equilibrium are sufficiently small that 

all thermodynamic quantities may be defined locally by the corresponding relations for sys-

tems in equilibrium”. Therefore, the rate of entropy production [32, 117, 120] due to diffusion 

can be represented as  

 ( )
1

n

T i i i
i

T µ F jσ
=

= − ∇ − ⋅∑ ɶɶ  (2.49) 

where j
i
 is the mass diffusion flux with respect to the mass average velocity. ( )i i ij u vρ= − and 

i i ic Mρ = ; iρ is the mass density of i, iu  is the velocity of diffusion of species i, v is the mass 

average mixture velocity, ic is the molar density of i, and iM  is the molar mass of specie i. T is 

the absolute temperature, T iµ∇ ɶ  represents the isothermal gradient of the specific chemical po-

tential; iµɶ is the specific chemical potential of species i, i
i

i

µµ M=ɶ . i
i

i

FF M=ɶ ; Fi is the exter-

nal body force per mole of species i. Eq. (2.49) can be rewritten as  

 ( ) ( ),

1

n

i T p i i i i i i
i

T c µ cV p F u vσ ρ
=

= − ∇ + ∇ − ⋅ −∑ ɶ  (2.50) 

 i i icVω =  (2.51) 

  iV  = partial molar volume of i   iω  =       volume fraction of species i 

,T p iµ∇ = isothermal-isobaric gradient of the molar 

chemical potential 

  

 

The driving force per unit volume of mixture to move species i relative to the mixture is repre-

sented as  

 ,t i i T p i i ic RT e c µ p Fφ ρ= ∇ + ∇ − ɶ , (2.52) 

 with ( )
1

n

t i i
i

c R e u vσ
=

= − ⋅ −∑ . (2.53) 

Comparing with Maxwell-Stefan equation also shows ei to be 

 ( )
1

n
i j

i i j
j ij

x x
e u u

D=

= −∑ . (2.54) 

Expressing Eq. (2.54) in terms of the molar fluxes ( i i iN c u= ) and substituting it in Eq. (2.52) 

and rearranging the equation gives  

 
,

1

n
i T p i i j j ii i

i
jt t t ij

x µ x N x N
p F

RT c RT c RT c D

ω ρ

=

∇ −
+ ∇ − = ∑ɶ  (2.55) 

R
 
=  molar gas constant Dij  =  effective binary diffusion coefficient 

 

With the assumption that the transport equation does not change with pore averaged quantities, 

it is reasonable to add the friction force with the membrane to the averaged intermolecular fric-

tion terms. Therefore, the Lightfoot equation for binary solution becomes 
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,

1

n
i T p i i j j ii i

i im i
jt t t ij

x µ x N x N
p F r N

RT c RT c RT c D

ω ρ

=

∇ −
+ ∇ − = −∑ɶ  (2.56) 

For isothermal gases with consideration to slip flow [32, 116, 121], 

 
,

1

n
i T p i i j j ii

im i
jt t ij

x µ x N x N
p r N

RT c RT c D

ω

=

∇ −
+ ∇ = −∑ . (2.57) 

Assuming an ideal gas behavior and considering the flux through the pores [32], 

 
1

n
i j j ii

i t im i
jt t ij

x N x Nx
x p RT r N

P c D=

−
∇ + ∇ = −∑ . (2.58) 

Eq. (2.58) can alternatively be formulated as  

 
1

( )1 n
i j j i

i im ieff
jt t ij

x N x N
P RT r N

P PD=

−
∇ = −∑

� �
� �

 (2.59) 

 Pt and Pi = total and partial pressure of the diffusing specie 

r
im

 = friction term 

 

The Binary Friction Model (BFM) [32] which is a modification of the Lightfoot equation 

[117] has been found to be sufficient in describing the transport through the porous support. 

 

2.5.1.1 Single gas permeation  

 

The Maxwell-Stefan term of the BFM cancels when summed over all species present 

 
1

1 n

t im i
it

P r N
P =

∇ = −∑
� �

 (2.60) 

 

The Eq. (2.60) can be further simplified for single gas permeation as  

 
1

g im g

g

P r N
P

∇ = −
� �

 (2.61) 

 

The friction term considers Knudsen diffusion and viscous flow as 

 
01 g gK

g

im g

P B P
D

r RT η

 
= +  

 
 (2.62) 

and the Knudsen diffusion coefficient, 
K
gD  is evaluated by  

 

 
8

3

poreK B
g

g

d K T
D

M

ε
π

= ×
κ

 (2.63)  

Bo = permeability η = fluid viscosity 

dpore = average pore diameter ε = porosity 

κ  = tortuosity factor Mg = molecular mass of the gas 
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Substituting equations 2.62 and 2.63 in Eq. (2.61) yields the single gas permeation equation 

for BFM 

 
g o gK

g g

g

P B P
N D

RT

ε
η

 ∇
= − +  

 κ
 (2.64) 

 

2.5.1.2 Permeation of gas mixtures 

 

The BFM equation for the gas mixture permeation can be obtained by also starting from Eq. 

(2.59). In the present study oxygen / or air and argon were used as feed and sweep gas, respec-

tively, and there was no flux of argon or nitrogen through the membrane.  

2=n  (n is the number of species),  

21 Oi ≡= , 
2/2 NAri ≡= , N1 = O2 flux, and N2 = Argon or Nitrogen flux = 0, and the flux of 

each specie from Eq. (2.59) is  

 
2 1

1 1 1

12

1
m

t t

RTx N
P r N

P PD
∇ = − −
�

  (2.65)  

The mole fraction of the species can be obtained as 

 
i

i

t

P
x

P
=   (2.66)  

The interspecies friction term is absent for gas mixture permeation, but a modified coefficient 

is introduced as 

 

1

Kim o
im i

i t i

BRT
f D

x P k

β
−

 
= = + 

 
  (2.67)  

imf = modified wall friction factor 
ik = fractional viscosity coefficient 

imβ = friction coefficient n = Number of components in the mixture 

 

The fractional viscosity coefficient can be expressed as: 
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1
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k
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∑
  

(2.68)  

0

iη = pure component viscosity ζ = interaction parameter 

 

The interaction parameter can be evaluated using Wilke’s approximation [122] as 
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hi and hj are the viscosities of the species i and j. 

 

Using pure oxygen / or air and Argon (Ar) as feed gas and sweep gas, respectively, jiζ was 

evaluated by solving Eq. (2.69 and 2.70) to be:  

222
05.1 NOArO ζζ == ,

222
95.0 ONArO ζζ == , 1

2222
=== NNArArOO ζζζ . 

For the case considered, the fractional viscosity was approximated to be: 

 
t

i
i

P
k

η
≈  (2.71) 

For a better description of the porous support’s pore geometry which is randomly shaped, the 

ratio of the porosity (ε ) and tortuosity (τ ) is included to scale it up so as to obtain the effec-

tive diffusion coefficient which considers porous media factor.  

Therefore, substituting the terms in Eq. (2.65), the equation for obtaining the flux for mixed 

gas permeation becomes 
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(2.72)  
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3. Experimental methods 

3.1 Membrane/sample manufacturing 

 

The inverse relationship between the membrane thickness and the observed flux has been pre-

sented according to Wagner equation in section 2.1.3. As such, the reduction of the membrane 

layer thickness increases the oxygen permeation through the membrane layer. This motivates 

the processing of an asymmetric membrane whereby this thin dense membrane is supported by 

a porous support of the same material. These asymmetric membranes were manufactured by 

my colleagues at institute of energy and climate research (IEK-1) Forschungszentrum Jülich 

GmbH using Ba0.5Sr0.5Co0.8Fe0.2O3- δ (BSCF) and Ba0.5Sr0.5(Co0.8Fe0.2)0.97Zr0.03O3-δ (BSCF3Zr) 

ceramic powder. Sequential tape casting (TC) and freeze casting (FC) were used for the porous 

support and a subsequent screen printing for the membrane layer. It should be noted that a set 

of these asymmetric membranes processed from two different routes (tape cast and freeze cast) 

had comparable porosities. This is to further compare and study the effect of the support mi-

crostructure on flux.  

 

3.1.1 Sequential tape casting  

 

This processing route can be used to fabricate thin flat ceramic sheets. Generally, tape thick-

nesses within the range of 25 µm to 1 mm can be achieved. Notwithstanding, it is still possible 

to manufacture thin tapes as small as 5 µm. The basic principles of the technique are: firstly, 

the preparation of the ceramic slurry from a mixture of the ceramic powder, solvent, additives 

and binder. This ceramic slurry is poured on to a moving tape through the reservoir with the 

doctor blade controlling the thickness of the tape. This green tape is dried in a horizontal posi-

tion. Afterwards, the tape is mechanically strong enough to be peeled off and cut into desired 

shape before sintering. This technique is schematically shown in Figure 3.1. This manufactur-

ing route is described in more details in [14, 16, 71, 119] 

 
Figure 3.1: Schematically representing a typical tape casting process 
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3.1.1.1 Sample preparation  

 

Commercially available BSCF and BSCF3Zr powders from Treibacher Industrie AG, Austria 

were used for the fabrication of asymmetric membranes by tape casting technique. The 

BSCF3Zr powder exhibits a monomodal particle size distribution with d50 ~3.6 µm, while the 

BSCF powder has an average grain size of d50 = 4.2 µm. 

 

The slurry for the tape casting using BSCF3Zr ceramic powder was prepared using an azeo-

tropic mixture of ethanol and methyl ethyl kethone using Nuosperse® FX9086 (Elementis 

Specialties, Inc.), and Polyvinyl butyral (Butvar® PVB B-98, Solutia Inc.) as the dispersant 

and the binder, respectively. In addition, Solusolv® 2075 (Solutia Inc.) and PEG400® (Merck) 

were added as plasticisers. The sequential tape casting was carried out in these steps: 

 

Firstly, using a doctor blade gap of 50 µm, the thin dense membrane was cast on a polymer 

foil, and was allowed to dry. No pore former was used in the slurry for casting the dense 

membrane. Afterwards, the porous support was cast on top of the dense membrane with a doc-

tor blade gap of 2.25 mm. In the slurry for casting the BSCF3Zr and BSCF porous support, 

40.5wt.% and 30wt.% of pore formers were used, respectively. Corn starch from Cargill C-Gel 

(Cargill, Germany) with a particle size range of 2–30 µm was then used as the pore former in 

relation to the total solid content. The pore former burns out leaving a desired porosity. Disc 

shaped samples were stamped out from the green tape, debindered, and subsequently co-fired 

in air for 3h at 1130 °C.  

 

Finally, an oxygen activation layer was screen-printed on the top of the already sintered mem-

brane. The ink for screen printing consisted of the same powder (BSCF3Zr or BSCF) as was 

used for the dense membrane and support layer, 94% terpineol as solvent, and 6% ethylene 

cellulose as binder. In order to have a porous activation layer that is well attached to mem-

brane surface, these layers were only sintered at 1000 °C for 1h. More details on the in-house 

manufacturing of asymmetric membranes by tape cast are described in ref. [30, 95, 119]. 
 

3.1.2 Freeze casting  

 

Tailored microstructures with straight pore channels can be produced by the method of freeze 

drying. The process is schematically shown in Figure 3.2. Similar to other conventional pro-

cessing routes, the slurry is prepared by mixing the powder together with water, binder, and 

other additives.  

 

The process is based on freezing the prepared slurry, and subsequent sublimation of the solidi-

fied solvent under reduced temperature and pressure; the structure is sintered. During the 

freezing process, the nucleated solvent crystals separate the dispersed particles present in the 

slurry as the solidification front advances. These particles are trapped in between the advanc-

ing solvent crystals (Figure 3.2.b). Afterwards, porous structures with defined pores with re-
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spect to the solvent crystals are obtained. This manufacturing route is described in more details 

in [24, 25]. 

 

 

 

 

 

Figure 3.2: The freeze casting 

steps going from slurry prepa-

ration, solidification, sublima-

tion, and finally sintering. [24] 

 

 

3.1.2.1 Sample preparation  

 

Freeze casting or otherwise known as the freeze drying method was used for the processing of 

an ice templated porous support. The slurry was prepared by mixing the powder with water, 

binder (2.5 wt.% PEG4000S, Clariant), and dispersant (2 wt.% Dolapix C64, Zschimmer & 

Schwarz GmbH & Co). In other to obtain a homogeneous blend, the prepared slurry was 

mixed in a planetary mixer. 

 

Using a cylindrical Teflon mould with an aluminium base plate cooled to -50°C with a Martin 

Christ Epsilon 2-4 lyophilizer, the slurry was cast after a homogeneous mixture was obtained. 

After complete freezing at -55°C and at a pressure of 0.1 mbar pressure for 24 hours, the sub-

limation of ice crystals took place after a final drying step at +30 °C at the same pressure 

yielding a solidified structure. The green support was pre-sintered in air with a dwell time of 3 

hours at 1050°C. The free support faces were ground off before screen printing. For the fabri-

cation of the screen printing ink for the dense membrane layer, 94wt.% terpineol and 6wt.% 

ethylcellulose were used as a solvent and a binder, respectively.  

 

Owing to the onset of the nucleation of the ice crystal, the part of the porous support in contact 

with the polished aluminium base plate had a fine porous region with randomly oriented pores. 

The dense BSCF3Zr membrane layer was screen-printed on this side of the support, which 

makes it easier to cover the pores with the screen-printed layer. The entire structure was sin-

tered at 1130 °C in air for 5 hours. Finally, an oxygen activation layer was screen-printed on 

the top of the already sintered membrane. Same ink for the dense membrane was used for the 

activation layer, but these layers were only sintered at 1000 °C for 1h in order to have a porous 

activation layer that is well attached to membrane surface. 
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3.2 Oxygen permeation   

 

A double chamber quartz glass reactor was used for the permeation measurements. The mem-

brane discs were sealed in between two quartz glass tubes using two gold rings. The transport 

configuration with the support at the feed side and the dense membrane at the permeate side 

(see section 2.2.1) was used for the permeation measurement. Oxygen (200 ml/min) or ambi-

ent air (250 ml/min) was used as a feed gas, while argon (50 ml/min) was used as a sweep gas. 

The setup was allowed to run for three hours to give room for equilibration before measure-

ments are taken. The total oxygen permeation rate was calculated by analysing the permeate 

gas for Ar, O2, and N2. Using a mass spectrometer (Pfeiffer OmniStar), the total oxygen per-

meation rate was calculated. The planar surface area of the membrane was used to divide the 

oxygen mass flow rate in the permeate gas for the calculation of the permeation rates. The per-

formance of the membranes was measured as a function of temperature and oxygen partial 

pressure in the feed gas, i.e. ambient air (PO2
 = 0.21 bar) and oxygen (PO2

 = 1 bar). The pres-

sure at the permeate side was measured at the down stream.  

 

3.3 Analysis of microstructure  

 

Scanning electron microscopy of the polished membrane cross sections was performed with a 

Zeiss Ultra 55 and a FEI Phenom. Energy-dispersive X-ray spectroscopy (EDX-INCA) was 

used for elemental analysis. Gas tightness was measured using He leakage testing (Pfeiffer 

vacuum). Quantitative image analysis was conducted using the commercial software analySIS 

pro (Olympus Soft Imaging Solutions GmbH, Germany). Same microstructural analysis was 

carried out on the samples manufactured from BSCF and BSCF3Zr. 

 

3.3.1 µXCT data acquisition 

 

3D microstructure analysis was performed by X-ray computed tomography (XCT) on the 

membranes after permeation measurements. These samples were embedded in resin by vacu-

um impregnation to protect the porous structure before cutting. Cylindrical samples with a di-

ameter of 1 mm and a thickness of 0.95 mm were cut using an abrasive cut off wheel.  

 

For the BSCFZr samples, a Zeiss Xradia 520 Versa X-ray microscope with a tungsten trans-

mission target was used. Scanning of the TC sample was performed at a voltage of 140 kV us-

ing an HE2 filter. The FC sample was scanned at a voltage of 120 kV using an HE1 filter. 

Each tomography was acquired with an X-ray source power of 10 W, 20× optical magnifica-

tion, the binning 2 setting of the 4 Megapixel CCD camera, and an exposure time of 26 s for 

each radiograph – with 3001 radiographs being taken over 360° [102]. 

 

For the BSCF samples, the µXCT data of the sample was acquired using Xradia microXCT 

(Xradia inc. Pleasanton, CA) system at an X-ray imaging facility of the University of Man-
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chester. The samples were scanned at 80 kV using an optical magnification of 40×, with 1801 

radiographs being taken over 182°. Ref [95, 119] explains in more details how the computed 

tomography data was acquired. Finally the recorded data was reconstructed with voxel size of 

0.6 µm for the BSCF sample and 0.70 µm for the freeze cast and tape cast sample from 

BSCF3Zr using Feldkamp–Davies–Kress [123] algorithm. 

 

µXCT data of an inverse tape cast fabricated from BSCFZr powder was received from col-

leagues at the department of Energy Conversion and Storage, Technical University Denmark 

(DTU). This was used in this work for the stimulation of viscous flow effect on large pore po-

rous support.   
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4. Simulation methods 

4.1 Geometrical parameters of the porous substrate 

4.1.1 Tortuosity and diffusive simulation 

 

The diffusion through the support was modelled by continuum mechanics, solving the Laplace 

equation in pores with the application of the Neumann boundary condition on the pore/solid 

boundaries using the FlowDict module of the Geodict software (Math2Market GmbH, Kai-

serslautern, Germany). The resulting effective diffusivity equals the ratio of the porosity to the 

tortuosity factor and depends only on the pore geometry. The effective diffusivity (Eq. (4.1)) 

describes the effect of support pore space geometry on diffusion: 

 
eff

ijD D
ε

=
κ

 (4.1) 

For more detailed information on tortuosity and tortuosity factor, see [124-127]. The tortuosity 

factor (κ) describes how strongly the effective diffusivity is reduced by the elongated tortuous 

pore path between the two faces of the support. The relationship between tortuosity factor and 

tortuosity (τ), according to Norman Epstein [125], was used in the present study for the eval-

uation of the tortuosity of the porous structure.  

       
1

2eL

L
τ = ≡ κ  

(4.2) 

Tortuosity is the ratio of the average length of true flow paths (the pore length), Le, to the 

straight-line dimension of the porous medium, L. 

 2

eL

L

 =  
 

κ  
(4.3) 

 

4.1.2 Pore diameter evaluation 

 

The pore diameter of the porous support was evaluated from the CT data by mimicking the 

liquid intrusion porosimetry method (simulating the pressing of a non-wetting fluid into the 

pore and recording the applied pressure and the volume absorbed), using the PoroDict module 

of the GeoDict software. The resulting pore throat diameter is related to the pressure applied to 

force the non-wetting fluid into the pore. The connected, closed or blind pores were accounted 

for by evaluating the percentage of the closed and open pores in the flow direction of the po-

rous support. Open pores are extensive networks of interconnected pores, leading from the sur-

face to the core in any of the Cartesian directions. This can be evaluated by specifying a do-

main boundary (face, edge or vertex) and then checking if the pore components are connected 

by the specified domain boundaries. The pore is computed as an open pore if it is connected; 

otherwise it is computed as a closed pore. Also, isolated pores which do not open to the sur-

face in any direction are referred to as closed pores.  
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4.1.3 Permeability 

 

Using the FlowDict module of the GeoDict software, the flow experiment was computed vir-

tually by solving the Stokes equation. Subsequently, the results were post-processed to predict 

the effective material permeability. The flow was assumed to be laminar. The pressure differ-

ence during the simulation was set very low (0.02Pa), to ensure the flow to be laminar and that 

the obtained permeability is a material property independent of the fluid viscosity, pressure 

drop, or temperature. The permeability B0 is determined during the post processing by Darcy’s 

law (Eq. (2.46)). 

 

4.1.4 Boundary condition 

 

The boundary condition during the computation of the geometrical parameter from the 3D 

XCT reconstructed structures can be either periodic or symmetric. This is schematically shown 

in Figure 4.1 using a slice of the acquired XCT data after flow experiment. 

 

                                     
                      

 

 

        
(a) 

     
(b) 

 

Figure 4.1: 2D slice images of a tape cast structure after flow simulations showing the effect of applying (a) pe-

riodic and (b) Drichlet (symmetric) boundary condition on the flow. The blue areas depict the pores and the solid 

part is in brown    

 

The blue and the brown coloured areas are the pore and solid parts, respectively. Applying the 

periodic boundary conditions can be simply stated as stacking the structures on opposite faces, 

while the symmetric is simply stacking on similar faces (mirror imaging while stacking). The 

stacking for the periodic either constricts the flow paths or blocks it. In a case where the pores 

Periodic BC Dirichlet BC 



 4. Simulation methods 

 

31 

are blocked, the fluid travels a longer path in other to connect to another pore. This increases 

artificially the tortuous nature of the flow path, whereas, applying the symmetric boundary 

conditions does not. For periodic boundary condition, less than 50% of the pores are connect-

ed. Therefore, the Dirichlet (symmetric) boundary condition (Figure 4.1.a) was preferred over 

the periodic (Figure 4.1.b) and was used during the computation of the flow parameters. Not-

withstanding, applying the symmetric boundary conditions requires more computational time 

and memory than the periodic boundary condition. For the tangential direction, the boundary 

condition was set to periodic. This was to mimic the experiment conditions where the sides are 

sealed off during measurement. For the diffusive transport computation, the boundary condi-

tion in the diffusion and tangential direction was also taken to be symmetric. The concentra-

tion at the feed side and at the permeate side was set to 1 and 0, respectively.  

 

4.2 Different pressure simplifications of the BFM on flux 

4.2.1 One dimensional exact solution of BFM 

 

The total pressure is considered in this configuration not to be constant, rather varying 

throughout the support thickness, Pg(X), with X the position in the support. This gives a more 

realistic description of the transport through the porous support, whereby in reality it should 

vary depending on the position in the support. 

 

For single gas permeation: 
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The gradient of the partial pressure of the diffusing species can be evaluated by solving  
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  (4.5) 

 0)0( PPg =  (4.6) 

P
0 

can be either equated to gFeedP  or gPermP , if the porous support is positioned on either the 

feed or permeates side, respectively. gFeedg PP =)0(  when the support is placed at the feed side 

and gPermg PP =)0(  when the support is at the permeate side. Solving the Eq. (4.5) using the 

boundary condition in Eq. (4.6), will give the partial pressure at the membrane support inter-

face (Eq. (4.7)), where X is the position in the support.  
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For mixed gas permeation 
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For gas mixtures, there are total and partial pressure gradients, because there is more than one 

species involved.  
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The solution of the varying total pressure in the viscous term of the BFM was non-trivial. As a 

result, a constant pressure was assumed, but the effect of using a constant pressure in the vis-

cous term was also investigated using an iterative approach (Table 4.1). 

 

Table 4.1: An iterative approach to show the effect of using a constant pressure in the viscous term of the varying 

pressure configuration of the BFM model 

Total pressure 

(Pa) 

Interface pressure 

(Pa) 

Flux 

(ml cm
-2

 min
-1

) 

Manual iteration of 

next total pressure 

(Pa) 

100000 100320 0.118053 
(100320 + 100000)/2 

= 100160 

100160 100480 0.118036 
(100480 + 100160)/2 

= 100320 

100320 100639 0.118020 
(100320 + 100639)/2 

= 100479.5 

100479.5 100798 0.118004 
(100479.5+100798) 

= 100638.75 

 

The first assumption is made by assuming that the total pressure is 1 bar. After the evaluation 

of the flux, the total and interface pressure were obtained. The average between the first total 

pressure and the obtained interface pressure is used as the constant total pressure input in the 

viscous term. This is similar to solving an averaged pressure in the viscous term for the vary-

ing pressure configuration. As can be seen up to 5 iterations, the flux obtained is still similar to 

the fourth decimal digit. Hence, the constant pressure in the viscous term was employed for the 

present evaluation. 

 

The pressure gradients were obtained by solving the partial differential equations (Eq. (4.9 and 

4.10)) using 0tP  to be equal to either Ptperm or Ptfeed (depending on the position of the porous 

support) as the boundary conditions. The solutions for the total and partial pressure through 

the porous support for the mixed gas permeation are 
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respectively. The implementation of the exact solution of the BFM for the single gas and 

mixed gas permeation for 3-dimensional CFD simulation through the porous support is a com-

plex numerical solution and requires high computational efforts. Reason is that a real micro-

structure has millions of cells, and each of these cells will have a partial pressure if the exact 

solution of the BFM would be employed for the description of the transport through it. The 

one-dimensional analytical simulation of the transport through the porous support using the 

exact solution in Mathematica takes approximately 30 seconds. This will increase greatly if 

one intends to make the same simulation in 3D using real microstructures. Therefore, a simpli-

fied modification of the BFM with negligible deviation from the outcome of the exact solution 

is desirable.  

 

The description of the transport through the porous support by the BFM was considered using 

the exact solution and two simplifications with respect to the pressure profile inside the porous 

support, which is non-linear. The simplifications considered are i) surface constant pressure 

and ii) an averaged constant pressure. 

 

4.2.2 BFM – Constant pressure configurations 

 

In this pressure simplification, the pressure through the porous support is assumed to be con-

stant. A constant pressure gradient was assumed through the porous support; in other words, 

the pressure gradient (∇Pi) of the diffusing specie in the BFM which is the driving force for 

the transport is assumed to have a linear behaviour. Two simplifications with respect to the 

pressure profile inside the support were considered. This constant pressure simplification is 

subdivided into: surface constant pressure and averaged constant pressure.  

 

4.2.2.1 Surface constant pressure 

 

In this simplification, the pressure of the free surface of the porous support is assumed to be 

constant through the porous support. The pressure is dependent on the orientation of the po-

rous support. If the support is at the feed side, the feed pressure is assumed to be constant 

through the porous support. Similarly, if the support is at the permeate side, the permeate pres-

sure is assumed to be constant through the porous support. This simplification is graphically 

shown in Figure 4.2. 
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Figure 4.2: The plot of the exact solu-

tion and the surface constant pressure 

simplification. For the exact solution, PA 

and PB denote the feed and interface or 

interface and permeate pressure for 

when the support is at the feed or per-

meate side, respectively. Whereas for the 

surface constant pressure simplification, 

PA or PB denote the surface pressure of 

the diffusing specie when the support is 

at the feed (SF) or permeate side (SP), 

respectively, and this is assumed con-

stant through the support. 

 

Figure 4.2 shows the pressure profile through the support for the surface constant pressure 

simplification. For the evaluation of flux through the asymmetric membrane for this simplifi-

cation, the single gas and mixed gas permeation equations are equal to Eq. (2.64) and Eq. 

(2.72), respectively. Significant errors in the flux can be expected as soon as a significant rela-

tive pressure drop occurs.  

 

4.2.2.2 Averaged constant pressure 

In this pressure simplification, the pressures on both sides of the porous support were averaged 

and assumed to be constant through the porous support. The feed and interface pressure or the 

interface and permeate pressure were averaged for the support at the feed side or permeate 

side, respectively. 

 

 

 

Figure 4.3: The plot of the exact solution and 

the averaged constant pressure simplification. 

For the exact solution, PA and PB denote the feed 

and interface or interface and permeate pressure 

of the diffusing specie when the support is at the 

feed or permeate side, respectively. Whereas for 

the averaged constant pressure simplification, 

the pressure through the support thickness was 

assumed to be the average of the pressures 

(Pave.) on both surfaces of the porous support. 

PA/PB is the feed/interface pressure of the diffus-

ing specie when the support is at the feed side 

(SF) or interface/permeate pressure (SP) when 

the support is the permeate side. 

 

Depending on the position of the porous support PA and PB can either be feed and inter-

face pressures or interface and permeate pressures, respectively, as can be seen in  
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Figure 4.3. These pressures (PA and PB) are to be averaged and assumed constant through the 

support. The single and mixed gas permeation equations for averaged constant pressure simpli-

fication are 

 2
A B

o
g K

g g

P P
BP

N D
RT

ε
κ η

+
∇

= − + , (4.13) 

and 

 

1
1

1 1

K 0
12 1

1

1

12
A B

t

t
t

P
N

P PRT
P

B P
D P D

ε ε
κ κ η

∇
= −

− −  
  +

+

, 

(4.14) 

respectively. From the BFM equation for single gas permeation, the PA and PB are as explained 

in the graph. For mixed gas permeation equation where there exists more than one gas, P1A and 

P1B mean same as PA and PB for the diffusing specie of the mixture. The average pressure con-

figuration will be equal to the exact solution if the flux is a linear function of the pressure. The 

more the pressure dependency is non-linear, the longer the deviation become.  

 

4.3 Simulation procedure 

 

Using Mathematica software (Wolfram Inc., Champaign IL, USA), the one-dimensional 

transport of the fluid through the overall membrane was modelled numerically. The BFM was 

used for the description of the transport through the porous support and the Wagner equation 

for the solid-state transport through the dense membrane. Continuity relation was assumed (i.e. 

the flux through the dense membrane equals that through the porous support) for the evalua-

tion of the flux through the asymmetric membrane. The transport governing terms in the bina-

ry friction model are shown in Table 4.2. 

 

Table 4.2: The transport governing terms of the BFM in Eq (2.72).  

Binary diffusion Knudsen diffusion Viscous flow 

 

ij

;
j

t

P

D P
k

ε
    

1
3 1.75 2

1 1

23 3

1 1
10 ( )

[( ) ( ) ]

i j
ij

i j

T
M M

D

P V V

− +

=

+∑ ∑

 [128] K
gD

k

ε
 ;    8

3

poreK B
g

g

d K T
D

Mπ
=

 
o g

g

B P

η
 

2

o poreB d∝  

 

The continuum condition requires that the flux through the thin dense membrane, by solving 

the modified Wagner equation (Eq. 2.27), should equal the flux through the porous support, by 

solving the BFM for single gas permeation using Eq. (2.64), (or the approximated variants Eq. 

(4.8) and (4.13)) depending on the pressure profile employed. Similarly, for mixed gas perme-

ation, Eq. (2.27) should equal Eq. (2.72) , (or the approximated variants Eq. (4.8), and (4.14)). 

The BFM for the single or mixed gas permeation were used accordingly for the 3-end mode or 

the 4-end mode transport processes, respectively. 

 



4.3. Simulation procedure 

 

36 

The Table 4.3 shows the permeation equation for the BFM that was employed for the simula-

tion of the transport through the porous support, as well as considering the feed gas, transport 

processes, and the position configurations of the porous support. 

 

Table 4.3: The permeation equations used for the description of the transport through the porous support for the 

transport processes depending on the feed gas. N/A means not applicable 

Transport 

process 

Feed 

gas 

Transport equations (BFM) - porous support 

 Single gas permeation (Eq. (2.64)) Mixed gas permeation (Eq. (2.72)) 

3-end 

mode 

O2 Irrespective of support position N/A 

Air Support at the permeate side Support at the feed side 

4-end 

mode 

O2 Support at the feed side Support at the permeate side 

Air N/A Irrespective of support position 

 

The characteristic thickness, Lc, was determined and by minimizing the squared deviation 

( χ 2 ) between model and experiment 

 
( ) ( )mod exp

O i O i

exp
O

N L N L

N
χ

 −
=  

  
∑ 2 2

2

2

2  (4.15) 

where ( )mod
O iN L

2
and ( )exp

O iN L
2

are, respectively, the modelled and experimentally observed flux 

with respect to membrane thickness, Li. The total pressures Ptperm, and Ptfeed were taken to be 

constant at 1000 mbar. 

 

ANSYS Fluent [129], a Computational fluid dynamic software package, is used extensively 

for 2-D and 3-D fluid flow simulation. In the present work, ANSYS Fluent was used for the 

3D CFD simulation of the convective flow through the porous support (see section 5.6). This 

is to investigate the effect of pore morphology on the transport through the porous support. 

The reconstructed 3D structure of the acquired computer tomography data (see section 3.3) of 

the membrane supports were employed for the simulation. After the 3D reconstruction, the 

structures were inverted in other to mesh the pore volume for the transport simulation in AN-

SYS fluent. The 3D reconstruction, inversion and meshing of the structure file for use in AN-

SYS Fluent was done using Geodict software. Afterwards, the exported meshed file was im-

ported into ANSYS Fluent for the CFD simulation. An in-built viscous (laminar) flow model 

was used for the simulation. In addition, the flow is symmetric in the tangential direction of 

flow and periodic in the direction of the flow. Air was used as feed gas and at an operating 

temperature of 900°C. The flow velocity of the sweep gas was assumed to be 4m/s. For the 

walls, the no-slip condition was assumed. 
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5. Results and discussions 

5.1 Sample parameter evaluation  

5.1.1 As received sample parameter – permeation measurement 

5.1.1.1 Ba0.5Sr0.5Co0.8Fe0.2O3- δ (BSCF) 

 

Asymmetric membranes with a porous support thickness of 0.9 mm and dense membrane 

thicknesses of 20 and 70 µm, respectively, were obtained using the BSCF powder. The con-

sidered support corresponds to the C30 support in [95], prepared with 30wt.% corn starch as 

the pore former, yielding an average sintered porosity of 43%. In addition, from permeation 

measurements, the as received pore opening diameter of the TC porous support is 5.3 µm. 

Dense bulk membranes with four different thicknesses (Table 5.1) were also fabricated show-

ing the effect of reducing membrane thickness. Permeation measurements as was explained in 

section 3.2 were carried out on the samples. Table 5.1 summarizes the measured flux and some 

operating conditions that would be used later for the analytical study of the transport through 

the porous support of an asymmetric membrane.  

 

Table 5.1: Average permeation data and oxygen partial pressure for different membrane thicknesses obtained ex-

perimentally at 900°C with the support at the feed side using Ar (50 – 300 ml/min) as sweep gas [95, 119]. Here, 

L denotes the membrane thickness, NO2 the flux, PO2’ and P O2” the partial pressures at the feed and permeate 

side, and correspond to N1 and P1’, P1” in the equation that was subsequently derived in section 2.4. 

 

5.1.1.2 Ba0.5Sr0.5(Co0.8Fe0.2)0.97Zr0.03O3-δ (BSCF3Zr) 

 

Similar to the BSCF powders, asymmetric membranes were also fabricated from two different 

processing routes (freeze casting and tape casting) using the BSCF3Zr powder. The different 

fabrication methods yielded asymmetric membranes with different support microstructures 

(see section 3.1). The porous supports of these asymmetric membranes were processed to have 

a comparable porosity, in other to be able to compare the effect of the different fabrication 

route on oxygen permeation through the asymmetric membrane. 40.5 % pore former (corn 

starch) was used for the TC structure in other to achieve similar porosity with the FC structure. 

L (µm) 

O2 as feed Air as feed 

N O2 

(ml cm–2 min–1) 

PO2’ 

(mbar) 

PO2” 

(mbar) 

N O2 

(ml cm–2 min–1) 

PO2’ 

(mbar) 

PO2” 

(mbar) 

2500 bulk 1.8 1000 20    

2000 bulk 2.2 1000 24    

1000 bulk 3.2 1000 40    

 500 bulk 5.9 1000 61    

70 with support 18.5 1000 179    

20 with support 21.8 1000 217 3.3 200 41.5 
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The geometrical parameter of the manufactured TC and FC samples is as stipulated in Table 

5.2. 

 

Table 5.2: The operating parameter from the permeation measurement of tape cast and freeze cast asymmetric 

membrane at a constant temperature of 900°C. The values are the average of the value obtained by varying the 

flow rate of the sweep gas for the configuration with the support on the feed side. 

 PO2’ 

(mbar) 

PO2” 

(mbar) 

N O2 

(ml/min cm²) 

Lmem. Layer 

[µm] 

Lsupport 

[µm] 
ε (%) 

Tape cast 
O2 1000 212 26 

22-24 1000 45.5 ± 1.8 
Air 200 41 4 

Freeze 

cast 

O2 1000 217 25 
22-24 990 45.5 ± 5.5 

Air 200 40 4 

 

The ambipolar conductivity of the dense BSCF membrane was calculated to be 123.3 S/m by 

fitting the Wagner equation (Eq. 2.21) to the four oxygen flux values for the thick bulk mem-

brane in Table 5.1, where the effect due to surface exchange reactions can be neglected. The 

ambipolar conductivity for the two materials is comparable for the same operating conditions. 

As such the ambipolar conductivity is taken to be 123.3 S/m for all structures considered, irre-

spective of the membrane material used or the fabrication route. 

 

5.2 3D reconstruction of the XCT data 

 

The as-received CT data were imported into the Geodict 2017, a virtual material laboratory for 

reconstructing the three-dimensional geometry, and also for the evaluation of the geometrical 

parameters of the different porous support of the asymmetric membranes. 

 

 
Figure 5.1: Shows (A) the image of the as received µCT data, (B) a slice before image enhancement, and (C) the 

slice after Image enhancement. 

 

Prior to reconstructing the three-dimensional geometry of the BSCF by binarization with the 

virtual material laboratory, the images were deshaded. This was by enhancing the cropped tiff 

file (Figure 5.1) for better differentiation between pores and solid part. Figure 5.2 shows the 

2D and 3D representation of the reconstructed BSCF tape cast structure. The pores are depict-

ed in white colour while the solid part is in brown. 
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a) 

 

 

 b) 

 

Figure 5.2: Shows (a) the 2D, and (b) the 3D view of the reconstructed tape cast structure manufactured with 

BSCF material. The lighter colours are the pores while the brown colour depicts the solid part of the asymmetric 

membrane. 
 

No image enhancement was necessary for the µXCT samples (TC and FC) acquired from the 

membranes processed from BSCF3Zr. The reconstructed 2D and 3D image of the BSCF3Zr 

freeze cast and tape cast sample are as shown in Figure 5.3 and Figure 5.4.  

 

a) 

  

 b) 

 
Figure 5.3: The reconstructed freeze cast sample in a) 2D and b) 3D using the acquired computed tomography 

data. The lighter colours are the pores while the brown colour depicts the solid part of the asymmetric membrane. 



5.2. 3D reconstruction of the XCT data 

 

40 

a) 

       

 b) 

Figure 5.4: The reconstructed sequential tape cast sample in a) 2D and b) 3D using the acquired computed to-

mography data. The lighter colours (white) are the pores while the dark colour (brown) depicts the solid part of 

the asymmetric. 

 

a) 

 

 

b) 

 
Figure 5.5: The reconstructed inverse tape cast sample in a) 2D and b) 3D using the acquired computed tomogra-

phy data. The lighter colours (white) are the pores while the dark colour (brown) depicts the solid part of the 

asymmetric membrane. 

 

After the 3D reconstruction of the µXCT 2D slices/images, the dense membrane was cropped 

off from the porous substrate as only the geometrical/structural parameters of the porous sup-

port such as permeability, tortuosity factor, porosity, and the average pore opening diameter 

need to be evaluated. These parameters, in addition to the data in Table 5.1 and Table 5.2, 



 5. Results and discussions 

 

41 

were taken as input data for the analytical simulation of the transport through an asymmetric 

membrane using the transport model presented in section 2.2.1. The support side in contact 

with the membrane will be referred to as support/membrane interface while the other surface 

will be referred to as the free surface. The support/membrane interface will be used as the feed 

side and the free surface as the permeate side for the evaluation of the structural parameters. 

 

5.3 Computation/Evaluation of the geometrical parameters 

 

After the 3D reconstruction of the XCT data, the average geometrical parameters for the struc-

tures considered were evaluated. Similar procedures were employed for the simulation of the 

geometrical parameters irrespective of fabrication route or membrane material used. Other ge-

ometrical information like the percentage of the open and closed pores, surface area, and etc. 

were also evaluated. This will aid the understanding of the behaviour of the porous support 

during transport simulation. The effect of the support microstructure for TC and FC samples 

manufactured form BSCF3Zr were compared in section 5.7. Hence, porous support of the TC 

and the FC were sectioned into 4 and 12 layers, respectively. The geometrical parameters 

evaluated for the sectioned layers of the TC and FC will be presented in this section, but fur-

ther discussions will be in section 5.7.  

 

The evaluated geometrical parameters obtained from the tape cast BSCF sample in this sec-

tion, in addition to the input data from section 5.1.1.1 were used for the simulations studies in 

sections 5.4 and 5.5. Similarly, the geometrical parameters from the BSCF3Zr in addition to 

the input data from section 5.1.1.2 were used for the simulations studies in section 5.7 and 

partly with the geometrical parameters of the inverse tape cast for section 5.8.  

 

5.3.1 Flow simulation  

 

After the flow simulation, the streamline of the transported species through the porous support 

is as shown in Figure 5.6. The colour of the streamline shows the relative pressure of the flow. 

Some part of the porous support was clipped off in other to view the flow paths of the fluid 

through the porous structure.  

 

The permeability, B0, for the tape cast sample fabricated from BSCF material was evaluated to 

be 3.09×10
–13

 m
–2

. Similarly, for the tape cast and freeze cast fabricated from BSCF3Zr, B0 

was evaluated to be 2.22×10
–13

 and 2.68×10
–13

 m
–2

, respectively. The permeability of the in-

verse tape cast sample was also evaluated to be 2.61×10
–11

 m
–2

. The evaluated permeability 

values for the different structures considered are of the same other of magnitude and is similar 

with carbonate oil reservoir  rocks with comparable porosities and pore sizes [130]. 

 



5.3. Computation/Evaluation of the geometrical parameters 

 

42 

 
 
Figure 5.6: The porous support showing the relative pressure after a flow simulation through a tape cast porous 

structure.  

 

The evaluated permeability, B0, for the sectioned layers of the tape cast and the freeze cast 

sample fabricated from BSCF3Zr are summarized in Table 5.3.  

 
Table 5.3:  The evaluated permeability values on sectioned layers for (a) the freeze cast and (b) the tape cast sub-

strates fabricated from BSCF3Zr. 
a) 

Layer  1 2 3 4 5 6 7 8 9 10 11 12 

Permeability, (B0) 

(m²) ×10
-13

 
17.3 8.99 8.07 8.86 8.22 6.49 5.06 3.96 3.09 2.14 1.38 1.20 

 

b) 

Layer  1 2 3 4 

Permeability, (B0) 

(m²) ×10
-13

 
2.72 1.86 1.99 2.87 

 

 

 

5.3.2 Diffusion simulation  

 

Figure 5.7 shows the concentration gradient across the porous supports after the diffusion sim-

ulation as was explained in section 4.1.1 and using the boundary conditions stipulated in sec-

tion 4.1.4. The colour of the concentration gradient along the structures depicts the variations 

of the effective diffusivity across the structure. This behaviour is more uniform for the tape 

cast substrate (Figure 5.7.b) than for the freeze cast substrate (Figure 5.7a), as the latter exhib-

its a graded structure. 
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 a) 

  

 

b) 

 
 

Figure 5.7: Showing the concentration gradient across (a) the freeze cast and (b) the tape cast porous support, re-

spectively.  

 

Around the nucleation zone for the freeze cast structure (Figure 5.7.a), the effective diffusivity 

here is higher and reduces (k→ 1) towards the air surface. As a result, it shows that the tortu-

ous nature of the freeze cast structure decreases across the FC structure from membrane-

support interface to the free surface. On the other hand, this variation in effective diffusivity is 

seen to be uniform across the TC structure (Figure 5.7.b), depicting uniformity in the tortuous 

nature of the flow path. The average tortuosity factor for the TC irrespective of the material 

used was 2.9, while the FC was 3.3. For the inverse tape cast sample, the tortuosity factor was 

evaluated to be 1.75, and it had a porosity of 35%. 

 

The evaluated tortuosity factor, k, and the porosity, ε , for the sectioned layers of the tape cast 

and the freeze cast sample fabricated from BSCF3Zr are summarized in Table 5.4. 

 

Table 5.4: The evaluated tortuosity factor (k), and porosity (ε) on sectioned layers for (a) the freeze cast and (b) 

the tape cast substrates fabricated from BSCF3Zr.  

a) 

Layer  1 2 3 4 5 6 7 8 9 10 11 12 

 (k) 1.44 1.73 2.2 2.46 2.72 2.94 3.02 3.09 3.15 3.29 3.48 3.46 

(ε) 

(%) 

55.3

6 

43.3

2 

44.0

6 

47.8

4 

49.3

7 

49.2

3 

49.6

7 

47.9

3 

45.8

9 
41.55 

35.5

2 
29.3 

 

b) 

Layer  1 2 3 4 

 (k) 2.52 2.85 2.79 2.48 

(ε) (%) 48.34 42.53 43.24 46.58 
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5.3.3 Pore simulation 

 

After the porosimetry evaluation (see section 4.1.2) of the FC, TC (BSCF3Zr), and TC (BSCF) 

structure, the D50 was 6.8, 5.0, and 6.5 µm, respectively. Similarly, the D50 for the inverse tape 

cast sample was evaluated to be 66.0µm. These evaluated average pore diameters are the pore 

throat diameter. In addition, the connectivity of the pores was investigated by evaluating the 

percentages of the closed and open pores for the structures. For the TC and the FC structures, 

the percentage of the closed pores was evaluated to be 0.04 and 0.09 % respectively.  As such, 

both porous supports (freeze cast and tape cast structures) have less than 0.1 % closed pores, 

and this shows that the pores are well connected with less blocked pores or islands.  

 

The evaluated average pore opening diameter, D50, for the sectioned layers of the tape cast and 

the freeze cast sample fabricated from BSCF3Zr are summarized in Table 5.5. 

 

Table 5.5: The average pore opening diameter, D50, of the sectioned layers for (a) the freeze cast and (b) the 

tape cast substrates fabricated from BSCF3Zr.  

a) 

Layer 1 2 3 4 5 6 7 8 9 10 11 12 

D50 

(µm) 
8.4 7.0 7.93 10.0 9.7 9.0 8.3 7.6 6.8 6.0 5.0 4.4 

 

 b) 

Layer 1 2 3 4 

D50 

(µm) 
8.4 7.0 7.93 10.0 

 

5.4 Evaluation of the characteristic thickness, Lc 

 

The characteristic thickness/length Lc, was evaluated according to Eq. (4.15) to be 28 µm us-

ing experimental flux data obtained at 900°C with oxygen as feed gas and argon as sweep gas 

(Table 5.1). This is comparable to the value obtained in [95], where the 
2 cL

β
 was predicted to 

be 44 µm by using a least square fit of the measured data, with a correction factor, ß, which 

was 0.874. With the assumption that the membrane-support interface pressure was equal to the 

feed pressure, the support effect was neglected while fitting the Lc in Ref. [95].  In the present 

work, using the same operating conditions as in [95], the membrane-support interface pressure, 

with the support on the feed side, was evaluated to be approximately 940 mbar with a feed 

pressure of 1000 mbar. 

 

Figure 5.8 shows a comparison of the simulated and the experimental plot of the flux at vary-

ing bulk and asymmetric membrane thickness. The membranes with a thickness of 500 µm or 

larger shown in the plot were bulk membrane only. The 20 and 70 µm thick membranes are 

supported by a 0.9 mm thick porous support. Using the analytical model, the experimental be-

haviour from [95] was reproduced. At a membrane thickness of 20 µm, the analytically ob-
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tained flux was ~7% higher than the experimentally observed flux, whilst the 70 µm thick 

membrane yielded a decrease in flux of ~17%. 
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Figure 5.8: The dependence of the oxygen permeation rate on the membrane thickness, with support thickness of 

0.9 mm for asymmetric membranes (with 20 and 70 µm thick dense membrane), all others: bulk membrane. Oxy-

gen was used as feed gas at an operating temperature of 900°C with the support at the feed side. The operating 

pressure is as stipulated in Table 5.1.  

 

5.5 Effect of variation in support geometry on flux 

5.5.1 Effect of the support pore diameter 

 

The geometry of the 3D tape cast structure was scaled isotropically to vary the pore diameter 

from 1 – 50 µm.  

 

Figure 5.9 presents the evaluated permeability as a function of the varied pore diameter. The 

pore diameter in the present work is referred to the average throat diameter of the porous struc-

ture. 

0 10 20 30 40 50

0.0

4.0x10-12

8.0x10-12

1.2x10-11

1.6x10-11

2.0x10-11
 

P
e
rm

e
a
b

il
it

y
, 
B

o
 (

m
2
)

Pore diameter, dpore (µm)

Bo = 0.0079. dpore 
2

R² = 1

 

 

 

Figure 5.9: The permeability, Bo 

(used as input parameter for the 

evaluation of the BFM) of the 

porous support as a function of 

the pore diameter.  
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According to Hagen Poiseuille, the flow rate scales with the fourth exponent of the cylinder 

diameter and scales with the square of the pore diameter with respect to multiple cylinders. 

This plot (Figure 5.9) reflects the behaviour according to Hagen Poiseuille and cylinder densi-

ty, where the permeability scales with the square of the pore diameter. The bulk gas diffusivity 

and the tortuous nature of the sample did not change while scaling the pore diameter; because 

the porosity was kept constant.  

 

The effect of varying the pore diameter of the porous support on the flux through an asymmet-

ric membrane was evaluated. Irrespective of the feed gas used, the same transport model and 

similar operating conditions were used to model the transport through the porous support for 

the 3-end mode and 4-end mode transport processes with the support at the feed side (SF). 

Support at the feed and permeate side will be represented by SF and SP, respectively.  

a) 

0 10 20 30 40 50

8

12

16

20

24

 

O
x

y
g

e
n

 f
lu

x
, 

N
O

2
 (

m
l/

m
in

 c
m

²)

Pore diameter, dpore (µm)

 3-end/ 4-end SF

 3-end SP

 4-end SP

Feed: oxygen

 

b) 

0 10 20 30 40 50

4

8

12

16

20

24

O
x
y
g

e
n

 F
lu

x
, 

N
O

2
 (

m
l/

m
in

 c
m

²)

Pore diameter, dpore (µm)

 3-end/ 4-end SF

 3-end SP

 4-end SP

Feed: air

 

Figure 5.10:  Calculated oxygen permeation rate at varying pore diameter, using (a) oxygen and (b) air as feed 

gas on a 20 µm thick supported membrane, and considering the 3-end mode and the 4-end mode transport pro-

cesses, respectively. SF and SP indicate support at the feed and permeate side, respectively. The operating pres-

sure is as stipulated in Table 5.1. 

   

Figure 5.10 shows the relationship between the pore diameter and the flux using oxygen and 

air as feed gas. For O2 as feed gas, increasing the pore diameter above 30 µm for the 3-end / 4-

end mode of transport with support at the feed side and 3-end mode with the support at the 

permeate side, produced no further increase in the flux (Figure 5.10.a). Similarly, increasing 

the pore diameter above 10 µm for the 4-end mode with the support at the permeate side also 

yielded no further increase in flux. At larger pore diameters (>35 µm) for the 3-end mode of 

transport, the position of the porous support does not have any effect on the flux, which is not 

the case for the 4-end mode (Figure 5.10.a). This is attributed to the membrane dominating the 

transport for 3-end mode with large pore diameter, and the support being more rate-limiting 

for the 4-end mode.  

 

Using air as feed gas (Figure 5.10.b), the position and pore diameter of the porous support af-

fected the flux for the 3-end mode transport process unlike when oxygen was used as feed gas. 

Even at larger pore diameters, the flux observed with the support on the feed and permeate 

side were never equal or even comparable as was observed with oxygen as feed gas. Instead, 

the 3-end mode with the support on the feed side demonstrated behaviour similar to that of the 
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4-end mode. Whereas with the support at the permeate side, an increase in flux comparable to 

using oxygen as feed gas was observed for the 3-end mode. The influence of the support and 

the membrane irrespective of the support position for both transport processes are not negligi-

ble. It was also observed that no further increase in flux was observed by increasing the pore 

diameter above 10µm for mixed gas permeation. However, the flux through the asymmetric 

membrane increased with increasing support pore diameter. In Ref. [30], similar observation 

with respect to improvement in overall flux with increase in the support pore diameter has 

been observed. Schulze-Küppers et al. have compared the effect of using different pore for-

mers to increase porosity of the asymmetric membrane. However, not only the porosity im-

proved, the pore size was also increased and could also contribute to the improvement in flux 

that they observed. They did not quantify the improvement in flux with respect to the pore 

size, but this has been done in Figure 5.10.  

 

5.5.1.1 Effect of transport terms in BFM (Viscous, Knudsen and binary 

diffusion term) on flux 

 

To better understand why the flux for the mixed gas transport in the porous support did not in-

crease further above 10 µm pore diameter as was shown in section 5.5.1, the effect of the vis-

cous, Knudsen, and the binary diffusion term of the BFM was evaluated. This was to identify 

which of the terms and at what conditions they are dominating or negligible for the transport 

processes. 

 

With the support at the permeate side and using oxygen as feed gas, the flux obtained was 

lower than when the support was at the feed side. This is due to the pressure in the viscous 

term of the BFM which is dependent on the position of the porous support. It is higher or low-

er with the support on the feed or permeate side, respectively, and this invariably affects the 

flux. The Knudsen and the viscous term in the BFM equation are pore-size dependent. An in-
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Figure 5.11: The flux of oxygen at varying pore diameter, switching off either the viscous or the Knudsen term in 

the binary friction model to ascertain their effects on the transport through the asymmetric membrane. For the 3-end 

mode of transport, with  (a) oxygen as feed gas, and (b) air as feed gas. SF and SP indicate support at the feed and 

permeate side, respectively. The operating pressure is as stipulated in Table 5.1. 
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crease in pore diameter increases both the Knudsen diffusion and the permeability and, conse-

quently, the overall flux. Irrespective of the feed gas used, the effect of the Knudsen term was 

more dominant with the support at the permeate side than at the feed side. Also, the effect of 

the viscous flow on the overall flux is minimal compared to Knudsen diffusion transport, alt-

hough not negligible.  

 

Using oxygen as feed gas (Figure 5.11.a) with the support at the feed or permeate side, the 

Knudsen term dominated for pore diameters below ~4.0 µm or 15 µm respectively; above this, 

both the viscous and the Knudsen term had a comparable effect on the flux. When air was used 

as feed gas (Figure 5.11.b), the Knudsen term dominated for pore diameters below 3.5 µm/~40 

µm with the support at the feed/permeate side, respectively. When the pore diameter was 

greater than 30 µm, the effects of the support position, viscous and Knudsen term were mini-

mal, although not negligible, except when air was used as feed gas with the support at the 

permeate side. 

 

This can be understood by considering that the transport governing terms of the BFM (2.72) 

for mixed gas transport through the porous support are connected as shown in Figure 5.12.  

 

 

 

 

 

Figure 5.12: Shows that the 

binary diffusion term of the 

BFM (Eq. 2.72) is connected 

in series to the parallel con-

nection between the Knudsen 

diffusion term and viscous 

term. 

 

 

The binary diffusion term is connected in series to the sum of the Knudsen diffusion and the 

viscous flow term. Hence, for small pore diameters of the support microstructure, the contribu-

tion of the binary diffusion term is negligible compared to the sum of the contributions of the 

Knudsen diffusion and the viscous flow terms. 

 

0

1 1 1
ij KnD D B+≪   

 

As a result, the binary diffusion term is not the rate limiting term for the transport, rather, the 

transport term with the smaller contribution between 1
KnD

 and 
0

1
B becomes the rate limit-

ing term. In the present case with consideration to small pore support microstructure, the 

Knudsen term is rate limiting. This is because the permeability, B0, of small pored support mi-

crostructure is small thereby making the contribution of the viscous flow term larger when 

compared to the contribution of the Knudsen diffusion, KnD  with respect to small pored sup-

port microstructure.  



 5. Results and discussions 

 

49 

 

Considering support microstructures with large pore diameters, the contribution of the binary 

diffusion term to the overall flow through the porous support is larger compared to the sum of 

the contributions of the viscous flow and Knudsen diffusion terms. 

 

0

1 1 1
ij KnD D B+≫   

 

In this case, the binary diffusion term becomes rate limiting. This explains the plateau ob-

served for the mixed gas permeations (4-end mode SF & SP and 3-end mode SF) in Figure 

5.10. This is because the numerical model for mixed gas permeation (Eq. 2.72) still describes 

the transport through the porous support as being governed by binary diffusion. This is not re-

alistic for very large pores, where the sweep gas must be assumed to be able to flow. The ef-

fect of the microstructural geometry of the porous support on convective flow will be present-

ed in section 5.6. 

 

5.5.1.2 Conclusion 

 

Irrespective of the transport mode considered, increasing the pore diameter of the porous sup-

port improved overall flux. However, increasing the pore diameter above 10 µm and 30 µm for 

mixed and single gas permeation transport yielded no further improvement on flux. 

Knudsen diffusion term of the BFM is more rate-limiting for the transport through the porous 

support at lower pore diameter, while, the binary diffusion term becomes more rate-limiting 

for larger pore diameters. However, this is not realistic for large pore where convective flow is 

expected. 

 

5.5.2 Effects of pore diameters on partial pressure/pressure drop  

5.5.2.1 Interfacial pressure 

 

Since the feed and the permeate pressures were known, the pressure drop at the support-

membrane interface was evaluated. The interfacial pressure increased (tends → PO2feed) for the 

3-end / 4-end mode when the support is at the feed side with increasing pore diameter of the 

porous support by 22 or 28% using either air or oxygen as feed gas, respectively. For 3-end 

mode with the support at the permeate side, and using air or oxygen as feed gas, it reduced 

(tends → PO2perm) by 65 or 46%, respectively. Similarly, for 4-end mode with the support at 

the permeate side, it also reduced (tends → PO2perm) by 11% or 20% using either air or oxygen 

as feed gas. This occurs because of the reduced support effect when the pore diameter of the 

porous support increases. Therefore, the pressure drop across the dense membrane and the po-

rous support was evaluated from the obtained interface pressure as shown in Figure 5.13.  
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Figure 5.13: The pressure drops through the dense membrane and porous support for the 3-end and 4-end mode 

transport processes using (a) oxygen and (b) air as feed respectively. 3/4 – end indicates 3-end and 4-end mode, 

SF and SP indicate support at the feed and permeate side, respectively.  The operating pressure is as stipulated in 

Table 5.1. 

 

Irrespective of the support position for the 3-end mode, and using oxygen as feed gas (Figure 

5.13.a), the pressure drop across the dense membrane increased as the pore diameter of the po-

rous support is increased, and it reduced across the porous support. The greater pressure drop 

across the dense membrane demonstrates and confirms that the membrane dominates the 

transport, even though support effects exist. The rate-limiting effect of the porous support de-

creases with the decrease in pressure drop across the support and, consequently, increases flux. 

When the support is the permeate side (Figure 5.13.b), the pressure drop across the support for 

the 4-end mode transport process is higher than it is for other transport configurations. 

This can be attributed to the effect of the binary diffusion in the porous support as explained 

using Figure 5.12. 

 

When air is used as feed gas (Figure 5.13.b), the resistance of the support to flux for the 4-end 

mode, irrespective of support position, and the 3-end mode with the support at the feed side, is 

comparable to that of the membrane. This is can be attributed to the binary diffusion term in 

the BFM. Comparing Figure 5.10 with Figure 5.13 (which shows the dependence of the flux 

on the pore diameter), reveals that the lower the pressure drop through the support, the greater 

the observed flux. 

 

5.5.2.2 Pressure profiles 

 

Figure 5.14 shows the pressure profiles of the flow through the 20 µm thick supported mem-

brane with the support on the permeate side, using oxygen (Figure 5.14.a) and air (Figure 

5.14.b) as feed gas, and argon as sweep gas. The drop in pressure at the surfaces of the dense 

membrane reflects the limited surface exchange kinetics that has been considered by the intro-

duction of the characteristic thickness, Lc, in Eq. (2.27). As no further data were available, 

both sides of the membrane were assumed to exhibit the same surface exchange kinetics. 
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Figure 5.14: The total pressure gradient, argon and oxygen partial gradients across the supported membrane for 

the 4-end mode transport process with the membrane on the feed side using (a) oxygen and (b) air as feed gas, 

and argon as sweep gas. Please note the different scales for position X in the membrane and the support. The op-

erating pressure is as stipulated in Table 5.1. 

 

The oxygen partial pressure decreases across the porous support, while the argon partial pres-

sure increases. Similar behavior was observed by H. Li et al. [20], where they investigated the 

concentration (which can be related to the pressure using the ideal gas relation) of oxygen and 

argon in the porous support.  The total pressure Pt exhibits a slight gradient according to Eq. 

(4.8), otherwise there would be no total gas transport. Since there is no argon flux through the 

porous support, the argon partial pressure, PAr, describes the opposite gradient with respect to 

levelling the friction of transported oxygen.  

 

5.5.2.3 Conclusion 

 

The higher the pressure drop through the membrane or the porous support, the more the rate 

limiting effect and the lower the overall flux. Pressure profile across the porous support is not 

constant. This consequently shows that there is difference between the surface pressure and the 

pressure across the porous support. This will be considered in more detail in section 5.9 by 

comparing the effect of the different simplification of the pressure profiles across the support.  
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5.5.3 Effect of thickness and tortuosity factor of the porous 

support on flux 
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Figure 5.15: Effect of increasing or decreasing the thickness of the porous support using (a) oxygen and (b) air as 

feed gas for a porous support with 6.5 µm pore diameter and considering the 3-end mode and 4-end mode 

transport processes, respectively. SF and SP represent support at the feed and permeate side, respectively. The 

operating pressure is as stipulated in Table 5.1. 

 

The effect of the support thickness was investigated by reducing / increasing the as received 

support thickness of 0.9 mm by a factor of 2. As shown from Figure 5.15, the flux 

increased/decreased with decrease/increase in support thickness. For the 3-end mode, with the 

support on the feed/permeate side and using oxygen as feed gas (Figure 5.15.a), the flux 

increased by ~0.2%/~2% when the thickness was reduced by a factor of 2 and reduced by 

0.3%/~4% when it was increased by a factor of 2. The effect of increasing or decreasing the 

support thickness is more obvious for the 4-end mode transport process with the support at the 

permeate side. The flux increased by 15% when the thickness was reduced by a factor of 2 and 

decreased by 29% when it was increased by a factor of 2. 

 

When air was used as feed gas (Figure 5.15.b), the flux with the support at the feed/permeate 

side for the 3-end mode increased by 39%/~12% when the thickness was reduced by a factor 

of 2 and decreased by 39%/15% when it was increased by a factor of 2. The 4-end mode with 

the support at the feed side and the 3-end mode with the support at the feed side behaved 

similarly. When the support was at the permeate side, for the 4-end mode, the flux increased 

by ~40% when the thickness was reduced by a factor of 2 and decreased by 34% when the 

thickness was increased by a factor of 2. The trend in Figure 5.15 can be compared to the 

experimental observation according to Chang et al. [131] using air and helium as feed and 

sweep gas, respectively, at 1223 K. They have observed an increase in flux with increasing 

support thickness (0.5×10
-13

 m, 0.9×10
-13

 m, and 1.3 ×10
-13

 m). In addition, Chang et al. have 

also considered the asymmetric membrane assembly with the support at the feed and permeate 

side, and observed that the flux with the support at the feed side was higher than with the 

support at the permeate side as have been shown in the present work. The effect of varying the 

support thickness was further investigated by varying in addition the pore diameter of the 

porous support, as shown in Figure 5.16.  
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Figure 5.16:  Effect of varying support thickness and pore diameter on the flux through an asymmetric mem-

brane for the (a) 3-end mode and (b) 4-end mode transport process, using oxygen as feed gas, (c and d) 3-end and 

4-end mode transport process using air as feed gas. L is the thickness of the porous support. SF and SP represent 

support at the feed and permeate side, respectively. The operating pressure is as stipulated in Table 5.1. 

 

For the single gas permeation transport (see Table 4.3) through the porous support, the effect 

of support position and thickness was evident for smaller pore diameters (< 15µm) irrespective 

of the transport mode or feed gas used (Figure 5.16.a, b, and c). This can be attributed to the 

fact that the Knudsen diffusion term of the BFM becomes more rate limiting for smaller pore 

diameters of the porous support. Wheras for mixed gas permeation transport (Table 4.3), the 

effect of support position and thickness is more evident for smaller pore diameters (< 15µm) 

and plateaus out for larger pore diameters (Figure 5.16.b, c, and d). this can be attributed to the 

explanation of Figure 5.12. 

 

For the 3-end mode and using oxygen as feed gas (Figure 5.16.a), the position, thickness, and 

pore diameter of the porous support did not affect the flux for pore diameters above 35 µm. 

The same observation was made when using oxygen as feed gas for the 4-end mode with the 

support at the feed side (Figure 5.16.b), but when the support was at the permeate side, both 

the position and the thickness of the support affected the flux. Observations similar to the latter 

were made for 3-end mode with the support on the feed side and 4-end mode (irrespective of 



5.5. Effect of variation in support geometry on flux 

 

54 

support position, using air as feed gas). Therefore, for the optimisation of the support, there is 

a need for a graded layer system (whereby most part of the support geometry will be coarse). 

This will be further studied in section 5.8. 

 

The relative flux was obtained by comparing the simulated flux from the modified Wagner 

(2.27) when only the unsupported 20 µm thick dense membrane was used and the flux (from 

Wagner + BFM) with the supported membrane. This evaluation was also done considering dif-

ferent geometry combinations of the porous support. Assuming the same operating conditions 

(pressure gradient, temperature, etc.) for the choosen configuration, the flux through the 

unsupported membrane was simulated to yield approximately 24 ml/min cm². This is the 

expected flux from the dense membrane without the influence of the porous support. The 

relative flux was investigated for the 4-end mode transport process with the support at the feed 

side using air as feed gas. This is because the mixed gas permeation transport shows more 

support limiting effect on the observed flux. The relative flux with respect to the unsupported 

membrane flux was obtained using the relation 

Re 100
supported membrane flux

lative flux
unsupported membrane flux

= ×  

 

1 10

10

20

30

40

50

60

30 50

R
e
la

ti
v

e
 f

lu
x

 (
%

)

Pore diameter, dpore (µm)

 L = 0.45 mm SF        L = 0.45 mm SP

 L = 0.9 mm SF          L = 0.9 mm SP

 L = 1.8 mm SF          L = 1.8 mm SP

20

 

 

 

Figure 5.17: The relative flux 

with respect to the unsupported 

membrane flux as a function of 

the pore diameter for the 4-end 

mode transport process at vary-

ing support thickness. The oper-

ating pressure is as stipulated in 

Table 5.1. 

 

 

 

The relative flux with respect to the unsupported membrane flux is presented in Figure 5.17. 

The as-received support thickness of 0.9 mm within the pore diameter range considered yields 

only 23-30% and 17-19.5 % of the theoretical possible flux with the support at the feed side 

and permeate side, respectively. Decreasing the thickness of the support while increasing the 

dpore, reduces the rate limiting effect of the support on flux. This in turn increases the domi-

nance of the dense membrane on flux. The limitation in the flux for mixed gas permeation 

transport in the porous support can be attributed to the flux of the sweep gas (Ar) at the 

permeate side or to the retentate (N2) when the support is at the feed side. Mixed gas transport 

occur for 4-end mode irrespective of support position using air as feed gas and argon as sweep 

gas, and for 3-end mode with support at the feed side using air as feed gas. Because only 

oxygen flows through the dense membrane, nitrogen or argon are accumulated, but they can 
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diffuse through the porous support. This hinders the flux of oxygen diffusing through the 

porous support. 

 

Amongst the three terms of the BFM (viscous flow, binary and Knudsen diffusion), only the 

binary diffusion term does not scale with the pore diameter. The Knudsen diffusion scales 

linearly with pore diameter and the viscous flow scales with square of the pore diameter 

(permeability). The porosity and the tortuosity factor are the geometrical parameters affecting 

the binary diffusion term. This explains why no further increase in flux was observed in Figure 

5.17 with increasing pore diameter above 10 µm. Therefore, the relative flux was also 

considered numerically as a function of the tortuosity factor of the porous support (Figure 

5.18), while the membrane thickness of 0.9 mm and a pore diameter of 6.5 µm were kept con-

stant. 
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Figure 5.18: The relative flux 

with respect to the unsupported 

membrane flux as a function of 

the tortuosity factor for the 4-end 

mode transport process at a sup-

port thickness 0.9 mm. The op-

erating pressure is as stipulated 

in Table 5.1. 

 

 

 

Irrespective of support position, the flux increased as the tortuosity factor [125] approaches 

unity (Figure 5.18). The configuration with the support on the feed side was more favourable 

than the support at the permeate side. For the 4-end mode transport with the support on the 

feed, the theoretical possible flux increased from ~10-42% for the range of tortuosity values 

considered. Similarly, when the support is at the permeate side, the flux increased from ~12-

65%. Very small tortuosity factor values (k→1) mean channel-like pores (freeze cast or in-

verse tape cast) [24, 28].  

 

The effect of the thickness and pore diameter of the porous support was further investigated by 

assuming that the highest flux obtained for the 3-end mode, using air as feed gas, was 

membrane-dominated. Furthermore, 10% of this flux was assumed to be an acceptable loss 

due to the influence of the support (Figure 5.19). In other words, this evaluates at what 

geometrical parameter (support thickness, and pore diameter) of the porous support will the 

overall flux be the 90% relative flux performance with respect to the unsupported membrane.  
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Figure 5.19: The relative flow 

performance of the flux through 

an asymmetric membrane for 3-

end mode using air as feed gas 

and varying support thickness 

and pore diameter. SP represents 

support at the permeate side, and 

L is the thickness of the porous 

support. The operating pressure 

is as stipulated in Table 5.1. 

 

 

From the intersecting points of the plots to the horizontal 90% limit (Figure 5.19), the 

corresponding pore diameters were measured. Figure 5.19 shows that the 0.225, 0.45, 0.9, and 

1.8 mm thick porous supports yielded the same flux (at 90% relative flow performance of the 

membrane) with pore diameters of  approximately 9,  16.2, 28, and 46 µm, respectively, at the 

same porosity of 43%. The relationship between the support pore diameter and thickness, with 

respect to the 90% relative flow performance of the asymmetric membrane was further 

studied. Also, since a specific flux (90% relative flow performance of the membrane) is being 

investigated, a constant interface pressure is expected irrespective of the support geometry.  

 

From the Wagner equation, which is used for the description of the transport through the dense 

membrane, the only unknown in this case is the membrane-support interface pressure. 

Therefore, solving separately the Wagner equation for the flux (at 90% membrane 

performance) through the dense membrane, the membrane-support interface pressure (P”O2
) 

was evaluated by rearranging Eq. (9) as  
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where memd is the thickness of the dense membrane. This pressure was employed in the 

evaluation of the BFM for single gas transport (Eq. (2.64)) through  the porous support. In 

section 5.5.1 the relation that the permeability scales with the square of the pore diameter 

( 2

o poreB d∝ ) was presented. Therefore, using this relation, the evaluated interface pressure, and 

substituting in the BFM for single gas permeation, the relationship between the porous sup-

port’s thickness and the pore diameter for single gas permeation was rearranged to be 
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L = Length   dpore = Pore diameter  R = Molar gas constant 

N = Flux  PA /PB = Pressure at interface/permeate   T = Temperature  

ε = Porosity  
2OM = Molecular mass κ = Tortuosity factor 

 

Solving equation Eq. (5.2) for average pore diameter in the range of 1-50 µm for the flux 

considered, the corresponding support thicknesses were evaluated.  
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Figure 5.20: The support thickness 

as a function of the pore diameter for 

the evaluation the 90% relative flux 

through an asymmetric membrane for 

3-end mode with the support at the 

feed side (SP), using air as feed gas. 

The plot in red is the measured data 

from (Figure 5.19). 

 

The red curve corresponds to the intersection points between the plot and the horizontal axis in 

Figure 5.19, and it fits well with the evaluated data points (Figure 5.20) obtained by solving 

Eq. (5.2). Therefore, when using similar operating conditions, thinner supports allow smaller 

pore sizes, whereas thicker supports require larger pore sizes. This can be used for the optimi-

zation of the support’s microstructure with regards to mechanical strength and permeability. 

 

5.5.3.1 Conclusion  

 

Reducing the thickness of the porous support yielded an increase in flux. However, thin sup-

ports may not give the desired mechanical stability needed for the asymmetric membranes in 

application. As such this observation will be used as basis in section 5.7 for the design of a 

double support layer system. Whereby the geometry of the thin and the thick support can be 

incorporated in a single graded layer system in order to optimize the support and consequently 

improve flux. Under same operating conditions, thinner supports with small pore diameter 

showed same flux as thicker supports with larger pore diameter. This can be used to optimize 

support’s microstructure with regards to mechanical strength and permeability. 

 

5.5.4 The effect of anisotropic scaling 

 

Isotropy occurs when the material property of a structure is uniform in all direction, while ani-

sotropy occurs in the case of direction-dependent property. The pore diameter of the porous 

O2 flux =const. 
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support as presented in section 5.5.1 was scaled isotropically, as the structure was scaled 

equally in all directions. To study the effect of anisotropy in the porous support, it was scaled 

only in the flow direction. The obtained anisotropic structure is shown in Figure 5.21. The ef-

fect of the structure on flux was investigated.  Scaling the porous support in the flow direction 

by a factor of 0.5 and 2 tantamount to compression and stretching, respectively in the flow di-

rection.  

 

a) 

       

b) 

     

c) 

        

Figure 5.21: Changes observed in the shape of the pores as result of scaling the porous support in the flow direc-

tion by a factor of (a) 0.5, (b) 1, and (b) 2, respectively. 

 

The structure parameter (permeability, pore diameter, and tortuosity) of the different scaled 

structures obtained were evaluated. Figure 5.22 shows the evaluated values of the permeabil-

ity, pore size and tortuosity factor of the different scaled structures. 
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Figure 5.22: The structure parameter (pore size, permeability and tortuosity) of the porous support as a function 

of scaling in the flow direction. 

 

From Figure 5.22 the pore diameter as well as the permeability of the porous support increased 

with increase in scaling factor, but the tortuosity factor reduced with increase in scaling factor. 

The reason is, the more the structure is stretched, the more the pores become more aligned to 

the flow direction and less tortuous (τ→1). Also, the more channel-like the travel path of the 

fluid is, the easier it is for the fluid to permeate through. Therefore, all three parameters favour 

an increase of the flux with increasing stretch factor in the flow direction as shown in the result 

in Figure 5.23. The tortuosity factor for the isotropically scaled structure is constant. Using the 

relation 2

o poreB d∝  (refer to Section 5.5.1), the pore diameter and the permeability of the 

support for the isotropically scaled structure was evaluated.  
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In Figure 5.23 the flux obtained from the isotropic and anisotropic scaled samples were com-

pared for the transport processes considered (3-end and 4-end mode). Air was used as feed gas 

for this evaluation.  
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Figure 5.23: The oxygen flux as a 

function of isotropic or anisotropic 

scaling factor, for the transport pro-

cesses (3-end and 4-end mode). SF/SP 

is support at the feed/permeate side, 

respectively. 

From Figure 5.23 the 4-end mode irrespective of the support position and the 3-end mode with 

the support at the feed side showed similar trends. The anisotropic scaling was observed to be 

more effective with increased scaling factor for these cases. This can be attributed to the fact 

that the binary diffusion term of the mixed gas permeation equation of the BFM is the rate lim-

iting factor. Therefore, as the tortuosity factor (k) reduces with increased anisotropic scaling 

factor, the effect of the binary diffusion term decreases and this invariable increases the flux, 

even exceeding the maximum plateau for isotropic scaling. On the other hand, the tortuosity 

factor is independent on isotropic scaling.  

For the 3-end mode of transport and with the support at the permeate side, an opposite trend 

was observed. For this case the isotropic scaling was more favourable than the anisotropic 

scaling for large scaling factor. However, the trend at a smaller scaling factor was comparable 

for both isotropic and anisotropic structure. This behaviour can be attributed to the effect of 

the Knudsen diffusion term (2.63) of the binary friction model (2.72) on the flux. This stems 

from the fact that, for the range of pore diameter considered, the transport was dominated by 

the Knudsen diffusion term. The pore diameter which is the only varying term for the Knudsen 

diffusion (2.63) scales differently for both cases. For the isotropic case, the pore diameter is ei-

ther uniformly shrunk or coarsened by scaling with a factor of 0.5 or 2, respectively.  But for 

the anisotropic case, it is compressed or stretched in the flow direction resulting only in a 

smaller change of the effective pore diameter. Thus, the anisotropic scaling is less effective 

with regards to increasing flux for the single gas permeation transport. Whereas, these elongat-

ed pores favour mixed gas permeation through the porous support and might find application 

in membrane reactors.  

5.5.4.1 Conclusion 

 

Anisotropic tailored support microstructure (elongated pores) will be favourable for mixed gas 

permeation through the support (e.g. membrane reactors). Whereas for single gas transport 
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through the porous support, both isotropic and anisotropic scaled supports have comparable ef-

fects on flux.  

 

5.6  Convective flow in the porous support 

 

Increase in pore diameter of a porous support yields an increase in flux through an asymmetric 

membrane. However, a different behaviour has been observed for mixed gas permeation as 

presented earlier (section 5.5.1). Depending on the position (feed or permeate side) of the po-

rous support no further increase in flux is observed above a certain pore size, rather it leads off 

into a plateau.  

 

 

 

Figure 5.24: The transport of the 

sweep gas through the large pores to 

the membrane-support interface [132]. 

 

Notwithstanding that for large pore diameters the gas flow as schematically depicted in Figure 

5.24, should give rise to a viscous flow [133] up to the membrane-support interface. As a re-

sult, such microstructure, should lead to an increase in flux, but this behaviour is not accounted 

for or observed with the one-dimensional numerical model. This is because the model de-

scribes the transport as being dominated by binary diffusion, which is no longer the case at 

very large pore diameters where convection processes are expected. Therefore, a more appro-

priate computational fluid dynamics [134-136] evaluation is needed to describe the transport 

for very large pores.  

As such, the effect of the sweep gas on porous support with large pore diameter was simulated. 

This was to understand how deep or shallow the convective flow of the sweep gas is before it 

sweeps away together with the permeated gas. For this evaluation, the CT data of an inverse 

tape cast received from colleagues at the department of Energy Conversion and Storage, Tech-

nical University Denmark was employed. Since the inverse tape cast pores are channel-like, 

the structure is more ideal for understanding the behaviour of the gas flow in the pores. Using 

the geodicct software, the 3D reconstruction of the CT data as explained in section 3.2 was 

carried out, and afterwards meshed. The mesh file was exported to be used for the simulation 

in ANSYS Fluent. The y-direction of the structure as shown in Figure 5.25 was used as the 

flow direction. 
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Figure 5.25: Three dimensional representation of the CT data of an inverse tape cast asymmetric membrane, 

specifying the boundary conditions used for the simulation in anysy fluent.  

 

In addition to the boundary conditions stipulted in section 4.3, the displaced area parallel to the 

surface of the porous support (the positive y-axis shown in green) and the opposite side (the 

negative y-axis shown in dark blue) were taken to be the velocity inlet and wall, respectively. 

This is to mimic the fact that the sweep gas is inert and will not pass the membrane. The other 

surfaces perpendicular to the in-flow and the wall surfaces were set to outflow (pressure 

outlet).  

  
 Velocity (m/s) 

          
1.0e-08    3.6e-04    8.5e-04     5.7e-03     8.0e-03

  

  
 

Figure 5.26: The flow of the gas through the pore. The length and colour of the arrows shows the magnitude of 

the velocity.  
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Figure 5.26 shows the velocity magnitude of the sweep gas through the pore. The convection 

takes place only at the pore entrance regions for most of the pores. The shape of the pore was 

observed to affect the velocity and the depth of the gas travel.  

 

  
Figure 5.27: The CT image of the freeze cast structure, showing the shape of the pore perpendicular to the flow 

direction.  

 

Pores connected as shown in the areas marked in blue ovals in Figure 5.27, were observed 

after the flow simulation to have a higher in-pore velocity (Figure 5.28) and as such more 

favourable. As a result, flow does not stall as in a blind pore rather one “limb” acts as an 

inflow and the other as outflow channel. This will reduce the travel time of the permeated gas 

and also increase the flux.  

 

 
Velocity (m/s) 

  
1.0e-08    3.0e-04     8.5e-04     1.0e-04     1.4e-03 

 
 

Figure 5.28: The velocity field showing high velocity at the u-shaped pores. 

 

From Figure 5.28, the velocity observed when the pores are connected in u-shape are higher 

compared to when the pores are blind. However, this in-pore velocity is not affected or 

dependent only on the pore opening diameter at the surface or within the porous support, 
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rather on the overall morphology (shape, size and orientation) of the pore. For unbent channel-

like pores, shallow depth convection at the gas side were mostly observed. From Figure 5.26 

and Figure 5.28, the highest velocities obtained were 8 and 1.4 mm/s respctively. The 

velocities vary depending on the position of the slice as explained earlier. The effect of the 

sweep gas velocity on the overall flux through the asymmetric membrane for the 4-end mode 

transport process was then evaluated. Firstly, the flux experimentally obtained according to 

ref. [119] for the 4-end mode transport process using air and argon as feed and permeate gas, 

respectively, was used for the evaluation of the permeate velocity. From the permeate flux 

which is 4.1ml/min cm-2, the velocity of the gas flow in the pores of the porous support was 

calculated to be ~ 8mm/s. The pore velocity measured from experimental simulation is 

comparable to the pore velocity of the simulation. This confirms the assumption made earlier 

about the convective flow of the transported gas not being properly described by the mixed gas 

permeation equation of the BFM.  

 

Furthermore, the tape cast, and freeze cast porous support microstructures were compared to 

investigate the effect of the support microstructures on convective flow. Similar operating 

conditions and operating steps carried out for the simulation using the inverse tape cast was 

employed here.  

 

 

 
  

 

Velocity (m/s) 

          
6.0e-06    1.5e-04    4.5e-04     7.0e-03     1.0e-02

  

  
 

Figure 5.29: The simulated flow within the tape cast support showing the flow velocity (zoom) in the pores.  
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From Figure 5.29, there was evidently the sweeping away of permeated species, but the flux 

showed shallow depth of travel for the sweep gas. This shallow flow depth existed more at the 

surface of the support. The tape cast shows lower flow velocities in the pores when compared 

to the other support microstructures. This might be attributed to the fact that the porous TC 

structure employed for the present simulation has an average pore diameter of 6.5 µm and is 

more tortuous the other support microstructures. As such no convective flow was expected in 

the pores.  

 

 
   Velocity (m/s) 

                                                                                            
6.0e-06    1.5e-04    4.5e-04     7.0e-03     1.0e-02  

 

Figure 5.30: The simulated flow within the freeze cast support showing the flow velocity within the pores. 

 

The freeze cast structure (Figure 5.30) had high velocities within the pores than the tape cast 

(Figure 5.29) or inverse tape cast (Figure 5.26); this could aid the collection of the permeated 

gas. In Figure 5.30, at a maximum velocity of 10 mm/s, there was just shallow depth flux of 

the sweep gas at the surface. The high velocities observed in the pores of the freeze cast po-

rous structure might be dependent on the shape and orientation of the pore. When the pores are 

perpendicular to the inflow surface, it favours shallower depth sweep flow at the surface, just 

as was observed for the inverse tape cast (Figure 5.26). But when the pores are aligned at an 

angle or slanted with respect to the inflow region, the velocity in the pores increase.  

0 0.0002 (m) 
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From the observation made form the freeze cast and the inverse tape, convective flow exists 

for channel-like pores with large diameter. Therefore, the transport through the porous support 

can be better described using a computational fluid dynamics simulation. 

 

5.6.1 Conclusion 

 

U-shaped pores are assumed to be more favourable with respect to increase in permeated flux. 

Reason for this is that two openings can provide pressure differences. Therefore, if samples 

with inter opening between two parallel pores (u-shaped pores) can be experimentally 

processed, it is assumed to be more favourable with respect to increased permeated flux. 

Freeze cast channel orientation should be adapted to macroscopic flow field around the 

membrane to take into consideration pore angle in the flow direction.  

In addition, it was observed that the freeze cast support had a higher flow velocity within the 

pores than the other (tape cast and inverse tape cast) support microstructures. This could be at-

tributed to the aligning of the pores (slanted or inclined pores).  

 

5.7 Comparison of freeze cast and tape cast porous 

structure 

 

An experimental permeation measurement was carried out on both asymmetric membranes us-

ing air or oxygen as feed gas. It was observed as shown in Figure 5.31 that the two membranes 

had similar permeation behavior, irrespective of the feed gas used with the support at the feed 

side using argon as sweep gas. 
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Figure 5.31: Shows the perme-

ation measurements of the 

freeze cast and tape cast asym-

metric membranes using air or 

oxygen as feed gas, and argon 

as sweep gas at varying tem-

perature, as well as the simulat-

ed flux for the TC and FC at 

900°C with same operating 

conditions as experiment.   

 

 

When air was used as feed gas, the flux through the TC was higher than that through the FC 

structure in the range of temperatures considered.  
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Similarly, when using oxygen as feed gas in the permeation measurement, the FC support per-

forms at temperatures above 800°C better than the TC support. In this case gas transport takes 

place only by oxygen self-diffusion and convective flow, which excludes binary gas diffusion.  

From the flux observed for the FC and TC asymmetric membranes with either air or oxygen as 

feed gas were comparable. This was not in agreement to observations made in literature, where 

the freeze cast structure was expected to have a higher flux than the tape cast sample irrespec-

tive of feed gas. As such, the effect of the geometrical parameters of the support microstruc-

tures on the overall flux through the membrane was further investigated. 

 

The TC and the FC samples fabricated from BSCF3Zr material with comparable porosities 

were compared, to find out which factors is the main criterion for the flux performance. The 

TC porous support possesses randomly shaped pores with a tortuosity which depends on the 

pore volume and percolation of the pore network, caused by the burn out of a pore-former. 

Whereas for the manufacturing of the freeze cast structure, the grown ice crystals are the tem-

plates for the pores. By tailoring the growth and shape of the ice crystals, unidirectional and 

highly oriented pores with very low tortuosity are theoretically possible. As the microstructure 

of the freeze cast sample appears very inhomogeneous, it was sliced into twelve sections 

across the support thickness, in order to have a clearer description of the graded nature of the 

structure. 

 

 Since the TC support is very uniform, only four segments were evaluated. The free surface of 

the support was taken to be the position z = 0, while the membrane-support interface was tak-

en to be the position z = 1000 µm (Figure 5.32). 

 

 
Figure 5.32: The sectioning of the freeze cast and tape cast asymmetric membranes before the evaluation of the 

geometric parameters. 

 

The FC and the TC supports possess an average specific surface area (Aspec.support) of 0.16 

m
2
/cm

3
 and 0.21 m

2
/cm

3
, respectively. The average surface area for the FC is 24 % lower 

compared to that of the TC support. Due to varying porosity and pore diameters, the specific 

surface area changes along the FC support thickness. This is not the case for the TC structure. 

As a result, the average surface area of the FC and TC supports were evaluated on the sec-

tioned layers as shown in Figure 5.33. 

 

z 
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Figure 5.33: Specific surface area 

vs. support position (for the sections) 

where 0 is the air surface side and 

1000 the position underneath the 

membrane layer [102]. 

 

 

The evaluated average geometrical parameters of the entire TC and FC samples and the sec-

tioned layers have been introduced in section 5.3. Figure 5.34 and Figure 5.35 shows the plot 

of the evaluated geometrical parameters for the different layers. Judging from the percentage 

of the closed porosity of the structures which is 0.04 % for TC and 0.09 % for FC supports, the 

pores of the FC and TC structures are very well connected and contribute in gas transport. 

As intended, both support types possess identical average porosities of 45 %. Nevertheless, the 

porosity of the TC support is homogenous over the support thickness, while the FC support 

shows a porosity gradient. This can also be attributed to the ice crystal growth and shape. The 

local porosity increases gradually from 32 % at the membrane-support interface (layer) to 55 

% at the free surface, as shown in Figure 5.34. 
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Figure 5.34: Profile of porosity 

(ε), and tortuosity factor ( κ ) 

plotted vs. support thickness 

position (x-coordinate) where 0 

is support side and 1000 posi-

tion underneath the membrane 

layer. 

 

 

The average tortuosity factor evaluated from the XCT, for the not optimized FC support is 3.2 

and thereby nearly the same as for the TC support with 2.9. However, while tortuosity of the 

TC support does not vary over the support thickness, the FC support shows an increasing tor-
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tuosity factor of 1.4 at the air surface, and up to ~3.5 at the membrane-support surface as can 

be seen from Figure 5.34. This is because the nucleated ice crystals are templates for the pore 

shape and size, the structural parameters of the FC structure are anisotropic in nature. This ani-

sotropy in porosity is caused by the zone in which ice crystals nucleate and start to grow. Ori-

entation of the ice crystals and the resulting porosity improves gradually with the distance 

from this nucleation zone. However, porosity and pore size of the TC support are homogene-

ously distributed, while the FC support exhibits a gradient along the growth direction of the ice 

crystals Figure 5.34. The nucleation zone has the least porosity and tortuosity factor. 

 

The average pore opening diameter (d50) for each layer was calculated by simulating the press-

ing of a non-wetting fluid into the pore and recording the applied pressure and the volume ab-

sorbed using the liquid intrusion porosimetry method (section 4.1.2). The average d50 of FC 

support is 6.8 µm and slightly larger than for TC support with 5 µm (Figure 5.35).  
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Figure 5.35: Profile of av-

erage pore opening diameter 

(d50) and permeability at 

900°C plotted vs. section 

position (x-coordinate). 

 

 

The simulation of viscous flow transport through the supports (Figure 5.35) shows a better 

permeability of the FC support up to a support position of around 800 µm. Near the membrane 

(the bottom side during freeze casting), a transition exists where the TC support starts to per-

form better. Reason for the transition in gas exchange performance is the nucleation zone of 

the FC support. In this zone porosity and average pore diameter are lower compared to the TC 

support, forming a bottle neck for gas exchange as shown by the permeation measurement in 

air at high temperatures.  

 

The locally resolved sample parameters have been employed to simulate in 1D the flux 

through both types of asymmetric membranes. Wagner equation (Eq. 2.18) and the Binary 

Friction Model (Eq. 4.5) were used to describe the transport through the dense membrane and 

the porous support, respectively. Continuity relation (the flux through the dense membrane 

equals the flux through each section of the porous support) through the asymmetric membrane 

was assumed. Therefore, to be able to simulate a continuous flow through the layered support 

of the asymmetric membranes, the porous supports were modelled to be connected in series. 

This ensures that the flux in each layer equals to one another and is also equal to the flux 

through the dense membrane. This is schematically explained using Figure 5.36. 
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Figure 5.36: Schematically representing the solution of the flux through the sections of the porous support simu-

lated in series using the sequential tape cast asymmetric membrane as an example. 

 

The one-dimensional solution of BFM for the flux through layer 1 was equated to the flux for 

layer 2, and the same procedure was followed across the layers until the BFM solution of the 

flux through layer 4 was equated to the Wagner equation for the dense membrane. The inter-

face pressures between layers (PO2Int1, PO2Int2, etc.), and the membrane-support interface pres-

sure were evaluated. Similar steps were employed for the simulation of the flux through the 

porous support of the freeze cast asymmetric membrane. When oxygen or air was used as feed 

gas, the feed/permeate pressure was taken to be 1000/217 mbar or 195/40 mbar, respectively.  

 

After the analytical simulation at 900°C using similar operating conditions as in experiment, 

the evaluated flux from the two structures was also comparable. When oxygen was used as 

feed gas, both structures had a comparable flux of ~23ml/min cm. Similarly, when air was 

used as feed gas, the flux through TC and FC was 8.6 ml/min cm² and 8.2 ml/min cm², respec-

tively. The simulated fluxes were higher than the experimental observed flux values; this could 

be attributed to the fact that ideal situations were assumed for the simulation. The flux through 

the TC was slightly higher than that from the FC. Based on the observation made from simu-

lating the structural parameters of the sectioned FC and TC samples, the support zone with the 

onset of nucleation of the ice crystals for the FC was seen to be rate limiting. Similarly, from 

the convective flow simulation in section 5.6, the orientation of the pore of the FC structure 

from the air side favours flux increase more than the pore orientation of the TC structure. This 

also confirms that the nucleation zone of the FC structure rate limits the overall transport. This 

would give rise to concentration polarization within the porous structure. For mixed gas per-

meation, concentration polarization within the support contributes a lot in limiting the flux. 

Also, above 700 µm position of the support thickness (Figure 5.34) the porosity tends to take a 

steep decreasing dive, to about 30%. This invariably increases bottlenecks in the pores around 

these areas and thereby limiting the flow through it. This part of the FC structure is slightly 

dense, thereby introducing a limiting factor for the observed flux.   
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a) 

  

b) 

 

Figure 5.37: the comparison of the porous support area close to dense membrane for (a.) tape cast and (b.) freeze 

cast asymmetric membrane.  

 

The pores present in the freeze cast in this area (Figure 5.37) are less cylindrically orientated in 

the flow direction and appear to be more randomly shaped like the tape cast. But in the case of 

the FC, it has a lower porosity than the tape cast. In addition, the morphology of the freeze cast 

porous support might also contribute to the limitation. From Figure 5.3 and Figure 5.4, we can 

see from the reconstructed image of the freeze cast sample that the channels of the pore are not 

totally oriented parallel in the flow direction throughout the thickness. From the mid-section, 

the pores tend to orientate at an angle perpendicular to the flow direction. This builds up a kind 

of a bridge in the flow direction and in turn will also limit the flux. 

 

5.7.1 Effect of removing the nucleation zone 

 

The evaluated geometrical parameters for the 12 sectioned layers of the FC structure were 

used. A further study to investigate how the flux would be improved if the rate limiting zones 

are removed was carried out. The effect of removing the nucleation zone from the FC structure 

before printing the dense membrane was simulated. The support thickness was maintained dur-

ing the investigation. In other words, for each layer removed, the thickness of the remaining 

layer is been adapted to account for it.  

 

Figure 5.38 shows the effect of the removal of the layers of the FC from the 12
th

 layer (nuclea-

tion zone) to the 1st layer (coarse – air side). With the removal of each layer and subsequent 

normalization of the support thickness, it yielded an increase in flux. After the removal of the 

first three layers from the membrane support interface, the flux increased from 8.2 to 9.2 

ml/min cm². Furthermore, if the layers were removed until the support had a uniform geometry 

as the last coarse layer, the flux increased up to ~15 ml/min cm². The porosity, pore diameter, 

effective diffusivity, and tortuosity factor of the support is improved as the layers are removed. 

These improved structural parameters of the porous support contributed to the increase in flux 

observed.  
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Figure 5.38: Flux improvement 

through the FC support as a 

function of removing the sec-

tioned layers. 

 

Notwithstanding the observed increase in the flux, the available surface area reduces as the 

layers are removed from the nucleation zone towards the air surface side of the support as was 

shown in Figure 5.33. Presently the model does not consider the effect of surface exchange; as 

such this was not taken into account during the simulation. The membrane-support interface of 

the structures considered needs to be further improved to increase available surface area with-

out limiting the flux.  

 

5.7.2 Conclusion  

 

In principle the hierarchical microstructure of the freeze cast support provides an enhanced gas 

transport capability. However, particularly the transition zone near to the dense membrane, 

originated by the freezing process, strongly constrains the diffusivity by insufficient porosity 

and pore opening diameters. Removal of 3 layers from this constricting zone (the area with the 

onset of ice crystal nucleation) improved flux. However, the surface area at the membrane-

support interface should also be considered. This is so because it is essential for sufficient ox-

ygen exchange at the membrane-support interface.  

 

5.8 Outline for designing an optimized support 

microstructure 

 

In previous sections, it has been established that increasing the pore diameter, and reducing the 

tortuosity and thickness of the porous support/substrate would increase flux. However, there is 

a limit to the extent these parameters can be varied. For instance, having a very thin support 

will increase flux but it will defeat the essence why the support was needed which is to offer 

mechanical stability. Porous substrates with very large pore opening diameters have a reduced 

available surface area at the membrane-support interface. A high surface area is needed at the 

membrane-support interface for the re-association of the diffused oxygen ion (from the mem-

brane) to oxygen molecule.  



5.8. Outline for designing an optimized support microstructure 

 

72 

 

A two-layer porous support system for the porous support of an asymmetric membrane (Figure 

5.39) was investigated. This two-layer system comprises of a thick and a thin support layer 

combined as the porous substrate. Further on, the thick and the thin layer of the porous support 

will be referred to as layer A and layer B, respectively. Taking into consideration the mem-

brane mechanical stability, the structural geometry of the two layers were modified as shown 

in Figure 5.39, to model/simulate an optimized substrate for OTMs.  

 

 
Figure 5.39: The proposed two-layer support system of an asymmetric membrane. The reconstructed 3D image 

of an acquired computer tomography data of a TC structure was modified and used here as an example. 

 

The typical geometry of a tape cast substrate is assumed as the basis for the modification of the 

thin layer (layer B). In the same vein, the pore diameter of the thin layer considered for the 

thin layer was not more than 50% of the membrane thickness. The overall porosity considered 

for layer A was not higher than 45% because; from experimental point of view a higher po-

rosity would not yield a mechanically stable structure. This is due to the fact that the higher the 

porosity the lower the strength [137]. The pore diameter of layer A will be modified with con-

sideration to the previous studies made in section 5.7. The continuity relation was fulfilled by 

using the same procedure already presented in section 5.7. 

 

5.8.1 Operating conditions considered and procedure 

 

Air and argon were used as feed and sweep gas, respectively, at an operating temperature of 

900°C. The total pressure at the feed and permeate side of the asymmetric membrane were 

maintained at 1000 mbar. The feed and permeate partial pressure of oxygen was assumed to be 

200 mbar and 41.5 mbar, respectively. The membrane thickness was also assumed to be 20 

µm. The geometrical parameters of the investigated porous structures as will be presented in 

section 5.8.1.1 were assumed using typical membrane supports as reference [28, 29, 95, 102]. 

Transport equations as stipulated in Table 4.2 was used for the different transport configura-

tion considered. The 3-end mode and the 4-end mode transport processes with the support ori-

entations as in section 2.2.1 were considered for the present simulation studies. 
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5.8.1.1 Layer geometry and procedure 

 

The thickness of layer B was varied from 10 to 100 µm. The thickness of layer A was adjusted 

accordingly so that the sum remained constant at 0.9 mm. Using the measured data as refer-

ence, 2

0 poreB d∝ (see section 5.5.1) was employed for evaluating the permeability when scaling 

the pore diameter of the layers. The geometrical parameters of layer B for all structures con-

sidered are as stipulated in Table 5.6. 

 

Tortuosity 

factor, τ 

Pore diameter, 

dpore (µm) 

Porosity 

ε 

1.4-2.9 3.0 6.50 35% 40% 45% 
 

Table 5.6: Input parame-

ters for layer B (thin sup-

port layer) for all supports 

considered. 

 

For the optimization of the geometry of a porous support of an asymmetric membrane, the 

pore diameter of layer A (thick support layer) was varied. From the previous evaluation made 

in section 5.5.1, it was seen that varying the pore diameter above 35 µm showed negligible in-

crease in flux. Therefore, in the present evaluation the pore diameter of layer A will be varied 

from 6.5 to 40 µm for the structures considered. Tape cast and inverse tape cast (ITC) support 

microstructure of an asymmetric membrane were considered. The variations in the geometry 

of the TC and ITC considered for the present study is as summarized in Table 5.7. 

 

 Tortuosity 

factor, τ 

Pore diameter, 

dpore (µm) 

Porosity, 

ε 
Tape cast 2.9-1.4 6.50-40 45% 

Inverse tape cast 1.4-1.0 6.50-40 45% 
 

 

Table 5.7: Input parameters 

for the layer A (thick support 

layer) for the tape cast and 

inverse tape cast. 

 

5.8.2 Variations in geometrical parameters of the layers 

5.8.2.1 Effect of porosity, thickness and pore diameter on flux 

 

As has been pointed out form the previous sections, the flux through the membrane with the 

support at the feed side is always higher than when the support is at the permeate side. Similar 

trend was also observed here. For the range of pore diameter considered, the flux with the sup-

port on the feed side was higher than with the support at the permeate side by approximately 

33%. For the TC structure for both transport processes and for the range of pore diameters 

considered for Layer A (Figure 5.40):  

1) Varying the thickness of the thin layer (Layer B) did not show a significant increase in 

flux. (< ~1%). 

2) Less than 4% improvement in flux was observed for the transport processes considered. 
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Figure 5.40: Tape cast structure - varying the pore diameter of layer A and the thickness of the two layers for (a) 

3-end and 4-end mode with the support at the feed side and (b) 4-end mode with the support at the permeate side. 

SF and SP depict support and the feed and permeate side, respectively. L, κ , and ε, are the thickness, tortuosity 

factor, and porosity of support layer, respectively. The subscripts A or B refer to layer A or B.  

 

Similarly, for an inverse tape cast porous structure, a similar trend in flux (Figure 5.41) was 

observed by varying the pore diameter of layer A. This can be attributed to the fact that the bi-

nary diffusive term of the BFM which does not scale with pore diameter is rate limiting for 

mixed gas transport. However, the inverse tape cast showed better improvement in flux as the 

thickness of the thin layer is reduced compared to the tape cast support. Approximately 6% 

relative flux improvement was gained by reducing the thickness of the thin layer from 100 to 

10 µm. 

Figure 5.41: Inverse tape cast structure - varying the pore diameter of layer A and the thickness of the two layers 

for (a) 3-end and 4-end mode with the support at the feed side and (b) 4-end mode with the support at the perme-

ate side. SF and SP depict support and the feed and permeate side, respectively, L, κ , and ε, are the thickness, 

tortuosity factor, and porosity of support layer, respectively. The subscripts A or B refer to layer A or B. 
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Considering the 3-end mode transport process with the support at the permeate side for both 

inverse tape cast and tape cast structures; increasing the pore diameter of the thick layer yield-

ed an increase in the overall flux (Figure 5.42). The effect of the thickness of layer B increases 

as the thickness is reduced from 100 to 10 µm. However, at lower pore diameter, the effect of 

varying the thickness of the layers was negligible.  
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Figure 5.42: Varying the pore diameter of layer A and the thickness of the two layers for 3-end mode with the 

support at the permeate side for (a) tape cast and (b) inverse tape cast structure. L, κ , and ε, are the thickness, 

tortuosity factor, and porosity of support layer, respectively. The subscripts A or B refers to layer A or B 

 

At a constant thickness of 10 µm for the thin layer, considering the 3-end mode transport pro-

cess, the effect of reducing the average pore diameter of layer B from 6.5 to 3 µm (as a func-

tion of pore diameter considered for layer A) was modelled. This reduced the overall flux 

through the porous support for both tape cast (Figure 5.43.a) and inverse tape cast structure 

(Figure 5.43. b), but it is more evident for the tape cast structure.  
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Figure 5.43: Effect of reducing the pore diameter of layer B (a) tape cast, (b) inverse tape cast for 3-end mode 

transport process with the support at the permeate side. Bκ  and εB are the tortuosity factor and porosity of layer B, 

respectively. The subscripts A or B refers to layer A or B. 
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Furthermore, the porosity of the thin layer was varied as stated in Table 5.6 at a constant 

thickness and as a function of pore diameter considered for layer A.  
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Figure 5.44: The effect of varying the porosity of layer B on overall flux using a tape cast structure with the sup-

port at the (a) feed and (b) permeate side, respectively considering the 3-end mode transport process. L, κ , and ε, 

are the thickness, tortuosity factor, and porosity of support layer, respectively. The subscripts A or B refers to 

layer A or B 

 

For 3-end mode transport process with the support at the permeate side (Figure 5.44.b), the ef-

fect of porosity is negligible. The relative difference between the fluxes when the thin layer 

porosity is 45 % compared to when it is 35 % within the pore diameter ranges considered was 

less than 1%. Whereas, for mixed gas permeation transport, a 1% increase in the overall flux 

was observed when the porosity of the thin layer was increase from 35 to 45% for the tape cast 

structures (Figure 5.44.a).  

 

5.8.2.2 Effect of tortuosity factor 

 

The effect of reducing the travel path through the porous support (tortuosity factor) was evalu-

ated, while maintaining the ideal characteristics of the structures considered. For the tape cast 

structures, a clear increase in flux was observed for both transport processes considered.  



 5. Results and discussions 

 

77 

a)

5 10 15 20 25 30 35 40
8

10

12

14

Pore diameter, dpore A
 (µm)

3-end/ 4-end mode SF - Tape cast structure 

κB = 2.9, εA = εB = 45%, dpore B
 = 6.5 µm

O
x
y

g
e

n
 F

lu
x
, 

N
O

2
 (

m
l/

m
in

 c
m

²)  κA = 2.9      κA = 1.9    

 κA = 2.5      κA = 1.4

 

b)

5 10 15 20 25 30 35 40

6

7

8

9

Pore diameter, dpore A
 (µm)

4-end mode SP, Tape cast structure

κB = 2.9, εA = εB = 45%, dpore B
 = 6.5 µm

O
x
y
g

e
n

 F
lu

x
, 

N
O

2
 (

m
l/

m
in

 c
m

²)  κA = 2.9      κA = 1.9

 κA = 2.5      κA = 1.4

 

Figure 5.45: The flux through a tape cast asymmetric membrane with the support at the (a) feed and (b) permeate 

as a function of reducing the tortuosity factor and increasing the pore diameter of layer A for mixed gas permea-

tion transport process. SF and SP depict support at the feed and permeate side, respectively.  

 

For tape cast structure considering the 3-end mode/4-end mode transport process with the sup-

port at the feed side (Figure 5.45.a), the flux increased by approximately 70% when the tortu-

osity factor of the thin layer was reduced from 2.9-1.4. Similarly, for tape cast structure, for 4-

end mode with the support at the permeate side (Figure 5.45.b), 54% increase in overall flux 

was observed. 
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Figure 5.46: The flux through a tape cast 

asymmetric membrane with the support at 

the permeate side, as a function of reducing 

the tortuosity factor and increasing the pore 

diameter of layer A, for 3-end mode 

transport process. SP depict support at the 

permeate side. 

 

 

For the 3-end mode transport in the range of pore diameter considered with the support at the 

permeate side for a tape cast structure:  

(1) Reducing the tortuosity factor of the thin layer increased the overall flux. However, 

with increasing pore diameter of layer A, the improvement becomes negligible.  
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Figure 5.47: The flux through a an inverse tape cast asymmetric membrane for 3-end mode transport process 

with the support at the permeate side, as a function of increasing the pore diameter of layer A and reducing the 

tortuosity factor of (a) layer B and (b) layer A.  

 

For the 3-end mode transport in the range of pore diameter considered with the support at the 

permeate side for an inverse tape cast (Figure 5.47):  

(1) Reducing the tortuosity factor of the thin layer from 2.9 to 1.4 had almost no effect on 

the overall flux.  

(2) Whereas when the tortuosity factor of the thick layer support was reduced from 1.4 to 

1.2, there was flux improvement, but this reduced with increasing pore diameter of layer A.   

 

Therefore, based on the flux improvement observed by reducing tortuosity factor of layer B 

( Bκ ), Bκ for  the inverse tape cast for mixed gas transport was taken to be 1.4 and the tortuosity 

factor of the thick layer was reduced from 1.4 to 1.0 (Figure 5.48). 
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Figure 5.48: The flux through an inverse tape cast asymmetric membrane with the support at the (a) feed and (b) 

permeate as a function of reducing the tortuosity factor and increasing the pore diameter of layer A layer A for 

mixed gas permeation transport process. SF and SP depict support at the feed and permeate side, respectively.  
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For inverse tape cast considering the 3-end mode/ 4-end mode with the support at the feed 

(Figure 5.45.a) side and the 4- end mode with the support at the permeate side (Figure 5.45);  

1) Reducing the tortuosity factor of layer, A (τ
A
) from 1.4 to 1.0 at a tortuosity factor of 

1.4 for layer B (τ
B
) yielded approximately 15% increase in flux for all transport configurations 

considered.  

 

5.8.3 Conclusion  

 

There is a high need for the fabrication of a mechanically stable asymmetric membrane with 

high flux. Previous investigation in the earlier sections showed that varying the overall geo-

metrical parameter, for instance increasing the pore size of the structure, would improve flux. 

However, manufactured asymmetric membranes with large pored supports have reduced sur-

face area and might not be mechanically stable. Therefore, the two-layer support system com-

prising of a thick (layer A) and a thin (layer B) support layer combined as the porous substrate 

have been studied for the optimization of the porous support of an asymmetric membrane.  

 

The flux observed by varying the geometry of the single layered TC porous support presented 

in Figure 5.19 for the 90% relative flow performance of the membrane is comparably similar 

to that observed with this two-layer system. No further improvement in flux was observed for 

the two-layer system. However, when other factors like available surface area, robustness of 

the structure and ease of fabrication, are considered, the two-layer system is more favourable. 

This is due to the fact that the thin layer of the porous support has tailored geometrical proper-

ties (pore size, porosity, etc.). For instance, there is enough surface area for the surface reac-

tion (recombination of the transported oxygen ions). In addition, it is easier to screen print a 

dense membrane on a porous support with smaller pore sizes than on supports with large 

pores. For supports with larger pores, in most cases, the membrane presses into the large pore 

and not on top of the structure. This is not desired as it reduces the quality and robustness of 

the fabricated membrane. Therefore, based on the present simulation results, the following 

suggestions are made with respect to optimizing the porous support of an asymmetric mem-

brane:  

1) The thickness of the thin layer should be in the range 10-30µm but should not be thick-

er than 30 µm or thinner than 10 µm. Larger thickness of the thin layer will make the thin lay-

er rate limiting. If the thin layer is smaller than 10µm, it might be enveloped in the large pores 

of the thick layer.  

2) The pore diameter of the thin layer can be in the range of 3 to 6.5 µm, while the pore 

diameter of the thick layer can be increased up to 40µm. 

3) A reduced tortuosity factor of the thin layer is desired for both tape cast and inverse 

tape cast structures. Efforts should be made during manufacturing to properly orientate the 

pores in the flow direction in other to get the desired result. Use of elongated pore formers will 

always align in the plane of the coating, but, a field can be applied to align theses pore formers 

vertically. However, no studies have been done yet, to use of a field to align pore formers.  

A flux comparable to the 90% relative flow performance of the membrane was observed at a 

10 µm thickness of the thin layer for the two-layer support system, and at varying support ge-
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ometry. This will aid the fabrication of an optimized porous support for asymmetric mem-

branes. 

 

Further studies are still needed at the interface of the two-layer system to properly investigate 

the surface exchange reactions. In addition, mechanical characterization and permeation meas-

urement of this two-layer system is still need for the validation of the simulation.  

 

5.9 One dimensional exact solution of BFM 

 

The BFM has been reported in literature assuming an averaged pressure simplification [20]. 

However, in the present investigation, an in-depth study of the comparison between the devia-

tion of the constant pressure simplifications and the exact solution was studied, and the impli-

cation/effect of each simplification on the observed flux presented. 

 

5.9.1 Comparison of the oxygen flux from the simplifications 
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Figure 5.49: The dependence of flux on the pore diameter of the porous support for (a) 3-end, and (b) 4-end 

mode of transport, using air as feed gas for the exact solution and the different pressure simplifications (averaged 

constant and surface constant pressure) of the BFM. 

 

A slight variation was observed between the different simplifications and the exact solution. 

These variations in flux at varying pore diameter of the porous support from 1 – 50 µm are ev-

ident from Figure 5.49. The configuration with the support at the feed side for the 3-end mode 

and the 4-end mode, are mixed gas transport. As such the mixed gas permeation equation of 

the BFM with the support on the feed side was employed for both cases. For 3-end mode 

transport process with the support at the permeate side, it is a single gas permeation through 

the porous support. The 1D analytical simulation of the surface constant and averaged constant 

pressure simplifications for BFM took 0.72 and 0.9 seconds, respectively. This is more than 

one order of magnitude faster than the exact solution. The flux observed for the exact solution 

and the simplifications for the transport modes were similar. A deviation in flux between the 
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exact solution and simplified solutions for mixed gas permeation through the porous support 

was observed.  

 

The maximum deviations for the range of pore diameters considered between the surface con-

stant simplification and the exact solution for the 3-end/4-end mode with the support at the 

feed side, the 3-end mode with the support at the permeate side, and 4-end mode with the sup-

port at the permeate side, are 3.9%, 1% and 2.5%, respectively. In contrast, the averaged con-

stant pressure simplification, the maximum deviation for all transport modes and configura-

tions in comparison to the exact solution was not more than 0.1%. For the case of the 3-end 

mode with the support on the permeate side there was zero deviation. The surface constant 

pressure simplification led to a larger deviation from the exact solution than the averaged con-

stant pressure simplification. The surface constant pressure simplification is always off even at 

small pore diameters (a bit less than at higher pore diameters). Averaged constant pressure 

simplification, is always very close to the exact solution. Mixed gas permeation has several 

practical applications (e.g. membrane reactor); therefore, it is important to ascertain clearly 

how each of the simplifications can be compared to each other, and to the exact solution. 

Therefore, while varying the transport terms (the viscous flow, the binary and Knudsen diffu-

sion) of the BFM, maps of the relative and the absolute difference between the exact and sim-

plified solutions were made for a large range of transport operating parameter. 

 

These maps as will be presented in Figure 5.50-Figure 5.53 show the effect of increasing or 

reducing each of the transport governing terms of the BFM for the different pressure simplifi-

cations in comparison to the exact solution. The map was studied to know which of the terms 

and at what configuration is more rate-limiting. These effects were studied by varying temper-

ature, pore diameter and tortuosity factor. Except for the Knudsen diffusion, the transport 

equations (the viscous flow and the binary diffusion) of the BFM were modified for the differ-

ent pressure simplifications. The Knudsen diffusion has a linear dependence on the mean pore 

diameter of the porous support, while the permeability is linearly dependent on the square of 

the mean pore diameter ( 2

o poreB d∝ ) of the porous support. The binary diffusion shows no de-

pendence on pore diameter. Air was the only feed gas used for the present evaluation. As such 

only the mixed gas permeation equations of the BFM were considered, except for the 3-end 

mode with the support at the permeate side for the evaluation of flux.  

 

5.9.2 Relative and absolute flux differences between the different 

pressure simplifications and the exact solution 

 

The exact solution describes more realistically the transport through the porous support and 

will be considered as a reference point for the other simplifications in the further calculations. 

The effect of varying the transport terms present in the BFM for the exact solution was 

mapped to the constant pressure simplifications. The absolute and the relative difference be-

tween the different pressure simplifications were investigated using: 



5.9. One dimensional exact solution of BFM 

 

82 

  CP ES

ES

N N
Relative difference

N

−
=  (0.3) 

  CP ESAbsolute difference N N= −  (0.4) 

Where NCP and NES are the fluxes observed from the constant pressure simplifications (aver-

aged constant and surface constant) and the exact solution, respectively. From Table 4.2, the 

three transport terms in the BFM that govern the overall transport through the porous support 

were introduced. The visualization of the 3 different transport terms of the BFM and the out-

come of their variations in a 2-dimensional plot is not possible. Therefore, the transport terms 

(Table 4.2) were then combined to represent all effects. The ratio of the viscous flow transport 

to the binary diffusion transport of the BFM was shown as the vertical axis, while the ratio of 

the Knudsen diffusion to the binary diffusion transport was the horizontal axis. As a result, by 

varying the viscous flow, the Knudsen diffusion and the binary diffusion, the effect of the var-

iation will be observed in the horizontal, vertical and diagonal axes, respectively. The binary 

diffusion transport term was used as common denominator since it is less dependent on the 

microstructure of the porous structure, and as such its effect can be observed/changed diago-

nally. The axes were combined in this way so that we have all the transport governing terms of 

the BFM in the map. For each map of the exact solution and the constant pressure simplifica-

tions, the dots show the trend of varying the pore diameter ranging from 10 nm to 50 µm with 

the present operating parameter. Also, for each pore diameter considered, the effect of temper-

ature (the slightly diagonal lines) and tortuosity factor was evaluated. The tortuosity factor did 

not show any different effect on the maps when it was varied, because, all three transport 

terms are equally dependent on the tortuosity factor (
1

κ
∝ ). Thus, its effect cancels out consid-

ering the ratios of the term used in the axes. 

 

5.9.2.1 Support at the feed side 

 

From Figure 5.50, no significant relative or absolute difference between the exact solution and 

the averaged constant pressure simplification was observed within typical operating conditions 

(pore diameter ≥ 1 µm and temperature ≥ 900°C). Within the temperature range considered for 

pore diameter above 1 µm, the averaged constant pressure simplification can be used in place 

of the exact solution. However, below 1 µm at reduced temperature, it shifts towards the unde-

sired zone with deviations. The deviation is less than 0.06 ml/min cm² for explicitly given pore 

diameters even at room temperature. The zone with the highest deviation for the averaged con-

stant pressure simplification cannot be reached under relevant physical parameters. 
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a) 

 

b) 

 
Figure 5.50: The a) relative and b) absolute difference between averaged constant pressure simplification and the 

exact solution for the 3-end mode and 4-end mode transport processes with the support at the feed side using air 

as feed gas. ViscTransport, BinTransport, and KnTransport represent viscous flow, binary diffusion and Knudsen diffusion 

transport, respectively. The red lines are the temperature increase from left to right, while the pore diameter in-

creases upwards.  

a) 

 

b) 

 
Figure 5.51: The a) relative and b) absolute difference between the surface constant pressure simplification and 

the exact solution for the 3-end mode and 4-end mode transport processes with the support at the feed side using 

air as feed gas. ViscTransport, BinTransport, and KnTransport represent viscous flow, binary diffusion and Knudsen diffu-

sion transport, respectively. The red lines are the temperature increase from left to right, while the pore diameter 

increases going upwards. 

 

The comparison between the exact solution and the surface constant pressure simplification 

shows a higher deviation than the averaged constant pressure simplification. The relative and 

absolute difference compared between the exact solution and surface constant pressure simpli-

fication (Figure 5.51) shows that the small pore diameters (10 nm – 0.1 µm) have the least de-

viations, although, they are not feasible for the microstructure of the porous structure needed. 

From Figure 5.51.a, Pore diameters between 0.1 µm and 1 µm have a dependence on tempera-

ture, while the rest of the pore diameter ranges considered are not dependent on temperature. 
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For pore diameters greater than 6.5 µm (Figure 5.51.b), the deviation in flux observed for the 

range of temperatures considered was 0.45 ml/min cm² but reduced to zero for 10 nm sized 

pores. 

 

5.9.2.2 Support at the permeate side 

 

Since only the mixed gas permeation was considered for the mapping of the different pressure 

simplifications, the map of the 3-end mode with the support at the permeate side will not be 

presented. 

 

When the support is at the permeate side for the 4-end mode, the relative and the absolute dif-

ference between the averaged constant pressure simplification and the exact solution (Figure 

5.52) shows that pore diameters smaller than 1 µm were the zones with least deviation for the 

operating conditions considered. This was found to be the case for temperatures greater than 

900°C, but reducing the temperature below 900°C, introduces a deviation of 1%. The same 

deviation was observed for pore diameters greater than 6.5 µm pore diameter (as received mi-

crostructure) which is not more than 1%.  

a) 

 

b) 

 
Figure 5.52: The a) relative and b) absolute difference between averaged constant pressure simplification and the 

exact solution for the 4-end mode transport process with the support at the permeate side using air as feed gas. 

ViscTransport, BinTransport, and KnTransport represent viscous flow, binary diffusion and Knudsen diffusion transport, 

respectively. The red lines are the temperature increase from left to right, while the pore diameter increases up-

wards. 
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a) 

 

b) 

 
Figure 5.53: The a) relative and b) absolute difference between surface constant pressure simplification and the 

exact solution for the 4-end mode transport process with the support at the permeate side using air as feed gas. 

ViscTransport, BinTransport, and KnTransport represent viscous flow, binary diffusion and Knudsen diffusion transport, 

respectively. The red lines are the temperature increase from left to right, while the pore diameter increases up-

wards. 

 

The relative difference between the exact solution and the surface constant pressure simplifica-

tion (Figure 5.53) for the 4-end mode with the support on the permeate side, was observed to 

be less than ~ 2% for pore diameters less than 1 µm, but increases up to 3% for pore diameters 

greater than 1 µm. The absolute difference was observed to be ~0.18 ml/min cm² for pore di-

ameters larger than 6.5 µm and reduced to 0.02 ml/min cm² for pore diameters less than 0.1 

µm. 

 

The large deviations observed for the surface constant pressure simplification when compared 

to the deviations observed for the averaged constant pressure, makes the latter a better re-

placement for the implementation of the binary friction model in 3D computational fluid dy-

namics calculations. 

 

5.9.3 Conclusion 

 

The optimization of the porous support for different technological applications to improve the 

overall flux has been an important topic of research. For example, the advancement in mem-

brane technology will further be improved if the limitation introduced by the porous support of 

an asymmetric membrane is brought to the lowest minimal. The exact solution of the BFM 

gives a realistic description of the transport through the porous structure, but because of the 

pressure profiles it is complicated to be implemented in 3D. As a result, the BFM which is 

used for the description of the transport through the porous structure was simplified with re-

spect to the pressure profiles. Surface constant and averaged constant pressure simplifications 

of the pressure profile through the porous support were presented and studied. Comparison be-

tween the exact and the simplified solutions was shown. 
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The surface constant and average constant pressure simplifications took 0.72 and 0.9 seconds 

for the 1D analytical evaluation of the flux through the membrane. This is more than one order 

of magnitude less computing time compared to the exact solution. In 3D CFD simulation, only 

the partial pressure at the membrane-support interface is evaluated for the constant pressure 

simplifications, as opposed to the exact solution where the partial pressure will be evaluated 

for every cell in the structure. For the pressure considered, the absolute difference between 

surface constant simplification and exact solution for the 3-end mode with the support on the 

feed side and 4-end mode with the support at the permeate side was 0.45 ml/min cm² and 0.18 

ml/min cm², respectively, for a pore size diameter typical of porous support. This reduced with 

reduced pore diameter, but the small pore sizes are not feasible for the microstructure of the 

porous support. The relative difference for all transport modes did not increase more than 5%. 

For the averaged constant pressure simplification, a deviation of less than 1% from the exact 

solution for all transport modes and operating assembly, for a pore size diameter typical of po-

rous support was observed. With the support on the feed side, the deviation reduced to zero for 

pore diameters above 1 µm and temperatures above 900°C. This makes the averaged pressure 

simplification more suitable and it is suggested instead of the exact solution for 3D implemen-

tation of the binary friction model. 
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6. Summary  

The optimization of the porous support of an asymmetric membrane for different technological 

applications to improve the overall flux has been an important topic for researchers. The ad-

vancement in membrane technology will further be improved if the limitation introduced by 

the porous support of an asymmetric membrane is brought to the lowest minimal. This was the 

main goal of this work to optimize the porous support with respect to permeability to under-

stand the underlying mechanism. In the present work, the transport through an asymmetric ox-

ygen gas separation membrane was simulated in one dimension by applying the binary friction 

model (BFM) for the support together with a modified Wagner equation for the dense mem-

brane. The developed model considers the transport through an asymmetric oxygen transport 

membrane using relevant parameters obtained from micro computed tomography and experi-

mental data. Oxygen and air were used as feed gases. The 3-end mode and 4-end mode 

transport processes and different membrane orientations were considered in this study.  

 

Anisotropic tailored support microstructure (elongated pores) will be favourable for mixed gas 

permeation through the support (e.g. membrane reactors). Whereas for single gas transport 

through the porous support, both isotropic and anisotropic scaled supports have comparable ef-

fects on flux.  

 

In agreement with the Hagen Poiseuille law and the pore density, a relationship between the 

pore diameter and the permeability ( 2

0 Pore
B d∝ ) was found while varying the pore diameter of a 

tape cast support from 1-50 µm. Considering the two modes of transport processes (3-end and 

4-end), increasing the pore diameter of the 0.9 mm thick porous support, while maintaining the 

operating conditions, increases the Knudsen diffusion and the permeability through the porous 

support and therefore the overall flux. At small pore diameters (< 10 µm), the tape cast support 

is rate-limiting, irrespective of the transport mode, the position or the thickness of the porous 

support. Increasing the pore diameter above 10 µm for the mixed gas transport through the po-

rous support resulted in a negligible increase in flux under the conditions of the investigation. 

Reason is that the binary diffusion term of the BFM rate limits the transport. For the single gas 

transport through the porous support, the increase in flux was negligible, when the pore diame-

ter was increased above 35 µm. The resistance or the rate-limiting effect of the porous support 

with a pore diameter above 35 µm for the 3-end mode (except when the support was at the 

feed side and using air as feed gas), is very small. As such, amongst the resistances in series 

(surface reaction, bulk transport, and porous support) that affect the flux through an asymmet-

ric membrane, the support effect contributes to less than 10% limitation with respect to the rel-

ative flux. For mixed gas transport (3-end/4-end mode with the support on the feed side, using 

air as feed gas, the 4-end mode with the support on the permeate side using oxygen as feed 

gas) through the porous support, irrespective of the support position and using air as feed gas, 

the rate-limiting effect of the support was most pronounced. This shows that, for the 3-end 

mode, the dense membrane and the surface reactions display the dominant rate-limiting effect, 

while, for the 4-end mode, the rate limiting effect of the support is evident. Under same operat-
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ing conditions, thinner supports with small pore diameter showed same flux as thicker sup-

ports with larger pore diameter. The found relationship can be used to optimize support’s mi-

crostructure with regards to mechanical strength and permeability. 

 

However, the one-dimensional numerical model is not sufficient for describing the transport 

through the porous support for large pores. The reason is that the model describes the transport 

as being dominated by binary diffusion, which is no longer the case at very large pore diame-

ters where convection processes should occur. Therefore, a computational fluid dynamics sim-

ulation was carried out using a micro computed tomography data of an inverse tape cast struc-

ture. From the CFD simulation of the effect of gas flow through the support microstructure, it 

was observed that the freeze cast support had a higher flow velocity within the pores than the 

others (tape cast and inverse tape cast). This could be attributed to the alignment of the pores 

(slanted or inclined pores). The limiting part of the flux for the freeze cast is the nucleation 

zone, which constricts transport thereby limiting the observed flux. U-shaped pores were ob-

served to be more favourable with respect to increase in permeated flux. This is because, two 

openings can provide a pressure difference which allows a continuous flow through the 

channel without eddy formation or stalling. Therefore, if samples with u-shaped pores or at 

least laterally connected with each other can be experimentally processed, it is assumed to be 

more favourable with respect to increase permeated flux. Freeze cast channel orientation 

should be adapted to the macroscopic flow field around the membrane. Channels should be 

aligned in the flow direction of the macroscopic flow field in order to take advantage of the 

conservation of momentum. 

 

The comparison of the effect of support microstructures on flux was further studied by com-

paring asymmetric membranes manufactured from different processing routes; namely a se-

quential tape cast and the freeze cast sample. Ba0.5Sr0.5(Co0.8Fe0.2)0.97Zr0.03O3-δ (BSCF3Zr) ce-

ramic powder was used for manufacturing these samples. The asymmetric membranes were 

manufactured with comparable support porosities, and the µXCT data acquired from these 

samples was used for the simulation studies. As the microstructure of the freeze cast sample 

appears very inhomogeneous, it was sliced into twelve sections across the support thickness, to 

have a better description of the graded nature of the structure. The tape cast structure was sec-

tioned into four layers, since it is very uniform. In principle the hierarchical microstructure of 

the freeze cast support provides an enhanced gas transport capability. The nucleation side of 

the freeze cast support is normally used as the surface for screen-printing of the dense mem-

brane, owing to ease of coating the porous layer with the thin dense membrane.  However, par-

ticularly the transition zone near to the membrane, originated by the freezing process, strongly 

constrains the diffusivity by insufficient porosity and pore opening diameters.  This made the 

flux from the tape cast to be similar to the flux from the freeze cast. Removal of three layers 

(~250 µm) from the constricting zone (the area with the onset of ice crystal nucleation) 

showed more than 10% improvement in flux. However, the surface area at the membrane-

support interface should also be considered. The reason is that it is essential for sufficient oxy-

gen exchange at the membrane-support interface.  

 

In other to design an optimized support for an asymmetric membrane, a two-layer support sys-

tem comprising of a thick (layer A) and a thin (layer B) support layer combined as the porous 



 6. Summary 

89 

substrate was proposed. The flux observed by varying the geometry of the single layered TC 

porous support for the 90% relative flow performance of the membrane is comparably similar 

to that observed with this two-layer system. Based on the simulation results, suggestion on the 

design of an optimized porous support was good. 

 

The exact solution of the BFM gives a realistic description of the transport through the porous 

structure, but because of the pressure profiles it is complicated to be implemented in 3D. Rea-

son is that a real microstructure has millions of cells, and each of these cells will have a partial 

pressure if the exact solution of the BFM would be employed for the description of the 

transport through it. The one-dimensional analytical simulation of the transport through the po-

rous support using the exact solution in Mathematica takes approximately 30 seconds. This 

will increase greatly if one intends to make the same simulation in 3D using real microstruc-

tures. As a result, the BFM which is used for the description of the transport through the po-

rous structure was simplified with respect to the pressure profiles. Surface constant and aver-

aged constant pressure simplifications of the pressure profile through the porous support were 

presented and studied. Comparison between the exact and the simplified solutions was shown. 

 

The 1D analytical evaluation of the flux through the membrane for the surface constant and 

average constant pressure simplifications took about the same time, which is more than one 

order of magnitude less computing time compared to the exact solution. For the pressure con-

sidered, the absolute difference between surface constant simplification and exact solution for 

the 3-end mode with the support on the feed side and 4-end mode with the support at the per-

meate side for a pore size diameter typical of porous support was large compare to the average 

constant pressure configuration. This reduced with reduced pore diameter, but the small pore 

sizes are not feasible for the microstructure of the porous support. The relative difference for 

all transport modes was almost 5%. For the averaged constant pressure simplification, a devia-

tion of less than 1% from the exact solution for all transport modes and operating assembly, 

for a pore size diameter typical of porous support was observed. With the support on the feed 

side, the deviation reduced to zero for pore diameters above 1 µm and temperatures above 

900°C. This makes the averaged pressure simplification more suitable and it is suggested in-

stead of the exact solution for 3D implementation of the binary friction model.  
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7. Outlook 

 

The pore size, porosity, and tortuosity of the porous support of an asymmetric membrane have 

a crucial impact on the overall performance which depends largely on the mode (3-end mode 

and 4-end mode) of operation and can limit the flux significantly. It is essential that the overall 

flow configuration in the experimental test stands are considered in the modelling, as the par-

tial pressures significantly vary over the feed and permeate surface of the membrane assembly 

which cannot be taken into account by a simple 1D model. In addition, the surface diffusion 

processes / reactions need to be considered during the simulation of mesoporous interlayers. 

When all these factors are included in a multiscale simulation, it will be a valuable tool for the 

design of an optimal porous structure.  

 

Therefore, the development of a Computational Fluid Dynamics (CFD) model for the overall 

macroscopic flow configuration including the Binary Friction model and the modified Wagner 

equation as a user defined function (UDF) in ANSYS Fluent is a future goal. This will entail 

writing a UDF for the Binary Friction Model in C for the implementation of a 3D macroscopic 

flow model, and for the implementation of a 3D microstructural flow model of the various dif-

fusion contributions (which shall include not only viscous flow, but also binary, Knudsen and 

surface diffusion).  

 

Finally, experimental validation of the simulated transport flow through the supported mem-

branes should be performed using an existing test rig under various operational conditions. 
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