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Abstract

Six different types of experiments are used in order to identify and validate the heat and mass transfer parameters of a tubular mem-
brane. The respective configuration is similar to that of a membrane reactor, though without particulate catalyst or catalytic coating. The
membrane is made of various layers of a- and c-Al2O3 and has dimensions (inner diameter of 21 mm) close to those relevant for practical
applications. Mass transfer parameters of every single layer are derived separately by means of dusty gas model, pointing out unexpected
effects of asymmetry. Experiments of steady-state heat transfer, dynamic heat transfer, and combined heat and mass transfer are intro-
duced, thermal influences on mass transfer are discussed. Four of the six conducted types of experiments are free of fitting, providing a
successful test of accuracy and consistency of the identified transport parameters, and a basis for a reliable simulation of membrane
reactors.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Membrane technology offers a great potential to achieve
higher conversion or better selectivity in chemical reactors
by selective removal of products or controlled, spatially
distributed supply of reactants [1,2]. In membrane reactors
for gas–solid catalytic reactions (dehydrogenations [3–5],
partial oxidations [6]) either particulate catalyst is placed
in the interior of the tubular membrane, or the membrane
itself is impregnated or coated with catalyst. In both cases,
the membrane must be able to withstand the necessary ele-
vated temperatures and chemical environment. Polymer
membranes fail to this respect, so that inorganic mem-
branes must be used [7]. Such membranes can be dense
(e.g., ion conductors) or porous, and may consist of only
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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one or of many layers. Multilayer asymmetric membranes
usually consist of permselective material as a thin film on
one or a series of porous supports, which provide the
required mechanical stability without dramatically reduc-
ing the total transmembrane flux [8].

With increasing technical applications, the modelling of
membrane reactors has attracted interest over the last dec-
ade. Most studies focus on a particular membrane reactor
system, aiming to quantify its performance in terms of
attainable yield and selectivity (see, among others [9–14]).
Comprehensive reviews develop and treat general mathe-
matical models for membrane reactors, providing solutions
for special cases [1,7]. While isothermal conditions are
often assumed [11–13], thermal effects are recognized as
an important issue in some membrane reactor models
[9,10]. The thermal conductivity of membranes is usually
taken as constant, assuming negligible temperature gradi-
ents in the membrane [12,14].

Since membranes are the primary component of mem-
brane reactors, every reactor model must describe transport
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Nomenclature

A area [m2]
B0 permeability constant in dusty gas model [m2]
c heat capacity [J/kg K]
~c molar heat capacity [J/mol K]
d diameter [m]
Dax axial dispersion coefficient [m2/s]
D diffusion coefficient [m2/s]
F0 ratio of effective to molecular diffusion coeffi-

cient [–]
F cross-sectional area [m2]
K0 Knudsen coefficient in dusty gas model [m]
L length [m]eM molar mass [kg/mol]
n molar density [mol/m3]
_n molar flux [mol/m2 s]
_N molar flow rate [mol/s]

Nu Nusselt number [–]
P absolute pressure [Pa]
Pr Prandtl number [–]
_q heat flux [W/m2]
_Q heat flow rate [W]
r radial coordinate [m]
~r mean membrane radius [m]eR gas constant [J/mol K]
Sc Schmidt number [–]
Sh Sherwood number [–]
t time [s]
T temperature [K, �C]
u flow velocity [m/s]

V volume [m3]
~x mole fraction [–]
z axial coordinate [m]

Greek symbols

a heat transfer coefficient [W/m2K]
b mass transfer coefficient [m/s]
e porosity [–]
g viscosity [Pa s]
j thermal diffusivity [m2/s]
k thermal conductivity [W/mK]
Kax axial thermal dispersion coefficient [W/mK]
q density [kg/m3]
s tortuosity [–]

Indices

av average
e effective
g gas
in inlet
i inner, tube side of the membrane
j, k species in the mixture
K Knudsen
m membrane
o outer, annulus side of the membrane
out outlet
p pore
P at constant pressure
shell shell
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kinetics through the membrane accounting for its compli-
cated structure. Several researchers have contributed to
the characterization of porous inorganic membranes by
identifying the mass transfer parameters of the membrane
during the recent years [15,16]. In [17–19] single layer glass
and metallic membranes are investigated by experiments of
steady-state gas permeation, isobaric diffusion and transient
diffusion in order to obtain the parameters of the dusty gas
model (DGM). Surface diffusion is additionally taken into
consideration in [18]. The approach is extended to two layer
ceramic membranes in [20]. Finally, multilayer porous cera-
mic membranes are characterized on the basis of steady-
state permeation experiments in [21,22]. Measurements of
thermal properties are not available.

The present work focuses on the independent and sepa-
rate determination of all data about heat and mass transfer
through multilayer tubular ceramic membranes (porous
aluminium oxide) that is necessary for modelling and opti-
mization of membrane reactors. Though we do not yet con-
sider chemical reaction, the partial oxidation of ethane to
ethylene or butane to maleic acid anhydride is the back-
ground of the investigation. Consequently, the controlled
dosage of oxygen is the purpose of the membrane. We take
over the methods described in [17–22] and expand them to
a comprehensive experimental matrix consisting of six dif-
ferent experiments. Some of these experiments are steady
state, some others dynamic; some are used to identify the
transport parameters of the membrane, some others to
validate them by predicting the measured results without
any fitting. For the first time in literature, heat transfer
as well as combined heat and mass transfer are integrated
to this analysis, giving insight on how mass transfer is influ-
enced by temperature distribution and heat transfer
through porous membranes. Some aspects of multilayer
gas permeation that have not been discussed before are
pointed out. Furthermore, the membranes used in this
work are comparatively larger than the membranes used
in earlier investigations [19–21], realistically corresponding
to membrane dimensions for application on industrial
scale.

The paper is organized by first giving a short overview of
the six conducted experiments. Then the models used for
heat and mass transfer are described in general form. Some
more details are given on the experimental set-up and
materials. Subsequently, the conducted experiments and
their evaluation are discussed one-by-one, starting with
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heat transfer, continuing with mass transfer and ending
with coupled heat and mass transfer.

2. Experimental matrix

The six types of experiments conducted in the present
work are

• steady-state heat transfer (identification),
• transient heat transfer (validation),
• single gas permeation (identification),
• steady-state isobaric diffusion (validation),
• transient diffusion (validation),
• steady-state heat and mass transfer (validation).

Fig. 1 recapitulates the principle of every experiment,
indicating state variables and operating parameters that
in,o,gu

Annulus

i

o
out,i,gu

out,o,gu=

in,o,gu

Annulus

i

o
out,i,gu

out,o,gu=

Identification of for e
Single gas permeation

τε,d.respB,K p00Identification of for e
Single gas permeation

τε,d.respB,K p00

st
si
is

P

st
si
is

st
si
is

P

in,o,j

in,o,g
x~
u

Annulus

i

o

in,i,j

in,i,g
x~
u

out,o,j

out,o,g
x~
u

out,i,j

out,i,g

x~
u

in,o,j

in,o,g
x~
u

Annulus

i

o

in,i,j

in,i,g
x~
u

out,o,j

out,o,g
x~
u

out,i,j

out,i,g

x~
u

V
Is

ste
tw
iso

V
Is

ste
tw
iso

in,o,j

in,o,gin,o,g
x~

T,u

in,i,j

in,i,gin,i,g

x~
T,u

out,o,j

out,o,gout,o,g
x~

T,u

out,i,j

out,i,gout,i,g

x~
T,u

Annulus

i

o
in,o,j

in,o,gin,o,g
x~

T,u

in,i,j

in,i,gin,i,g

x~
T,u

out,o,j

out,o,gout,o,g
x~

T,u

out,i,j

out,i,gout,i,g

x~
T,u

Annulus

i

o

V
h
V
h

Annulus

i

o

in,i,gu

kgas

:0t = Gas flow switched from j to k

jgas

Annulus

i

o

in,i,gu

kgas

:0t = Gas flow switched from j to k

jgas

stead
sing
isob

i,m z(T

stead
sing
isob

i,m z(T

stead
sing
isob

Ident
Steady 

stead
sing
isob

stead
singl
isoba

i,m z(T

in,o,gu

in,o,gT

Membrane Heating rodThermocouples

gas in gas out
Annulus

i

o

i,mq

in,o,gu

in,o,gT
in,o,gu

in,o,gT

Membrane Heating rodThermocouples

gas in gas out
Annulus

i

o

i,mq

Valid
Tran

Tra
sin
iso

t
t

≥
<

Tm

Valid
Tran
Valid
Tran

Tra
sin
iso

t
t

≥
<

Tm

in,o,gu

in,o,gT

Membrane Heating rodThermocouples

gas in gas out
Annulus

i

o

i,mq

in,o,gu

in,o,gT
in,o,gu

in,o,gT

Membrane Heating rodThermocouples

gas in gas out
Annulus

i

o

i,mq•

•

Fig. 1. Experimental matrix for the identificati
are used in order to derive the heat and mass transport
parameters of the membrane, or measured to the purpose
of validation by comparison with model predictions. It will
be pointed out later that the single gas permeation experi-
ment has also validation components. Notice that the
sketches realistically show the reactor geometry, consisting
of a shell-side (annulus, index ‘‘o’’) and a tube-side (index
‘‘i’’) space. The latter will be filled with particulate catalyst
in reactor operation, oxygen will be supplied from the
annulus.

3. Heat transfer model

The model equations for thermal experiments with and
without mass transfer consider in the general case all
important heat transfer modes in and along the membrane
except radiation. Boundary and initial conditions are also
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expressed here in a general way. During the evaluation of
experiments, some of them will be discarded, modified or
specified.

The energy balance for the membrane, i.e., for the space

rm;i < r < rm;o; 0 < z < L

is formulated in two dimensions and cylindrical coordi-
nates to

qm

oðcmT mÞ
ot

¼ 1

r
o

or
rkm

oT m

or

� �
þ o

or

X
j

_nj~cp;g;jT m

 !

þ o

oz
km

oT m

oz

� �
. ð1Þ

The temporal change in gas temperature has been ignored
and a local thermal equilibrium has been assumed between
gas and solid in the membrane. The respective boundary
and initial conditions are

r ¼ rm;i : �km

oT m

or
¼ _qm;i; ð2aÞ

r ¼ rm;o : �km

oT m

or
¼ _qm;o; ð2bÞ

where

_qm;i ¼ ag;iðT g;i � T m;iÞ; ð2cÞ
_qm;o ¼ ag;oðT m;o � T g;oÞ; ð2dÞ

z ¼ 0 :
oT m

oz
¼ 0; z ¼ L :

oT m

oz
¼ 0; ð3a; bÞ

t ¼ 0 : T m ¼ T m;0. ð4Þ
As Eq. (1) shows, the dependence of the thermal conductiv-
ity of the membrane, km, upon temperature is accounted
for. Eqs. (2a), (2c) and (2b), (2d) define boundary condi-
tions of the third kind at the inner and outer side of the
membrane, respectively. Eqs. (3) assume both membrane
ends to be insulated, while Eq. (4) sets the initial condition
in the transient heat transfer case. The energy balance for
the gas flowing in the annulus has been formulated in
one-dimensional way to

Kax;o

d2T g;o

dz2
�

d ug;ong;o~cav
p;g;oT g;o

� �
dz

þ _qm;o þ
X

j

_nj;m;o~cp;g;jT m;o

� �( )
2prm;o

F o

¼ 0. ð5Þ

By analogy, the energy balance of gas flowing in the tube
can be written as

Kax;i

d2T g;i

dz2
�

d ug;ing;i~cav
p;g;iT g;i

� �
dz

� _qm;i þ
X

j

_nj;m;i~cp;g;jT m;i

� �( )
2prm;i

F i

¼ 0. ð6Þ

The required boundary conditions at the inlet and outlet of
the annulus and tube are taken after Danckwerts,
z ¼ 0 : ug;ong;o~cav
p;g;oðT g;o;in � T g;oÞ þ Kax;o

dT g;o

dz
¼ 0; ð7aÞ

ug;ing;i~cav
p;g;iðT g;i;in � T g;iÞ þ Kax;i

dT g;i

dz
¼ 0; ð7bÞ

z ¼ L :
dT g;o

dz
¼ 0;

dT g;i

dz
¼ 0. ð8a; bÞ

It, furthermore, holds

z ¼ 0 : ug;o ¼ ug;o;in; ug;i ¼ ug;i;in. ð9a; bÞ

Molar gas density and average specific heat capacity are
calculated according to

ng ¼
PeRT g

; ~cav
p;g ¼

X
j

~cp;g;j~xj ð10Þ

and may change with changing temperature and composi-
tion along the reactor, which must also be considered in the
inlet boundary conditions.

The described model equations and boundary condi-
tions are modified to solve every specific case of heat trans-
fer from the mentioned experimental matrix.
4. Mass transfer model

In the present work the Dusty Gas Model (DGM) has
been used to describe mass transfer through the porous
membrane. The model is based on the idea of considering
the solid phase as large molecules (‘‘dust’’) in a multicom-
ponent gas mixture in order to capture the complex combi-
nation of viscous flow, Knudsen diffusion and molecular
diffusion in porous media [15–21]. Viscous flow is bulk,
non-separating flow caused by total pressure gradients,
while in the Knudsen regime the transport is controlled
by molecule–wall interactions, so that the molecules travel
independently from each other. In contrary, molecule–
molecule interactions define the molecular (ordinary, con-
tinuum) diffusion.

In its general form, the dusty gas model for species j in a
mixture of N components is expressed by the relationship

XN

k¼1;k 6¼j

~xk _nj � ~xj _nk

De
jk

þ _nj

DK;j

¼ � PeRT
r~xj �

~xjeRT
1þ B0

gjDK;j
P

 !
rP ; ð11Þ

where j = 1–N. The driving forces are included in the right-
hand part of Eq. (11) in terms of total pressure and molar
fraction (partial pressure) gradients, while the resulting
fluxes, _nj, appear at the left-hand side of the equation.

The mass balance for gas flowing in the annulus has
been formulated in one-dimensional way to

Dax;o

d2~xj;o

dz2
� d

dz
ug;o

ng;o

ng;o;in

~xj;o

� �
þ 2prm;o

F ong;o;in

_nj;m;o ¼ 0. ð12Þ
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In the tube it holds

Dax;i

d2~xj;i

dz2
� d

dz
ug;i

ng;i

ng;i;in

~xj;i

� �
� 2prm;i

F ing;i;in

_nj;m;i ¼ 0. ð13Þ

The boundary conditions at the inlet and outlet of annulus
and tube are taken again after Danckwerts,

z ¼ 0 : ug;o ~xj;o;in � ~xj;o

� �
þ Dax;o

d~xj;o

dz
¼ 0; ð14Þ

ug;i ~xj;i;in � ~xj;i

� �
þ Dax;i

d~xj;i

dz
¼ 0; ð15Þ

z ¼ L :
d~xj;o

dz
¼ 0;

d~xj;i

dz
¼ 0; ð16a; bÞ

whereby Eqs. (9) still apply at the inlet. At the membrane–
gas interfaces it is

_nj;m;o ¼ bg;ong;m;o ~xj;m;o � ~xj;o

� �
; ð17aÞ

_nj;m;i ¼ bg;ing;m;i ~xj;i � ~xj;m;i

� �
. ð17bÞ

The relationship between flow rates and fluxes can be writ-
ten as

_nj;m;o ¼ _N j=ð2prm;oLÞ; ð18aÞ
_nj;m;i ¼ _N j=ð2prm;iLÞ. ð18bÞ

The coefficients for Knudsen and for molecular diffusion
can be expressed in the form

DK;j ¼
4

3
K0

ffiffiffiffiffiffiffiffiffi
8eRT

p eM j

s
ð19Þ

and

De
jk ¼ F 0Djk; ð20Þ

respectively. Consequently the model has three parameters,
B0, K0 and F0, for capturing the influence of the structure
of any specific porous body on viscous flow, bulk diffusion
and molecular diffusion.

With the additional assumption of tortuous, monodi-
spersed capillaries, which are neither interconnected, nor
change their cross-sectional area with their length, the
mentioned three parameters of the dusty gas model can
be expressed as

B0 ¼ F 0

d2
p

32
; ð21Þ

K0 ¼ F 0

dp

4
; ð22Þ

F 0 ¼
e
s
; ð23Þ

and are, thus, reduced to a set of only two morphological
parameters, namely

dp ¼
8B0

K0

; ð24Þ

the diameter of the assumed capillaries, and

e
s
¼ ðK0Þ2

2B0

ð25Þ
with e the porosity and s the tortuosity of the body. It
should be stressed that dp and e/s are, in spite of their mor-
phological reference, still more or less strongly lumped
model parameters, which do not necessarily and exactly
correspond to, e.g., the average pore diameter that might
be determined by image analysis. A priori prediction of
B0, K0 and F0 would pre-suppose the rigorous transition
from microscopical structure to macroscopical properties.
Though considerable efforts are invested in this direction,
the problem of reliable micro–macro transition is still not
solved.

Binary diffusion coefficients, Djk, have been calculated in
the present work by means of the Chapman–Enskog equa-
tion [23].

5. Experimental set-up, materials

The experimental set-up is illustrated in Fig. 2. Various
valves and mass flow controllers enable to accurately dose
gases at the tube and/or annulus side of the reactor, where
the tubular membranes to be investigated are placed. The
gas flow rates are measured at both outlets by various
instruments, depending on their absolute value. Addition-
ally, a thermal conductivity GC sensor measures the gas
composition. Not only absolute pressures are measured
in the tube and annulus, but the respective pressure differ-
ence is also determined separately, in order to increase the
accuracy in the evaluation of non-isobaric experiments.
Isobaric conditions are attained by fine-adjustment of the
needle valves at both gas outlets, and are monitored with
the mentioned differential pressure gauge. As different mass
transport mechanisms are temperature dependent, it is nec-
essary to conduct the experiments at various temperature
levels, which is achieved by placing the reactor in a control-
lable oven. Additional gas pre-heaters, post-coolers and
insulations facilitate specific modes of operation. Further-
more, an electrical heater can be placed in the tube. The
capacity of this heater is measured accurately. Apart from
gas inlet and outlet temperatures, temperatures at the inner
and outer membrane wall are also determined in some
experiments. From various techniques that have been
checked to this purpose the most efficient was to fix minia-
ture thermocouples (type K, outer diameter: 0.5 mm) with
a ceramic glue (Fortafix, Fa. Detakta, Norderstedt, Ger-
many), which is especially suitable for metal–ceramic fixa-
tions and stable up to 1000 �C. Trendows software enables
the automatic acquisition of experimental data. In the
total, the experimental set-up can be seen as a generalised
Wicke–Kallenbach cell for annular samples—generalised
in the sense of enabling much more modes of operation
than the classical configuration.

Appropriate sealing has been a crucial topic of experi-
mental work. After trying out conventional O-rings and
slightly conical graphite rings, the use of ceramic glue has
been found to be optimal. A sketch of the measuring cell
with this type of sealing is depicted in Fig. 3. Tightness
to the environment as well as between the compartments
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Fig. 3. Sketch of the measuring cell sealed with ceramic glue.
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of the cell has been checked frequently during the measure-
ments by a helium leakage detector and by pressure
measurements.

All experiments reported here have been carried out
with tubular ceramic membranes produced by the Inocer-
Table 1
Producer information and identified mass transfer parameters of membranes

Layer Composition Nominal dp [m] Thickness [m]

Support a-Al2O3 3.0 · 10�6 5.5 · 10�3

First layer a-Al2O3 1.0 · 10�6 25 · 10�6

Second layer a-Al2O3 60 · 10�9 25 · 10�6

Third layer c-Al2O3 10 · 10�9 2 · 10�6
mic GmbH, Hermsdorf, Germany, with a length of
L = 250 mm, inner radius of rm,i = 10.5 mm and outer
radius of rm,o = 16 mm (approximately). Both membrane
ends were sealed by glass coating to a distance of 65 mm,
so that the length effective for mass transfer was
L = 120 mm. The composite consisted of a support, two
further a-Al2O3 layers and the separation layer of
c-Al2O3 at the inner side. Respective layer thicknesses
according to the producer are summarized in Table 1,
along with nominal, coarsely approximate pore diameters.
Every precursor of the asymmetric composite (only sup-
port, support plus one additional layer, support plus two
additional layers) was available. Mass transfer experiments
have also been conducted with a small membrane
(rm,i = 3.5 mm), revealing good agreement with previous
comparable results by Thomas [22], will, however, not be
presented here.
K0 [m] B0 [m2] dp [m] e/s [–]

8.16 · 10�8 2.96 · 10�14 2.90 · 10�6 0.112
7.99 · 10�8 2.73 · 10�14 2.73 · 10�6 0.124
2.98 · 10�9 2.85 · 10�17 76.5 · 10�9 0.156
2.03 · 10�9 7.47 · 10�18 29.4 · 10�9 0.277
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6. Heat transfer experiments

In heat transfer experiments an electrical heater is placed
in the tube to supply a constant heat flux at the inner side
of the membrane (Fig. 1a). There is no gas flow in the tube,
gas, in our case air, flows only through the annulus. The
membrane investigated in heat transfer experiments is the
support of the composite after Table 1, which dominates
the thermal behaviour. Thermocouples (Fig. 1a) are placed
at axial positions of approximately z = 70, 125, 180 mm to
measure the membrane inner and outer temperatures. The
exact axial position of every thermocouple is determined
after fixing. Transient thermal experiments have been con-
ducted in similar manner by monitoring the change in
membrane temperature after switching on the electrical
heater at t = 0, see Fig. 1b.

6.1. Identification experiment: steady-state heat transfer

Steady-state heat transfer experiments after Fig. 1a have
been used for the determination of the thermal conductiv-
ity of the membrane, km. In these experiments the inlet flow
velocity of the gas in the annulus ranged from
ug,o,in = 0.15–0.58 m/s and the imposed heat flux from
_qm;i ¼ 750 W=m2 to 5000 W/m2, corresponding to heat
flow rates of _Qi ¼ 15–100 W. Axial temperature gradients
of up to 9.4 K/cm and radial temperature gradients of up
to 26.9 K/cm were found in the membrane.

Identification has not been conducted by the complete
set of equations from Section 3. Instead, the well known
reduction of Eq. (1) to one (the radial) dimension for the
steady state with boundary conditions of the first kind at
both rm,i and rm,o has been used. This pre-supposes negligi-
ble axial conduction, and is only justified because we mea-
sure locally temperature differences between the inner and
the outer side of the membrane. As there is no gas flow
in the tube, the enthalpy flux term of Eq. (1) can be
dropped. Apart from simplicity, this approach has the
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Fig. 4. Thermal conductivity of tubular inorganic membranes, made of a-Al2
data).
advantage of not requiring knowledge of the heat transfer
coefficient to the annulus gas, ag,o. From every measured
local temperature difference one value of the thermal con-
ductivity of the membrane is derived and attributed to
the arithmetic average of the respective two temperatures.
The results have been correlated empirically with the
relationship

km ¼ �5:7372 lnðT mÞ þ 38:853; ð26Þ
which is depicted as the bold solid lines in Fig. 4. Broken
lines indicate maximal deviations, defining the area where
all derived thermal conductivities lie.

The findings reveal that the thermal conductivity of the
membrane decreases significantly with increasing tempera-
ture. This behaviour can be explained by defect scattering
during phonon transport. According to Debbie, the ther-
mal conductivity of solids can be derived by analogy to
kinetic gas theory as k = cVvK/3, where cV is the specific
heat, v is the average velocity of the phonon and K is the
phonon mean free path [24]. The latter can be expressed
in the form K = a/(acT) (a: inter-atomic distance, a:
thermal expansion coefficient, c: Gruneisen parameter)
[25]. Lawson transformed the equation to k = (aK3/2)/
(3c2q1/2T) by assuming that average phonon velocity is
the same as the dilatational wave velocity (K: bulk modu-
lus, q: density of the crystal structure) [26]. The proposed
inversely proportional dependence of thermal conductivity
on thermodynamic temperature is verified by the experi-
mental data, though the value of intercept would be differ-
ent than zero (Fig. 4, right-hand side plot). Respective
correlations are possible, with similar accuracy as Eq. (26).

To obtain a more comprehensive picture of the temper-
ature field in the membrane (Fig. 5) the complete equations
of Section 3 are solved numerically for the steady state,
though without transmembrane enthalpy flux, tube-side
convection, and axial dispersion of annulus flow. These
simulations are two-dimensional in respect to the
membrane and require, in contrary to the conducted
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identification of km, knowledge of the gas-side heat transfer
coefficient in the annulus, ag,o, see Eq. (2d). The latter has
been determined after [27] for thermally and hydrodynam-
ically fully developed laminar flow and constant heat flux.
The temperature profiles are flat at z = 0 and z = L, due to
the consideration of axial conduction and the adiabatic
boundary conditions of Eqs. (3), but approximately linear
in the middle section of the membrane, where the temper-
ature measurements took place (Fig. 5). Axial and radial
differences and gradients correspond to the measured val-
ues, as previously indicated.

The problem solved numerically in Fig. 5 can be some-
what simplified by neglecting axial conduction and the tem-
perature dependence of membrane thermal conductivity.
Then, analytical solution is possible. Axial membrane tem-
perature profiles calculated after this analytical solution,
calculated after the numerical solution, and measured are
compared in Fig. 6, with good agreement. As already
stressed, the coefficient of gas-side heat transfer, ag,o, is
not important for the identification of km, but is important
for the level of temperature at different axial positions.
Results like those of Fig. 6 are the steady-state asymptotes
of the transients that will be discussed in Section 6.2.
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6.2. Validation experiment: transient heat transfer

In transient thermal experiments the change of mem-
brane surface temperature is monitored after switching
on the electrical heater at t = 0 (Fig. 1b). These experi-
ments are modelled by numerically solving the same set
of equations as for the steady-state heat transfer case,
though expanded by the accumulation term at the left-hand
side of Eq. (1). To this purpose the thermal diffusivity of
the membrane,

jm ¼
km

qmcm

; ð27aÞ

is calculated from thermal conductivities after Eq. (26),
the density of qm = 2820 kg/m3, which has been obtained
from the mass and volume of the membrane (Vm =
0.000114 m3), and the specific heat capacity, cm, which
has been determined separately by differential scanning
calorimetry. In contrary to the thermal conductivity, the
specific heat capacity of the membrane increases slightly
with increasing temperature, especially in the low tempera-
ture range. It has been correlated empirically to
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cm ¼ �0:0009T 2
m þ 1:6804T m þ 388:88 ð27bÞ

with cm in J/(kg K) and Tm in K.
Since nothing is fitted, the transient thermal experiments

are pure validation experiments, confirming the values of
membrane thermal conductivity derived in the previous
section. This validation is successful, as the good agree-
ment between measurement and prediction in Fig. 7
exemplarily shows. The respective experiments have, again,
been conducted at various gas and heat flow rates. The
influence of parameters like the thermal capacity of the
electrical heater and the outer reactor cage, imperfect insu-
lation of the reactor ends, and heat losses to the environ-
ment has been studied with the help of adequate,
extended model versions, and found to be low in case of
the transient heat transfer experiments.

7. Mass transfer experiments

Mass transfer experiments enable the identification and
validation of all mass transport parameters of the mem-
brane. Single gas permeation experiments (Fig. 1c) have
been performed mainly for the identification of structural
parameters of every membrane layer by using air, N2 and
He for different temperatures (20–500 �C) and pressures
(1–3 bar). Isobaric diffusion experiments (Fig. 1d) and the
transient diffusion experiments (Fig. 1e) have been con-
ducted for validation of the layer transport parameters
identified by single gas permeation. Hence, only the com-
posite membrane has been used for these experiments,
which have been performed with N2 and He at room
temperature.

7.1. Single gas permeation

The principle of steady state, single gas permeation mea-
surements is depicted in Fig. 1c, see also [18–22]. As the
sketch shows, the gas is introduced in the annulus, flows
through the membrane due to the pressure difference DP,
and leaves the cell at the end of the tube. In this case,
and for a homogeneous membrane, the general DGM
equation (11) reduces to

_nj ¼ �
1eRT

4

3
K0

ffiffiffiffiffiffiffiffiffi
8eRT

p eM j

s
þ B0

gj
P

 !
rP . ð28Þ

For cylindrical coordinates and a relatively moderate mem-
brane thickness the expression

_Nj

DP
¼ � 2pLeRT ln rm;o

rm;i

� � 4

3
K0

ffiffiffiffiffiffiffiffiffi
8eRT

p eM j

s
þ B0

gj
P

 !
ð29Þ

is obtained by integration of Eq. (28).
In Eq. (29), P is the mean pressure in the membrane,

P ¼ ðP o þ P iÞ=2, DP is the pressure drop, DP = Po � Pi.
In experiments with a homogeneous membrane the pres-
sure level, i.e., P , is varied, while the pressure difference,
DP, and Pi, Po, or both are measured. Additionally, the
gas flow rate, which permeates through the membrane, is
determined, and converted to the gas molar flow rate, _Nj.
With known geometry of the membrane (L, rm,o, rm,i)
and gas properties, the parameters of the dusty gas model,
K0 and B0, can then be derived. Specifically, and due to the
linearity of Eq. (29), the Knudsen coefficient, K0, is derived
from the intercept, and the permeability constant, B0, from
the slope of a plot of the ratio _Nj=DP versus the mean pres-
sure P .

If, now, a second homogeneous layer is added to the ori-
ginal membrane and the described series of permeation
experiments repeated, then Eq. (29) can be applied to cal-
culate the pressure at the interface between the first and
the second layer of the composite. In this manner, pres-
sures and flux are known for the second layer, so that the
derivation of K0 and B0 can be conducted also for this
layer, in exactly the previously discussed way. Recursively,
the parameters of every layer of any composite membrane
can be derived individually, provided that all intermediate
membranes, starting from the support and ending with the
final composite, are available. The results of this derivation
for the investigated membrane are summarized in Table 1,
where a considerable decrease in B0 can be seen due to
decreasing pore diameter from support to selective mem-
brane layer.

Though the identification of K0 and B0 can be done with
only one gas at one temperature, many experiments have
been conducted in the present work for different gases at
various temperatures. For every temperature, gas and layer
a value pair of K0 and B0 has been derived, so that it could
be controlled that K0 and B0 depend on the layer, but do
not depend—apart from moderate scatter—from tempera-
ture or the gas used. The opposite validation is to show
that by means of the average values of K0 and B0, as listed
in Table 1 for every individual layer, all measured data can
be predicted reliably, irrespectively of average pressure
(between 1 and 3 bar), temperature, or the kind of gas. This
type of validation will be exemplified in the following on
selected results, which also enable to discuss a number of
interesting influences.

This discussion is started with data for the support layer,
as depicted in Figs. 8–10. Fig. 8 shows the influence of gas
molar mass, eM j, on the _N j=DP over P lines. According to
Eq. (29), the intercept (Knudsen contribution) should
depend on eM�1=2

j and, thus, decrease with increasing eM j

(Graham’s law). While the molar mass does not explicitly
appear in the slope, it does have an influence on viscous
flow, via the dynamic viscosity of the gas, gj, which is a

function of, approximately, eM�1=6
j (see, e.g. [28, p. 76]).

Consequently, the slope should depend on eM 1=6
j , and mod-

erately increase with increasing mass of the gas molecules.
Both trends are convincingly verified by the experimental
data.

As to the influence of temperature, it should be propor-
tional to T�1/2 in the Knudsen, and very strong—propor-
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tional to approximately T�1.75—in the viscous regime.
Notice that the explicit, inverse proportionality on temper-
ature of Eq. (29) and the temperature dependence of viscos-
ity (gj � T0.75 [28]) go into the total influence of
temperature on viscous flow. The described behaviour is
verified by the intercepts and slopes of the data of Fig. 9.
In the total, the temperature influence depends on the pro-
portion between Knudsen diffusion and viscous flow, which
is a matter of membrane structure and pressure level. For
moderate pressures in the rather permeable support
(Fig. 10), the flow rate comes out to depend approximately
on 1/T according to the calculation and the measurements.
The linearity between flow and average pressure is pointed
out in both Figs. 8 and 9.

Fig. 11 shows the molar flow rates of N2 at ambient tem-
perature through every individual layer of the membrane,
divided by the respective pressure drop and plotted against
the mean pressure. It is obvious that the flow rate is
strongly influenced by the mean pressure in case of the sup-
port and the first layer, as there is a large contribution of
viscous flow in these membranes, due to their relatively
large pore diameters. In contrary, Knudsen diffusion
dominates in the second and third layer. Since Knudsen
diffusion is independent of pressure, the respective lines
are very flat in Fig. 11. Notice that the expression
ln(rm,o/rm,i) in Eq. (29) reduces to the ratio of layer thick-
ness to rm,i for large radii of the membrane.

Results for the complete composite membrane are pre-
sented in Figs. 12 and 13. At a first glance, Fig. 12 appears
to be a simple counterpart of Fig. 8. However, this impres-
sion is misleading. While Fig. 8 refers to one homogeneous
layer (the support), and allows for a clear distinction
between Knudsen and viscous contribution, various such
contributions for different layers are combined in Fig. 12,
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with an overall enhancement of the role of Knudsen diffu-
sion. The results are flatter curves than in Fig. 8. Another
striking result is that the slope of these curves increases
with decreasing molar mass of the gas in Fig. 12, while it
decreases with decreasing eM j in Fig. 8. In other words,
the composite shows in respect to a change of molar mass
exactly the opposite behaviour than the support. This find-
ing can be generalised: Indeed, the composite can behave in
a different way than a homogeneous membrane, even in a
different way than every of its own constituent layers.
Otherwise, the behaviour of the composite and of the indi-
vidual layer can also be similar, as the linearity of the
curves in Fig. 12 shows. Consequently, proper consider-
ation of asymmetry and multilayer structure is a pre-sup-
position for the physically consistent description of mass
transport in composite membranes. As to Fig. 13, it shows
that the total influence of temperature is considerably
weaker in the composite membrane than in the support
(Fig. 10), due to the increased role of Knudsen diffusion.
The flow rates are lower for the composite, as expected.

The structural parameters dp and e/s, as derived from K0

and B0 by means of Eqs. (24) and (25), are given in Table 1
for every membrane layer. In respect to the pore diameter,
dp, we see a coarse agreement with the nominal values
according to the producer—with exception of the first
and third layers, which appear to have wider pores than
intended. As to the ratio e/s—essentially F0 (Eq. (23))—it
should be noticed that correlations exist in literature that
describe this parameter as a function of porosity alone
[29]. The values of e/s in Table 1 correspond, according
to such correlations, to porosities in the range of 0.2–0.4,
which is reasonable for layers consisting of small primary
particles. However, such comparisons can only be indica-
tive, for many reasons: uncertainties of identification
caused by the joint influence of dp and e/s on K0 and B0;
the fact that all present derivations have been carried out
with the layer thicknesses indicated by the producer, while
in reality the transition from one to the other layer is not
sharp; inhomogeneities and defects of the real membranes;
and, finally, the unrealistic assumptions associated with
Eqs. (24) and (25). Realistic transition from the microstruc-
ture of porous media to their macroscopical properties is a
major, but still unsolved problem.
7.2. Validation experiment: isobaric diffusion

Additional validation of the parameters of the dusty gas
model derived from single gas permeation is provided by
the isobaric diffusion experiment. In this experiment, con-
stant but different flow rates of different gases are sent
through the annulus and the tube of the measuring cell at
constant temperature and pressure. Gas flow rates and
molar fractions are measured at the outlet (Fig. 1d).

With similar assumptions as in Section 7.1, the general
equation of the dusty gas model (Eq. (11)) reduces for
the present experiment to

XN

k¼1;k 6¼j

~xk _nj � ~xj _nk

e=s
DK;j

Djk
þ _nj ¼ �

PeRT
DK;j

D~xj

�r ln rm;o=rm;ið Þ

ð30Þ

with �r ¼ ðrm;o þ rm;iÞ=2, and is applicable to every individ-
ual membrane layer.

The component mass balances in the two gas compart-
ments are calculated by Eqs. (12) and (13), though neglect-
ing axial dispersion in the present case [17,18]. Gas-side
mass transfer coefficients have been calculated after [30]
for the fully developed laminar flow.

Solution of model equations allows the determination of
molar fractions and gas velocities at the outlets of the
measuring cell. It has been implemented in the simulation
environment ProMoT/Diva [31]. Experiments have been
carried out with the composite membrane, a constant flow
velocity (ug,o,in = 0.06 m/s) of pure nitrogen at the inlet of
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the annulus and various flow velocities of pure helium at
the inlet of the tube (ug,i,in = 0.024–0.096 m/s). Experimen-
tal results are plotted in Figs. 14 and 15 as the helium
molar fraction at the outlet of tube and annulus, ~xHe;i;out,
respectively, ~xHe;o;out, and the flow velocity at the outlet of
the tube, ug,i,out, versus the flow velocity of pure helium
at the inlet of the tube, ug,i,in. With increasing value of
the latter, the change of the molar fraction of helium dur-
ing the flow through the cell decreases, so that ~xHe;i;out is
closer to the inlet value of ~xHe;i;in ¼ 1 (Fig. 14). With
decreasing ug,i,in the difference of helium molar fraction
between the tube and the annulus decreases, that means
equilibrium is, as expected, approached. Equilibrium
(equality of molar fractions between tube and annulus)
would have been approached without changes of gas flow
rates in case of pure binary molecular diffusion. This is
not true according to the experiments. Actually, gas flow
tube
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rate decreases in respect to the inlet value in the tube
(Fig. 15) and increases in the annulus (not plotted), due
to preferential Knudsen diffusion of the smaller molecule
(helium) through the membrane. In other words, equimo-
larity is abrogated because of the presence of Knudsen dif-
fusion, and Stefan fluxes occur even in case of a binary
mixture. The calculations reveal a good agreement with
measured data in Figs. 14 and 15, and, since nothing has
been fitted, validate additionally the previously identified
mass transport parameters K0 and F0, or dp and e/s.

7.3. Validation experiment: transient diffusion

Due to the absence of bulk flow, the steady-state iso-
baric diffusion experiments can validate only two structural
parameters of the membrane, namely K0 and F0. The tran-
sient diffusion experiments validate, in contrary, all struc-
tural parameters (K0, B0, F0) by implementing the whole
DGM equation [17,18]. The general principle of these
experiment is shown in Fig. 1e.

Transient diffusion experiments have been conducted by
using N2 and He. During the experiment, the inlet and out-
let of the annulus are kept closed, so that gas flows only
through the tube of the measuring cell. Before starting
the measurement, only N2 flows in the tube. Pressures on
both sides of the membrane are equal and constant
(Po = Pi). The measurement starts at t = 0 by switching
the flow into the tube from N2 to He. Non-equimolar gas
diffusion between both volumes of the measuring cell,
annulus and tube, is the result. As the molecular weight
of helium is less than that of N2, helium will diffuse prefer-
entially through the membrane to the annulus, increasing
there the pressure to Po(t) > Pi. In general, the magnitude
and direction of pressure rise depend on the ratio of molec-
ular weights of the two gases, membrane structural param-
eters and the gas flow rate. After reaching its maximum, the
pressure in the annulus decreases again by decreasing diffu-
sive and increasing viscous flow until the exchange process
is completed (Po(t)! Pi).

To predict such pressure transients the complete DGM
equation (11) is used. In absence of flow-through, spatially
constant conditions can be assumed in the annulus. Conse-
quently, and by application of the ideal gas law (Eq. (9a))

dP o

dt
¼
eRTAm;o

V o

_nj;m;o þ _nk;m;o

� �
ð31Þ

is obtained. The mass balance of the tube is taken after Eq.
(13), neglecting the dispersion term.

Experiments have been carried out with the composite
membrane and its support at ambient temperature with
ug,i,in = 0.03 m/s. The comparison between experimental
and simulation results is shown in Fig. 16. As expected,
the composite membrane, which has layers with small pore
diameters and offers more resistance to bulk flow, shows
the higher pressure rise. For the support membrane the
pressure rise is lower, since higher permeability facilitates
equilibration by bulk flow. Prediction by the model is
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good. Experiments have also been conducted at 373 K,
without significant further insight.

8. Validation experiment: coupled heat and mass transfer

Final validation of all transport parameters of the mem-
brane is conducted by combined heat and mass transfer
according to Fig. 1f. The experiment is similar to isobaric
diffusion (Fig. 1d), with the important difference that now
the inlet gases are at different temperatures. Not only the
outlet flow rates and composition, but also the outlet tem-
peratures of the gases are measured and calculated. The
temperature of the membrane is measured on both sides
by in total four miniature thermocouples, pairwise fixed
at axial positions of approximately z = 125 and 175 mm.
Again, pure nitrogen enters the annulus, and pure helium
the tube. Only the composite membrane was investigated.

In the evaluation, the mass transfer equations of Section
4 are used without axial dispersion, in the same reduced
form of the dusty gas model as for isobaric diffusion (Eq.
(30)). Mass transfer coefficients, bg,i and bg,o, in the tube
and annulus are determined after [30]. Heat transfer in
the membrane is treated as one-dimensional by simplifying
the steady-state equation (1) in the radial direction. Heat
transfer in the empty parts (annulus/tube) is considered
as one-dimensional in the axial direction. Heat transfer
coefficients, ag,i and ag,o, are calculated from the respective
mass transfer coefficients by application of the Lewis-
analogy (Nu/Sh = [Pr/Sc]1/3). Axial dispersion is, again,
neglected by setting the first left-hand side terms of Eqs.
(5) and (6) to zero. At the same time, the energy balance
for the annulus (Eq. (5)) is expanded to

�
d ug;ong;o~cav

p;g;oT g;o

� �
dz

þ _qm;o þ _qshell;o þ
X

j

_nj;m;o~cp;g;jT m;o

� �( )
2prm;o

F o

¼ 0

ð32Þ
with

_qshell;o ¼ ag;oðT shell � T g;oÞ. ð33Þ
The flux _qshell;o describes heat transferred from the insulated
shell of the reactor to the gas flowing in the annulus. In the
experiments a heater was placed close to the inlet of the
tube to heat the entering gas at desired temperatures. Ther-
mal bridges to the shell lead to somewhat increased shell
temperatures, Tshell, which were measured by additional
thermocouples and found to be almost constant along
the shell at steady state. Since measured shell temperatures
are inserted in Eq. (33), the correction does not involve any
fitting. Its influence is noticeable for the coupled heat and
mass transfer experiment, though not too large. A further
consequence of space, sealing and constructive restrictions
at the ends of the reactor is that the inlet gas temperature to
the annulus is influenced by the operating conditions of the
tube-side, so that Tg,o,in can be measured accurately, but
can not be accurately set to prescribed values.

The model equations have, again, been solved by Pro-
MoT/Diva. A comparison with selected experimental data
is presented in Figs. 17 and 18. Fig. 17 compares measured
and calculated values of molar fraction at the outlet of the
annulus for different inlet gas temperatures and flow veloc-
ities. It can be seen that the mole fraction of He at the out-
let of the annulus rises with temperature as both diffusion
coefficients, Knudsen and molecular, increase with increas-
ing temperature. Whereas the outlet molar fraction of
helium decreases with increasing volumetric flow rate,
which can be justified by decreasing residence time of gas
in the tube. Fig. 18 shows the comparison between mea-
sured and calculated gas temperatures at the outlet of
annulus and tube. The temperature of the gas at the outlet
of the annulus decreases by increasing flow velocity due,
again, to less residence time of hot helium flowing through
the tube (empty symbols). For the same reason, the temper-
ature of gas at the outlet of the tube increases with increas-
ing gas flow velocity (full symbols). Without shell
correction, the trends in Fig. 18 would be stronger. It
should be noticed that heat transfer takes place due to



373 K
423 K
473 K

Tg, i,inTg, i,ou t
Tg, o ,ou t

373 K
423 K
473 K

Tg, i,inTg, i,ou t
Tg, o ,ou t

0.2 0.3 0.4 0.5 0.6 0.7 0.8
330

340

350

360

370

380

390

400

410

420

ug,i,in [m/s]

T
g,

ou
t 
[K

]

373 K
423 K
473 K

Tg,i,inTg,i,outTg,o,out
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conduction along the entire length of the membrane, but in
the middle part of it, which is not sealed, heat is also trans-
ferred by transmembrane enthalpy flux. In all comparisons,
a reasonable agreement between measured and predicted
values could be observed. This includes membrane temper-
atures (not depicted here).

9. Conclusion

In the present work heat and mass transfer in tubular
asymmetric ceramic membranes suitable for applications
in membrane reactors have been investigated. With an
inner diameter of 21 mm the membranes were larger than
in previous work, getting closer to industrial scale. The
experimental matrix employed for steady state and
dynamic measurements successfully enables the identifica-
tion and validation of heat and mass transfer parameters
in a comprehensive and consistent manner. Thermal con-
ductivity of the membrane has been identified by steady
state and validated in dynamic heat transfer experiments.
Structural parameters of the composite membrane (mass
transfer parameters) are identified by single gas permeation
experiments and validated by isobaric, steady state and
transient diffusion experiments. The single gas permeation
experiments have been carried out not only for the com-
posite membrane, but also for every precursor and inter-
mediate, starting from the support. In this way, the
identification of mass transfer parameters could be con-
ducted separately for every individual layer. Doing so,
the influences of temperature, pressure and molar mass of
the gas can be precisely understood and accurately pre-
dicted by means of the dusty gas model, which successfully
combines the mechanisms of Knudsen diffusion, viscous
flow and molecular diffusion. Finally, the identified trans-
port parameters of the membrane have been additionally
validated by combined heat and mass transfer experiments.

While identification and validation of membrane trans-
port parameters are one important aspect, the work also
shows that membrane reactor configurations can be reliably
modelled in the limiting case without chemical reaction.
Even in this case, thermal effects and the interrelation
between heat and mass transfer should be accounted for.
Treatment of catalytically active membranes and packed
bed membrane reactors will be the next steps of research.
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