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a b s t r a c t

Asymmetric porous membranes with finger-like macrovoids have been extensively used in various pro-
cesses, either directly as the transfer media or indirectly as the substrate for active layer. Heat and mass
transfer through such membranes are the key parameters influencing system performance. However,
previous studies on heat and mass transport only treated these membranes as a black box of homoge-
neous porous media by neglecting their asymmetric nature in structure, which fails to disclose the rela-
tions between the membrane structure and system performance. To solve this problem, this study gives a
more detailed investigation of the thermal and mass diffusion through these membranes, with the help of
scanning electron microscope (SEM) observations of membrane surface and cross-sectional structures. In
the model setup, the whole membrane is classified into three layers: a sponge-like porous support layer, a
layer of porous media with finger-like macrovoids, and a thin denser skin layer with smaller pores. The
model is then incorporated into the analysis of coupled heat and mass transfer in a membrane exchanger
for moisture permeations. Results show that the effective diffusivity of the membrane has been dramat-
ically improved due to the existence of more than 70,000 per meter large finger-like voids inside.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Porous membranes have been extensively used in various pro-
cesses such as membrane distillation [1,2], pervaporation [3], gas
separation [4], membrane reactors [5,6], fuel cells [7], and enthalpy
recovery [8,9]. They are used either directly as the transfer media,
or indirectly as the substrate support for the permselective active
layer.

Phase-inversion method has been the widely used technology
for membrane preparation since it was successfully used by Loeb
and Sourirajan to develop cellulose acetate membranes for seawa-
ter desalination in 1960s [10]. According to this method, the for-
mation of membrane structure is controlled by both the
thermodynamics of the casting solution and the kinetics of trans-
port process. Usually, depending on the rate of phase separation,
two different structures, namely a symmetric sponge-like (from
delayed phase demixing) or an asymmetric finger-like structure
(from instantaneous phase demixing) can be expected [10–12].
Fig. 1 shows a typical symmetric sponge-like membrane structure
and Fig. 2 shows a typical asymmetric finger-like structure. They
are the scanning electron microscope (SEM) of the cross-sections
of a polyether sulphone (PES) and a polyvinylidene fluoride (PVDF)
membrane, respectively. Fig. 2 is actually an upside down graph of
ll rights reserved.
a real asymmetric membrane which is composed of three parts
from bottom to top: a sponge-like porous support, a porous media
with finger-like and nearly parallel macrovoids, and finally a very
thin skin layer with rather small pores. This denser skin layer usu-
ally acts as the permselective active layer to separate substances.
Due to the existence of large finger-like macrovoids, it is qualita-
tively believed that the asymmetric membranes have less resis-
tance than symmetric membranes, and thus are beneficial for
permeation performance. As a result, asymmetric membranes with
finger-like macrovoids have been used more extensively than sym-
metric membranes [10–14].

Heat and mass transfer through the membranes are the key fac-
tors influencing system performance of various aforementioned
membrane-related processes. Traditionally, the membranes were
treated as a black box, by assuming them a homogeneous porous
media and neglecting their structural non-uniformity in thickness
[6–12]. The methodology is reasonable in that it is simple in mod-
eling. However, it fails to predict the relations between the mem-
brane structure and the heat mass transfer properties, especially
for the widely used asymmetric membranes that have finger-like
macrovoids.

In this study, coupled heat and mass transfer in a membrane
exchanger in which two air streams exchange heat and moisture
simultaneously is investigated. The unit simulates an air to air heat
mass exchanger. Emphasis is on the detailed modeling of heat and
mass transfer through the asymmetric membranes, based on the
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Nomenclature

cp specific heat (kJ kg�1 K�1)
D diffusivity (m2/s)
Dh hydrodynamic diameter (m)
dp pore diameter (m)
h convective heat transfer coefficient (kW m�2K�1)
_mv emission rate (kg m�2 s�1)

k convective mass transfer coefficient (m/s)
lf finger void length (m)
Le Lewis number
M molecule weight (kg/mol)
NTU number of transfer units
Nu Nusselt number
nf number of finger voids (1/m)
P Atmospheric pressure (Pa)
q heat flux (kW m�2)
R gas constant, 8.314 J/(mol K);

resistance (s/m)
Sh Sherwood number
T temperature (K)
ua air bulk velocity (m/s)
v molecular diffusion volume
x coordinate (m)

Greek letters
q density (kg/m3)
k heat conductivity (W m�1 K�1)
x humidity ratio (kg moisture/kg air)
s pore tortuosity
e porosity
d thickness (lm)
a skew angle (�)

Superscript
* dimensionless

Subscripts
a air
e equivalent, exhaust air
f finger, fresh air
i inlet
k Knudsen
m membrane
o outlet, ordinary
s sensible, solid
tot total
v vapor
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SEM observations of membrane surface and cross-sectional struc-
tures. The reason for an increased effective diffusivity with fin-
ger-like macrovoids will be quantitatively analyzed.

2. Experimental work

2.1. Test rig

An experimental setup has been built to study the simultaneous
heat and moisture transport through an asymmetric porous mem-
brane. The whole test rig is shown in Fig. 3. Ambient air is humid-
ified and is driven to a heating/cooling coil in a hot/cool water bath.
The cooling coil can also act as dehumidifier when necessary. After
the temperature and humidity reach test conditions, the air is then
sucked through the exchanger for heat and moisture exchange.
This flow is denoted as the hot and humid fresh stream. Another
flow is driven directly from ambient to the exchanger. It is denoted
as the cool and dry exhaust flow. The membrane, which is devel-
oped in the laboratory, is sandwiched by two stainless steel rectan-
Fig. 1. SEM graph of the cross-section of a symmetric porous membrane.
gular shells. Two parallel rectangular air passages on both sides of
membrane are formed, which is like a one-plate plate-and-shell
heat exchanger. The flow is arranged in a counter flow configura-
tion, to have maximum exchange effectiveness, as shown in
Fig. 4. In the test, a 10 mm thick insulation layer is placed on the
inner surface of the shell to prevent heat dissipation from the shell
to the surroundings. Moisture dissipation from air stream to the
surroundings is negligible. After the exchanger and pipes are in-
stalled, additional insulation is added on the outside surfaces to
minimize heat losses from the unit. The PVDF made is highly
hydrophobic, so the vapor condensation and blocking in the pores
are prevented.

The nominal operating conditions: fresh air inlet 35 �C and
0.021 kg/kg; exhaust air inlet 25 �C and 0.010 kg/kg. The corre-
sponding inlet relative humidity (RH) is 59% and 51% for fresh air
and exhaust air, respectively. During the experiment, air flow rate
is changed by variable frequency pumps, to have different air
velocities. Humidity, temperature, and volumetric flow rates are
monitored at the inlet and outlet of the exchanger. To have a bal-
anced flow, equal air flow rates are kept for the two air streams.
Volumetric air flow rates are varied from 1.2 to 7.2 L/min, corre-
sponding to air velocities from 0.5 to 3 m/s which are typical for
commercial total heat mass exchangers. Air flow under such condi-
tions is laminar, with Reynolds numbers not exceeding 500. The
uncertainties are: temperature ±0.1 �C; humidity ±2%; volumetric
flow rate ±1%. The final uncertainty for effectiveness and heat
transfer coefficients is ±4.5%. The uncertainties of sensors are
defined by the manufacturers. The uncertainties for the deduced
value are estimated by uncertainty transfer equations, as
introduced in [15,16].

2.2. Membrane materials

Industrial grade PVDF supplied by Guangzhou Tianma Co. Ltd. is
used as the membrane raw material. The membrane is fabricated
through following steps: (1) 15 g PVDF powder is weighted and
placed into a vessel with 100 g N,N-dimethylformamide (DMF) at
about 90 �C. The solution is heated and stirred until it is completely
dissolved. It took about 2 h. (2) 3 g polyethylene glycol (PEG) and



Fig. 2. SEM graph of the cross-section of an asymmetric porous membrane.
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Fig. 3. A schematic of the test rig.
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polyvinyl pyrrolidone (PVP) is added to the solution and kept stir-
ring for another 2 h. (3) The solution is degassed and cast onto a
clean glass plate with appropriate thickness control by a knife
edge. (4) The glass with cast solution is dipped into a 25 �C water
bath. Immediately, the solution solidifies and peels off the glass
plate to form a membrane sheet. The membrane is soaked in water
bath for 24 h for solvent and non-solvent exchange. (5) The mem-
brane is dried in a vacuum drying box for 10 h. (6) The membrane
is ready for structural characterization. The detailed fabrication
and material modification processes are discussed elsewhere [17].

In order to observe the morphology of asymmetric flat sheet
membranes just made, the dried membranes are broken in liquid
nitrogen. Then the membrane samples are sputtered with a thin
layer of gold using a SPI-Module sputter coater. The cross-section
and surface of the flat sheet membranes are examined using a Joel
JSM-5310V scanning microscope (SEM).

Fig. 5 shows the SEM graph of the cross-section of the PVDF
membrane just made. As seen, it is a typical asymmetric mem-
brane with finger-like macrovoids. The SEMs of the surface of the
skin layer and the surface of the porous support layer are shown
in Figs. 6 and 7, respectively.

3. Governing equations

3.1. Heat and mass diffusion through membrane

3.1.1. Effective gas diffusivity
The membrane structure is schematically depicted in Fig. 8. It is

composed of three layers: a sponge-like porous layer, a sponge
layer with finger-like macrovoids, and a skin layer. Their dimen-
sions are plotted in the figure. Though the macrovoids may have
differences, more or less, in length and dimension, in the model,
they are approximated as identical cylinders, to ease the mathe-
matical analysis. To account for their zigzag nature, a tortuosity
is used later to compensate this feature.

Heat and moisture diffusion through the membrane can be de-
picted in Fig. 9. The established theory of gas diffusion in porous
media considers three mechanisms: Poiseuille flow, Knudsen



Fig. 5. SEM graph of the cross-section of the PVDF membrane used.

Fig. 6. SEM graph of the surface of the skin layer of the PVDF membrane used.

Fig. 7. SEM graph of the surface of the porous support layer of the PVDF membrane
used.
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Fig. 8. Simplified structure of a finger-like macrovoids asymmetric membrane.
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Fig. 9. Heat and mass transfer model in the asymmetric membrane.
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diffusion, and/or a combination of them [18–21]. Viscous Poiseuille
flow is bulk, non-separating flow caused by total pressure gradi-
ents, while in the Knudsen regime the transport is controlled by
molecule–wall collisions, so that the molecules travel indepen-
dently from each other. In contrary, molecule–molecule collisions
define the molecular (ordinary) diffusion. In this study, due to
the balanced flow, there is no transmembrane total pressure differ-
ence, so there is no bulk viscous Poiseuille flow. The mechanism for
gas diffusion is combined Knudsen and ordinary diffusion. Under
this mechanism, the diffusivity is given by [19]
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D�1
KO ¼ D�1

K þ D�1
O

� ��1
ð1Þ

where the Knudsen diffusivity is [18]

DK ¼
dp

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8RT
p

Mv

r
ð2Þ

where dp is mean pore diameter (m), T is temperature in K, Mv is the
molecule weight of vapor (kg/mol); R is gas constant, 8.314 J/
(mol K).

Ordinary diffusivity of water vapor molecule in air is expressed
by [20]

D0 ¼
CaT1:75

Pm v1=3
v þ v1=3

a

� �2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Mv
þ 1

Ma

s
ð3Þ

where Ca = 3.203 � 10�4. The terms vv and va are molecular diffu-
sion volumes and are calculated by summing the atomic contribu-
tions: va = 20.1, and vv = 12.7. Pm is the mean total pressure
within the membrane pores (Pa). Ma is molecular weight of air in
kg/mol. M is 0.018 kg/mol for water vapor and 0.029 kg/mol for
air, respectively.

Effective diffusivity for the sponge-like layer

De1 ¼
e1D1

s1
ð4Þ

where s1 and e1 are tortuosity and porosity of the first layer, respec-
tively. Gas diffusivity D1 is calculated by Eq. (1), based on the mean
pore diameter in this layer.

Generally, resistance model is convenient in calculating heat
mass transfer through a multi-component media. Gas diffusion
through the asymmetric membrane can be depicted by the resis-
tance model as shown in Fig. 10.

The gas diffusion resistance in the first layer is (s/m)

R1 ¼
d1

De1
ð5Þ

The resistance through the second layer comprises of two par-
allel parts: the finger-like macrovoids and the sponge-like microp-
ores. The resistance through the finger-like macrovoids

R2f ¼
s2f lf

e2f D2f
ð6Þ

where s2f is the tortuosity of finger-like macrovoids in the second
layer. For straight capillaries, tortuosity value is 1.0, for rather zig-
zag channels, tortuosity is always given a value of 3.0. In the equa-
tion, lf is the length of macrovoids and is calculated by

lf ¼
d2

cos a
ð7Þ

where a is the skew angle of the finger-like macrovoids as depicted
in Fig. 8. Porosity of finger-like macrovoids in the second layer, e2f, is
defined as the ratio of total macrovoids area to membrane surface
area by
R

R
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1
2• •

R

R
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1
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Fig. 10. Resistance model in th
e2f ¼
nf df

cos a
ð8Þ

where nf is the number of finger-like macrovoids per unit mem-
brane length (1/m); df is the mean diameter of finger-like macrov-
oids. Gas diffusivity through macrovoids D2f in Eq. (6) is
calculated by Eq. (1), by substituting macrovoid mean diameter df

as the character pore size.
Though the shapes and lengths of the macrovoids in a mem-

brane may be different from each other, more or less, to simply
the analysis, it is assumed that the finger-like macrovoids have
the same cylindrical dimensions and are in parallel.

Besides gas diffusion through macrovoids, there is still some
diffusion through the residual sponge-like micropores in this layer.
The resistance through this part is

R2s ¼
s1d2

e1ð1� e2fÞD1
ð9Þ

where in the equation, the tortuosity, porosity, and diffusivity are
considered as the same as the first layer, since they are similar in
structure from SEM observations. The finger-like macrovoids walls
has the same structure as the porous substrate.

The total resistance for this finger-like layer is the parallel of
finger part and porous part

R2 ¼ R�1
2f þ R�1

2s

� ��1
ð10Þ

Effective diffusivity

De2 ¼
d2

R2
ð11Þ

Total porosity for the second layer

e2 ¼ e2f þ e1ð1� e2f Þ ð12Þ

Effective diffusivity for the third layer, i.e., the skin layer, is

De3 ¼
e3D3

s3
ð13Þ

where s3, d3, and e3 are tortuosity, thickness, and porosity of the third
layer, respectively. Similarly, gas diffusivity in the third layer D3 is
calculated by Eq. (1), based on mean pore diameters in this layer.

Gas diffusion resistance in the skin layer is

R3 ¼
d3

De3
ð14Þ

According to Fig. 10, the total resistance for membrane

Rm ¼ R1 þ R2 þ R3 ð15Þ

Effective mass diffusivity through the whole membrane

Deff ¼
d1 þ d2 þ d3

Rm
ð16Þ
2f

2s

R3

3
4

• •

2f

2s

R3

3
4
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e asymmetric membrane.
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3.1.2. Effective thermal conductivity
Heat conductivity in the first layer can be analyzed by [22]

k1 ¼ kae1 þ ksð1� e1Þ ð17Þ

where subscripts ‘a’ and ‘s’ denote moist air and solid material part,
respectively.

In the second layer, considering the media having a porosity
of e2f, and a solid part heat conductivity of k1, a form similar to
Eq. (17) can be used

k2 ¼ kae2f þ k1ð1� e2f Þ ð18Þ

Similarly, heat conductivity in the third layer can be expressed by

k3 ¼ kae3 þ ksð1� e3Þ ð19Þ

Effective thermal conductivity

keff ¼
d1 þ d2 þ d3

d1=k1 þ d2=k2 þ d3=k3
ð20Þ

It should be noted that membrane thermal resistance is rather
smaller than boundary resistance on membrane two surfaces, due
to the small thickness of membranes.

3.2. Coupled heat mass transfer in air streams

Two air streams, one hot and humid (fresh flow), and the other
cool and dry (exhaust flow), exchange both sensible heat and mois-
ture simultaneously in the exchanger in a counter flow arrange-
ment, as has previously described in Fig. 4. Due to symmetry, a
one-dimensional heat mass transfer model can be setup to govern
the energy and mass conservations in the two air streams:

dT�f
dx�
¼ NTUsf T�sf � T�f

� �
� qvf ð21Þ

dT�e
dx�
¼ �NTUse T�se � T�e

� �
� qve ð22Þ

dx�f
dx�
¼ NTULf x�sf �x�f

� �
ð23Þ

dx�e
dx�
¼ �NTULe x�se �x�e

� �
ð24Þ

where x is flow direction for fresh stream. The exhaust air flows
along �x-direction. In the energy equations (21) and (22), qv is con-
sidered as the dimensionless enthalpy change induced by the mois-
ture emission from the fresh to the exhaust as

qvf ¼
_mvT�mcpvxF

qaHduaðcpa þxf cpvÞ
ð25Þ

qve ¼
_mvT�mcpvxF

qaHduaðcpa þxecpvÞ
ð26Þ

where T�m is the dimensionless membrane mean temperature, cp is
specific heat (kJ kg�1 K�1), subscripts a, v, e, f, and s refer to air, va-
por, exhaust, fresh, and surface, respectively. In the equation, _mv is
the moisture emission (or permeation) rate through membrane
(kg m�2 s�1), and is calculated by

_mv ¼ qa
xf �xe

Rtot
ð27Þ

where the total resistance for moisture transfer, including convec-
tive resistance in two boundary layers, is

Rtot ¼
1
kf
þ Rm þ

1
ke

ð28Þ

In Eqs. (21)–(24), the effect of axial fluid conduction/diffusion is
neglected. It is totally negligible for Pe (Peclet number) greater
than 100, and is quite small even for Pe = 10. In practical applica-
tions axial conduction/diffusion is frequently of considerable sig-
nificance for laminar flow of liquid metals, which have very low
Prandtl numbers. For gases axial conduction/diffusion can be of
importance only at extremely low Reynolds numbers [22].

The dimensionless temperature and humidity are defined by

T� ¼ T � Tei

T fi � Tei
ð29Þ

x� ¼ x�xei

xfi �xei
ð30Þ

The dimensionless coordinate is defined by

x� ¼ x
xF

ð31Þ

where xF is channel length (m). The air side number of transfer units
for heat and moisture are defined by

NTUsf ¼
hf xF

qaHduaðcpa þxf cpvÞ
ð32Þ

NTUse ¼
hexF

qaHduaðcpa þxecpvÞ
ð33Þ

NTULf ¼
kf xF

uaHd
ð34Þ

NTULe ¼
kexF

uaHd
ð35Þ

where k and h are convective mass transfer coefficient (m/s) and con-
vective heat transfer coefficient (kW m�2s�1), respectively; ua is air
bulk velocity (m/s); Hd is channel height (m) as depicted in Fig. 3.

The outlet temperature and humidity values are calculated by
Eqs. (21)–(24). Then it is convenient to convert humidity ratio to
RH (relative humidity) with help from psychrometric chart. Outlet
temperature and RH are two parameters that can be directly mea-
sured in experiment.

The convective heat transfer coefficient and mass transfer coef-
ficient can be calculated by

Nu ¼ hDh

ka
ð36Þ

Sh ¼ kDh

DO
ð37Þ

where Dh is the hydrodynamic diameter (m). For fully developed
laminar flow in parallel plates channels, Nu = 7.54.

Convective mass transfer can be an analogy to convective heat
transfer by [23]

Sh ¼ Nu � Le�1=3 ð38Þ

where Le is the Lewis number, which is 1.12–1.14 for moisture air.

3.3. Boundary and interface conditions

Fresh:

T�f
��

x�¼0 ¼ 1 ð39Þ
x�f
��
x�¼0 ¼ 1 ð40Þ

Exhaust:

T�e
��

x�¼1 ¼ 0 ð41Þ
x�e
��
x�¼1 ¼ 0 ð42Þ

The heat and moisture couplings between the air streams and the
membrane surfaces are:

hf ðT f � Tsf Þ ¼
keff

dtot
ðTsf � TseÞ ð43Þ

heðTse � TeÞ ¼
keff

dtot
ðTsf � TseÞ ð44Þ
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kfðxf �xsfÞ ¼
Deff

dtot
ðxsf �xseÞ ð45Þ

keðxse �xeÞ ¼
Deff

dtot
ðxsf �xseÞ ð46Þ

where dtot is the total thickness of membrane, i.e., the sum of three
layers.

Heat flux (W/m2) through membrane can be calculated by

q ¼ xf �xe

1=hf þ dtot=ktot þ 1=he
ð47Þ
35

40

Fresh
Exhaust

35

40

Fresh
Exhaust
4. Results and discussion

4.1. Solution procedure

A finite difference technique is used to discrete the partial differ-
ential equations developed for the air streams. The calculating
domain is divided into a number of discrete nodes. Each node repre-
sents a control volume. The number of calculating node is 50 in x-
direction. An upstream differencing scheme is used for two air
streams. The two air streams and the asymmetric membrane are
closely coupled. Heat transfer and mass transfer are also related to
each other. Therefore, iterative techniques are needed to solve these
equations. A description of the iterative procedure is as following:

(a) Calculate membrane gas diffusivity and heat conductivity
parameters.

(b) Assume initial temperature and humidity fields in the two
streams.

(c) Calculate the temperature and humidity values on mem-
brane surfaces by Eqs. (43)–(46).

(d) Taking the current values of temperature and humidity on
membrane surfaces as the default values, get the tempera-
ture and humidity profiles in two air streams by solving
Eqs. (21)–(24).

(e) Go to (c), until the old values and the newly calculated val-
ues of temperature and humidity at all calculating nodes are
converged.

After these procedures, all the governing equations are solved
simultaneously. To assure the accuracy of the results presented,
numerical tests were performed for the duct to determine the ef-
fects of the grid size. It indicates that 50 grids are adequate (less
than 0.1% difference compared with 80 grids). The final numerical
uncertainty is 0.1%.

The characterized membrane parameters and the exchanger
geometry needed in the calculation are listed in Table 1. SEM graphs
provide a basis for analysis. As seen, the mean diameter of the fin-
ger-like voids is 8.1 lm, around 10 times larger than pores in sup-
port layer. The density of finger voids is 70,000 per meter length.

The measured outlet temperature and relative humidity under
various air flow rates are plotted in Figs. 11 and 12, respectively.
In the figures, the measured values are denoted as the discrete
Table 1
Characterization of parameters of the asymmetric membrane developed

Symbol Unit Value Symbol Unit Value

d1 lm 28 e1 0.65
d2 lm 45 e3 0.35
d3 lm 2.1 s1 3.0
dp1 lm 0.72 s2f 1.0
dp3 lm 0.17 s3 3.0
nf 1/lm 0.07 a deg 75
df lm 8.1 xF mm 100
Hd mm 2.0 ks W m�1 K�1 0.36
ka W m�1 K�1 0.0263
dots. The calculated values from the above model are plotted in
the figure as solid lines. Generally the model predictions are
acceptable. The maximum deviations are 9.6% for temperature pre-
diction, and 10.2% for relative humidity prediction. The deviations
under small air flow rates are larger than those under higher air
flow rates, due to the higher heat dissipation ratio to surroundings.

4.2. Thermal and gas diffusion parameters

The calculated heat mass transfer parameters for membrane are
listed in Table 2. The second layer has the highest gas diffusivity
through a single pore or finger. This is because that the larger the
pore (finger) diameter, the higher the gas diffusivity. Nevertheless,
the diffusivity through a finger (D2f) is in the same order with the
diffusivity through a small pore (D3). The effects of pore diameter
on diffusivity are not obvious. However, due to the existence of
straight finger voids, the total porosity in the second layer is greatly
improved, and consequently the effective gas diffusivity through
this layer (D2e) is one order higher than that through the sponge
support layer (D1e). In one word, due to the increased porosity by
straight finger voids, effective diffusivity can be greatly improved.

The total effective diffusivity is 1.23e�5 m2/s. In contrast, if the
membrane has no finger layer, the total effective diffusivity is
0.48e�5 m2/s. As seen, the total mass transfer resistance is greatly
decreased due to the existence of finger layers, by 1.6 times.

The calculated mass diffusion resistance is in agreement with
above analysis. The first sponge layer has the highest resistance.
Though the skin layer has the least amount of pores and the small-
est pore diameters, due to the ultra-thin thickness, it has the least
resistance. This indicates that for asymmetric membranes, the
sponge-like layer has the largest mass transfer resistance.

Besides higher gas diffusivity, the parallel finger voids provide
higher mechanical support for the membrane due to the honey-
comb networking structure. Therefore, they are beneficial in indus-
trial applications.

The higher the porosity is, the lower the thermal conductivity is.
Table 2 shows that the calculated thermal conductivity is the least
for the finger layer, which has the largest porosity. However, due to
the small thickness of membrane, the final heat transfer resistance
of the whole membrane is still negligible, comparing to the convec-
tive resistance in air boundary layers on two air streams. Therefore,
the bad effects on heat transfer are not obvious.

4.3. Heat mass transfer in air streams

Temperature and humidity fields in the air streams are calcu-
lated for the nominal operating conditions and air velocity 1 m/s.
20

25

30

T
(°

C
)

ua (m/s)

20

25

30

T
(°

C
)

ua (m/s)

0 0.5 1 1.5 2 2.5 3 3.5

Fig. 11. Outlet temperature of the two air streams under various air flow rates, the
solid lines are calculated, and the discrete dots are measured values.
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Fig. 12. Outlet relative humidity of the two air streams under various air flow rates,
the solid lines are calculated, and the discrete dots are measured values.

Table 2
Calculated heat mass transfer parameters for membrane

Symbol Unit Value Symbol Unit Value

D1 10�5 m2/s 2.35 De1 10�5 m2/s 0.51
D2f 10�5 m2/s 2.77 De2 10�5 m2/s 1.76
D3 10�5 m2/s 1.53 De3 10�5 m2/s 0.18
e1 0.65 R1 s/m 5.49
e2 0.87 R2 s/m 2.55
e3 0.35 R3 s/m 1.17
k1 W m�1 K�1 0.1431 k2 W m�1 K�1 0.0702
k3 W m�1 K�1 0.2432
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The dimensionless temperature and humidity profiles for the two
air streams are shown in Fig. 13.

As seen from this figure, the temperature of fresh air decreases
along the flow in x-direction, while the temperature of the exhaust
increases along the flow in �x-direction, because the two flows are
in counter flow arrangement. Similar trends are found for humidity
profiles. Further, the mass transfer resistance for membrane is lar-
ger than heat transfer resistance, so the temperature changes more
quickly than humidity does. In summary, heat is more effectively
exchanged than moisture is.
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Fig. 13. Local dimensionless temperature and humidity variations along flow.
The mean heat flux and moisture permeation rate through the
membrane are shown in Fig. 14 under various air flow velocities.
As seen, the higher the bulk air velocity, the higher the heat flux
and mass permeation rates. The reason behind is that the higher
the air velocity, the lower the boundary layer resistance on air
sides. Heat flux can be as high as 200 W/m2, and gas permeation
can be as high as 1.8 � 10�4 kg m�2 s�1, indicating high heat mass
exchanger potentials with such porous membranes.

5. Conclusions

Finger-like macrovoids membranes are the most important
membranes for industrial use. To build relations between heat
mass transfer properties and the unique microstructures inside is
a challenging work. This study addressed the task by characteriza-
tion of membrane microstructures and the analysis of various
resistances. The dimensions of finger-like voids are classified to
setup the thermal and gas diffusion model. Temperature and
humidity profiles in a membrane exchanger are numerically
obtained. the heat and mass transfer performance is then investi-
gated. The results found as follows:

(1) Due to the existence of 70,000 straight finger voids per 1 m
membrane length, the total porosity in the membrane is
greatly improved. The final effective gas diffusivity through
the finger layer is one order higher than that through the
sponge support layer.

(2) Though the skin layer has the least amount of pores and the
smallest pore diameters, due to the ultra-thin thickness, it
has the least resistance. For asymmetric membranes, the
sponge-like layer has the largest mass transfer resistance.

(3) The calculated thermal conductivity is the least for the finger
layer. However, due to the small thickness of whole mem-
brane, the bad effects of increased voids on heat transfer
are not obvious.

(4) Above transport analysis discloses that an ideal membrane
structure desires straight, parallel, vertical, big finger holes.
Besides, both the porous substrate and the skin layer should
be as thin as possible. From these perspectives, the current
membrane making process needs further optimization.
Besides instantaneous demixing, composition of the cast
solution should be further optimized.
0 1 2 3
50

75

100

125

150

175

200

225

250

0

0.5

1

1.5

2

q

q 
(W

/m
2 )

(1
0-4

kg
m

-2
s-1

)

vm

ua (m/s)
0 1 2 3

50

75

100

125

150

175

200

225

250

0

0.5

1

1.5

2

q

q 
(W

/m
2 )

(1
0-4

kg
m

-2
s-1

)

vm

ua (m/s)

Fig. 14. Variations of heat flux and moisture permeation rate through the
membrane.
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