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HIGHLIGHTS

« A partially blocked membrane based heat exchanger is numerically investigated.

« Impacts of two parameters ((n), (r)) on heat and mass distributions are evaluated.

« Impacts of air velocity on the fresh and exhaust air channels are established.

« Impacts of membrane proprieties on the Nusselt and Sherwood numbers are mentioned.
« Comparison between two flow arrangements is illustrated.
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Contrary to the traditional approach assuming the same parallel plate membrane based heat exchanger, a
new proposition of exchanger design is investigated in this paper. The channels of membrane based heat
exchanger are partially blocked by insertion of metal blocks. In order to evaluate their impacts on the
heat and mass transfer distributions, a two-dimensional model including the momentum, heat and mass
transport equations is solved by CFD code. Significant parameters such as obstacles number and form
ratio are mentioned. The results show that the including of obstacles enhances the heat and mass transfer
rates between the fresh and exhaust air channels. A low obstacles number leads to a large (small) air tem-
perature and specific humidity ratio values in the exhaust (fresh) air channel. In addition, obstacle form
ratio has a strong effect on the temperature and humidity distributions when it becomes higher. Also, this
investigation takes into account the effect of membrane proprieties and flow arrangements which also
have a strong effect on the heat and mass transfer rates.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The Membrane Based Heat Exchangers (MBHEs) are not just
significant equipments to provide a comfortable ambiance but also
to control respiratory diseases [1]. Due to their high thermal con-
ductivity, diffusion coefficient and homogenous pore distribution
in comparison with other types of membranes, the modified
Polyvinylalcohol (PVA) is one of the most used in the MBHEs
[2,3]. In reality, the MBHEs operation involves simultaneous and
complex processes such as fluid flow as well as heat and mass
transfer [3]. It is obvious that one of the most important processes
significantly influencing heat exchanger performances is the heat
and mass transmission through the membrane. Therefore, design
of the heat exchangers is a significant factor to improve the global
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system performance. During the last years, a lot of studies have
been focused on the impact of the various flow arrangements such
as co-current, counter-current and cross-flow [4,5].

In general, hydrophilic polymer membranes are characterized
by their permeability only to the vapor and are applied in air dehu-
midification processes. Recent studies specify that the MBHE per-
formance may be related to the membrane proprieties [6-8]. The
permeability is a material parameter that describes the resistance
to the humid air flow exhibited by the porous media. In literature,
several materials have been investigated such as Nafion [9,10], cel-
lulose triacetate [11], polyether-polyurethane [12], polyethersul-
fone [13,14], polyvinylidene fluoride [15], and polystyrene-
sulfonate [16].

Mathematical modeling of mass and heat transfer mechanisms
in the channels and within hydrophilic membrane is presented and
then, numerical simulations are considered to obtain the opera-
tional status and to analyze mass and heat exchange in the MBHEs.
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Nomenclature

a obstacle height (m)

b obstacle width (m)

c distance between two successive obstacles (m)
D, vapor diffusivity in the vapor-air mixture (m?s™!)
Dy, hydraulic diameter (m)

h convective heat transfer coefficient (W m—2 K1)
H channel height (m)

k convective mass transfer coefficient (ms™!)

Nu Nusselt number (Nu = "2x)

P pressure (Pa) !

Pr Prandt]l number (Pr =)

Re Reynolds number (Re = %)

Sc Schmidt number (Sc = 5

Sh Sherwood number (Sh = ’%)

T temperature (K)

u, v velocity (m s~!) for x and y directions respectively
U mean velocity value (ms™!)

X,y coordinates (m)

Xf channel length (m)

Yr channel width (m)

Greek letters

o thermal diffusivity (m?s~1)
p air density (kg m3)

Ja air heat conductivity (W m~' K™1)
v kinematic viscosity (m?s~1)
é membrane thickness (um)
Th conductivity ratio (‘Eh = ’/—’:)
Tm diffusivity ratio ('cm = %’;‘)
w humidity ratio (kg kg™?)
Subscripts

ei inlet exhaust air

fi inlet fresh air

fo outlet fresh air

m membrane

A few numerical models for the heat exchanger and thermal man-
agement have been established in previous works. Min and Su [17]
developed a mathematical model to analyze the heat and mass
transfer in the MBHE core. Their results show that, as the moisture
diffusivity in membrane increases with a constant sorption, the
sensible effectiveness maintains almost unchanged. In a theoretical
study, Min and Duan [18] analyzed the heat and mass transfer in
total heat exchanger core and investigated his performance under
various weather conditions. They concluded that the variation of
the outdoor air humidity has a strong effect on the latent effective-
ness when the heat and moisture transferred in either co-current
or counter direction across membrane. Chung et al. [19] developed
a numerical model to describe heat and mass transfer in a cross
flow direct contact membrane distillation. Statistical analyses
results showed a predominant feed flow rates and a smallest feed
temperatures effects on mass transfer coefficients. Moghaddam
et al. [20] studied numerically the steady state effectiveness of
the small scale single panel liquid to air membrane energy exchan-
ger. Their results showed that the latent and total effectiveness of
the small scale liquid to air membrane energy exchanger are
increased with reducing the membrane-vapor diffusion resistance,
whereas the sensible effectiveness is unchanged.

Recently, Zhang [21] studied the heat and mass transfer in a
quasi counter flow MBHE; their results showed that the quasi flow
arrangement has better performance than cross flow due to the
important heat and mass transfer caused by the counter flow
zones. In consequence, the sensible and latent effectiveness are
improved by 5%. Yu et al. [22] developed a numerical simulation
of heat and mass transfer of laminar flow in a hollow fiber module
for direct membrane distillation. They concluded that at the feed
and permeate sides, the deviation of the membrane wall tempera-
ture from the fluid bulk phase leads to the temperature polariza-
tion effect which is decreased initially and then increased along
the fiber length.

A comprehensive investigation of different air channel designs
and their impacts on the thermal behaviors and moisture recovery
in the MBHE is still important. This paper presents our attempts in
this direction to investigate the effects of a few important operat-
ing parameters on the thermal management with newly MBHE
design. The purpose is to develop the appropriate heat exchanger
design under different conditions. Parametric study based on
numerical simulation can be considered as an efficient method to

attain our objective. The originality of our work is to insert metal
blocks along the two channels and investigate their effects on
the heat and mass transfer. This investigation is based on the par-
tial blocks form ratio. The air flow channel has a tight, solid layer as
a side-wall which their morphology may influence on the heat and
mass transport from channel to the membrane surface and conse-
quently, may affect the overall exchanger performance.

2. Mathematical formulation

In the proposed geometry, the Partially Blocked Membrane
Based Heat Exchanger (PB MBHE) is similar to the simple MBHE
developed by [23-26] with an addition of tetragon obstacles in
solid layer configuration as shown in Fig. 1. The specific parameters
of the PB MBHE are illustrated in Table 1.

The fresh and exhaust air streams in the PB MBHE are separated
by hydrophilic membrane (modified PVA (poly-vinyl-alcohol)) that
permits moisture transmission between two channels as shown in
Fig. 1. The moisture transfers from highly to less humid air streams
through the modified PVA membrane.

To solve the model of MBHE domain, a mathematical formula-
tion is developed on the steady two-dimensional model. The fol-
lowing assumptions are made:

e The air flows in the MBHE are assumed to be laminar and
incompressible.
e The membrane is isotropic and homogeneous porous medium.

The following equations governing the conservation of mass,
momentum, energy, and vapor water concentration can be written
as below:

The mass conservation equation of the air streams in channels
is:

ap o

=V V) (M
Eq. (1) in two dimensional can be expressed as:

ou ov

x + - 0 (2)

Conservation of momentum equations in 2D can be written as:
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Fig. 1. Schematic description of the PB MBHE design.

Table 1

Specifications of the PB MBHE.
Parameters Values Unit
Xf 185 mm
Y 185 mm
H 4 mm
1) 100 pm
m 0.13 wWm ' K!
D 8.10°° m?s!
ou  du 1dp u  du

Ut V== — + V|5 + = 3
Ox + % p Ox Ox? * aqy? 3)
v v 10p ’v v

U—F V=t V|5 + = 4
ax t ay p Oy Ve T y? “)

In addition, heat transfer in the MBHE is modeled using the
energy equation as expressed:
oT  oT {azr azr}

u§+v@:a

—+ = 5
ox? + ay? (3)

During moisture transfer process, water vapor molecules are
transported through membrane by diffusion caused by water
vapor concentration gradient between fresh and exhaust air chan-
nels [27]. The vapor water transport is governed as [28]:

u7+ V— W"l‘ayz

3 ay (6)

o  dw {éﬂw 82(0}
v
Further, the correlation between Sherwood and Nusselt num-
bers is shown as [21,29]:

-1/3
Sh=Nu- (%) (7)

Due to the geometric and physical proprieties of the membrane
(small thickness 100 um, thermal conductivity...), the tempera-
ture difference between the two sides of a hydrophilic membrane
is negligible. Some studies have shown that the temperature differ-
ences are in the order of 10~ °C [30]. In addition, they proved that
heat liberated on the fresh air side of the membrane could be
absorbed by the exhaust air of the other side [31].

Tml = Tmz - Tm (8)

The sensible and latent effectiveness are defined by Egs. (9) and
(10):
Ts—Tp
& =—— 9
ST Ta 9)

_ Wi — Wp

& =
Wfi — Wei

(10)

3. Numerical approach

To solve the governing equations shown in the previous section,
a computational fluid dynamics (CFD) is used. The PB MBHE geo-
metrical details and properties are presented in Table 1.

The above equations (Egs. (1)-(6)) are solved numerically using
CFD code Fluent 6.3.26. The 2 DDP (2 Dimensions Double Preci-
sion) is chosen to resolve our two dimensional model. The Power
Law scheme is used for discretizing the momentum and vapor
water transport equations (it is adequate for low Reynolds num-
bers). In addition, the SIMPLE (Semi-Implicit Method for Pressure
Linked Equations) algorithm is taken for pressure velocity cou-
pling. The criterion of convergence for computational domain is
ensured at different locations.

The PB MBHE geometry is designed and meshed using a grid
package Gambit. The geometry including the two air channels
and membrane surface are refined. In the y-direction a grid scale
of 25-107°m was selected for the two air channels and for the
membrane surface, the grid scale increases to 25-10~7 m while
in the x-direction a similar grid scale of 5- 10~® m was taken.

The associated boundary conditions are defined as follows:

Inlet conditions for the fresh air channel:

T =35°C; win=20gkg ;

Up =Up; Vin =0

Inlet conditions for the exhaust air channel:

Tin=25°C; win=10gkg " Up=1Uo; =0

The PB MBHE core includes the external core and the different
obstacles are considered to be adiabatic (wall):

or = 0w

n= % =0

4. Model validation

In order to examine the numerical model of MBHE, a compar-
ison with an experimental investigation of co-current MBHE is
established. This experimentation carried out under inlet operating
conditions: fresh air temperature 35 °C and fresh humidity ratio
20 g kg™!, or 56.2% RH; exhaust air temperature 25 °C and exhaust
humidity ratio 10 g kg~ !, or 50.6% RH. Generally, the thermal and
mass diffusivities of membrane are affected by the temperature.
For the considered operating conditions, they are considered con-
stant and equal respectively to (/4 =0.0263Wm'K™!), D, =2.62 -
210> m?s~1) [3].
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Fig. 2. Comparison between numerical and experimental: (a) temperature and (b) relative humidity values of fresh and exhaust air streams at outlet MBHE.

For the co-current flow arrangement, both fresh and exhaust air
temperature and relative humidity (RH) values at outlet of MBHE
are presented for several Reynolds number as shown in Fig. 2.
The square points represent our numerical results; however the
discrete triangle points represent the experimental measurements
of Ref. [3]. By increasing the air velocity from 0.5 to 2.5 m s}, the
temperature values increase linearly by 1.5 °C in the fresh air side
while they decrease by 1.7 °C in the exhaust air side as plotted in
Fig. 2a.

When the air velocity increases from 0.5 to 2.5 ms~ !, the RH
values vary from 56.4% to 58% in the fresh air side, and decrease
from 55.5% to 53% in the exhaust air side as depicted in Fig. 2b.
The air velocity effect on the outlet air proprieties will be explained
in the next section (Figs. 7 and 8).

The obtained numerical results are in agreement with the
experimental data (Fig. 2). The difference percentages are within
+3%, which approved the consistency of the developed numerical
model. This conformity allows us to investigate and to optimize a
new MBHE geometry by changing the continuous air channels with
partially blocked ones.

5. Simulation results and discussion

In order to denote the contribution of the new MBHE, Fig. 3 pre-
sents the outlet proprieties (temperature and humidity ratio) of
both fresh and exhaust air streams for normal and partially
blocked MBHE geometries, respectively.

At the inlet, the temperature and humidity ratio values of fresh
and exhaust air streams are similar for both normal and PB geome-
tries. However, the results show that the outlet values of temper-
ature and humidity ratio to the PB geometry are lower than
those of normal geometry MBHE as shown in Fig. 3a and b.

This signifies that the insertion of obstacles has a good influence
on the heat and mass transfer rates. Although heat and mass trans-
fer are increased through the membrane, the outlet temperature
and humidity ratio values are also enhanced due to the obstacles
effects in both fresh and exhaust air streams [32]. Therefore, the
outlet air temperature and humidity ratio increase with decreasing
Reynolds number.

As mentioned, the temperature distributions in membrane sur-
faces begin with different boundary conditions, however they fin-

ish with homogeneous values which prove by Eq. (8) as shown in
Fig. 3a.

Generally, the geometry modification is usually used in air con-
ditioning applications. These results confirm the efficiency of the
PB MBHE and provide a solution to improve the heat and mass
transfer rates in the membrane based technologies.

5.1. Obstacles number (n) impact

Following our previous suggestion, Fig. 4 shows the influence of
obstacles number (n) on the outlet air proprieties under different
air velocities. The obstacles number (n) is expressed as:

Xf
n= bic (11)

In order to appreciate the effects of obstacles number (1) on the
heat and mass transfer rates, values of (n) changes from 4 to 9. As
depicted from Fig. 4a, when the obstacles number (n) increases
from 4 to 9, the temperature values at outlet fresh air side increase
by 0.86 °C, while the outlet exhaust temperature values decrease
by 0.73 °C. Further, the outlet humidity ratio values vary respec-
tively by +1.7 gkg™! in fresh and exhaust air channels when (n)
increases from 4 to 9 as can be seen in Fig. 4b.

These could explain that a closer or larger spacing causes higher
changing of heat and transfer rates, as well as the outlet air propri-
eties in both fresh and exhaust channels. Therefore, the outlet air
temperature and humidity ratio enhanced when the obstacles
number (n) is lower.

As illustrated in Table 2, the obstacles number (1) has an impact
on dimensionless numbers such as Nusselt number which
decreases from 4.17 to 3.38 and Sherwood number which
decreases from 4.01 to 3.25. However, these variations are small
[15]. In addition, Nusselt number is generally higher than Sher-
wood number, because the thermal resistance is less than the mass
resistance.

5.2. Obstacles form ratio (r) impact

In order to evaluate the influence of obstacle form (r) on the
heat and mass transfer rates, the following parameter is defined as:

_Dn
T a

r (12)
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Fig. 3. (a) Temperature and b. humidity ratio distributions on the fresh and exhaust air channels in both normal and PB MBHE geometries.
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Fig. 4. Influence of obstacles number (n) on: (a) the fresh and exhaust air temperature and (b) fresh and exhaust air humidity ratio.
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Table 2
Sherwood and Nusselt numbers under various obstacles number (n).
Normal (n=0) n=4 n=6 n=9
Nu Sh Nu Sh Nu Sh Nu Sh
3.99 3.84 417 4.01 3.73 3.59 3.38 3.25

Fig. 5 shows the variations of air temperatures at the outlet
fresh and exhaust sides with diverse PB forms ratio (r). As the
obstacles form ratio (r) increases from 0.25 to 0.5, the air temper-
ature at the outlet channel on the fresh side decreases while the
temperature increases on the exhaust side.

Fig. 6 presents the air humidity ratio variations at the outlet
fresh and exhaust sides for diverse PB forms ratio (r). A high obsta-
cles form ratio (r) causes a strong variation on the specific humid-
ity ratio which increases by 0.5 g kg™ ! at the outlet exhaust air side,
and decreases by 0.45 g kg ! at the outlet fresh air side.

We can conclude from Figs. 5 and 6 that the air proprieties at
outlet fresh and exhaust air sides vary adequately with the PB form
ratio (r) which has a great effect on the mass and heat distributions
between the two air sides of PB MBHE [33]. As indicated, when the
obstacles form ratio (r) increases from 0.25 to 0.5, the Sherwood
number decreases from 4.01 to 2.84, and the Nusselt number
decreases from 4.17 to 2.95 as described in Table 3.

5.3. Inlet air velocity impact

Fig. 7 shows the influence of air velocities on the outlet fresh
and exhaust air temperatures for velocity values ranging from 0.5
to 2 m s . In this case, the Reynolds number changes from 124 to
496, and the regime of air flows is considered laminar. It can be
seen in Fig. 7 that the temperature profiles for various air flow
velocities are similar to significant variation on the outlet temper-
ature values. By changing air velocities from 0.5 to 2 m s}, the air
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Fig. 8. Influence of air velocity values on the fresh and exhaust air humidity ratio
distributions (n =4, r=0.25).

Table 3
Sherwood and Nusselt numbers under different obstacles form ratio (r).
n=4 n=4 n=4
r=0.25 r=0.35 r=05
Nu Sh Nu Sh Nu Sh
417 4.01 291 2.80 2.95 2.84

temperature values vary by 2 °C at outlet PB MBHE channels. Sim-
ilarly to Fig. 7, Fig. 8 shows the influence of air velocities on the
outlet humidity ratio in both fresh and exhaust sides. The outlet
humidity ratio difference is equal to 3.78 g kg~! when air velocities
increase from 0.5 to 2 ms~'. According to these results, a higher
Reynolds number causes an increase (decrease) in the outlet air
temperature and humidity ratio for the fresh and (exhaust) side.
This indicates that the mass and heat transfer rates in the PB MBHE
decreases under high air flow velocities [3]. It can also be observed
in Figs. 7 and 8 that the residence time of air streams to exchange
the heat and moisture through the hydrophilic membrane is very
small in the high air velocities; however it becomes almost great
at the low air velocities.

Sensible and latent effectiveness of co-current flow PB MBHE
(n=4, r=0.25) are plotted in Fig. 9. As depicted, both sensible

0,5
o —O— Sensible
—/— Latent
A
0,4 -
2 o
[}
c
(3
2
5 N
ad:’ 0,3 o
i \
A [0}
\A
0,2 4
T T T T
0,5 1,0 1,5 2,0

V(m.s)

Fig. 9. Sensible and latent effectiveness of co current flow PB MBHE (n = 4, r = 0.25).
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Fig. 10. Velocity distributions on the fresh and exhaust air channels of co-current flow PB MBHE.
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Fig. 11. Velocity distributions on the fresh and exhaust air channels of counter flow PB MBHE.

and latent effectiveness decrease simultaneously with increasing
air flow velocity. The sensible effectiveness decreases from 4.65
to 2.58 while the latent effectiveness decreases from 4.29 to 2.11
with an increase in the air velocity from 0.5 to 2ms .
This decrease may be explained by the better heat and mass
transfer rates at low air flow velocities as shown in the previous
figures.

5.4. PB MBHE geometry impact for different membrane materials

As can be seen in Table 4, the conductivity and diffusivity ratios
for various used membranes in the total heat exchangers are pre-
sented. The raw data are taken from Refs. [2,34]. Since the mass
transfer resistance is higher than the heat transfer resistance, the
heat conductivity ratios are higher than mass diffusivity ratios. In

Table 4

Sherwood and Nusselt numbers under normal and PB MBHE with different membrane materials.
Membrane materials Jm (Wm™' K1) Dy (m?s71) T =in T =20 Normal MBHE PB MBHE (n=4,

* ! r=0.25)
Nu Sh Nu Sh

PVA (polyvinylalcohol) 0.12 2.5.107" 4.56 9.54-1077 3.97 3.82 411 3.95
Modified PVA (used in our study) 0.13 8.10°° 494 3.05 3.99 3.84 417 4.01
PVC (polyvinyl chloride) 0.17 1.67 10710 6.46 6.37-10°° 4.00 3.85 418 4.02
PDMS (polydimethylsiloxane) 023 334.10°8 8.74 127-1073 4.02 3.86 422 4.05
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Fig. 12. Comparison between temperature values of co-current and counter flows
of PB MBHE (n=4, r=0.25, v=0.5ms ).

addition, the lower heat conductivity (diffusivity) ratio causes
greater temperature (humidity) gradients across membrane.
Therefore, this is explained by the latent effectiveness which is
generally lower than sensible one as shown in Fig. 9. This method
of heat and mass transfer enhancement is established and used by
researchers, so the literature on this topic is commonly apparent
[35].

In the same Table 4, Nusselt and Sherwood numbers for normal
and partially blocked MBHE geometries with various membrane
proprieties are illustrated to discuss the membrane resistances
effects on heat and mass transfer. As can be seen, the effects of
membrane resistance are very small. The Nusselt and Sherwood
numbers increases only by 0.05. Generally, the Sherwood numbers
are less than Nusselt numbers, due to the different values of Pr and
Sc. The MBHE geometry has also a little effect on Nusselt and Sher-
wood numbers. For example, the Nusselt and Sherwood numbers
increase from 4.00 to 4.18 and from 3.85 to 4.02, respectively when
we use the PVC (polyvinyl chloride). This signifies that both mass
and heat transfer resistances are affected by membrane properties
and operating conditions [36,37].

5.5. Flow arrangement impact

The distribution of air velocity for co current flow PB MBHE is
shown in Fig. 10. At the top surface of obstacles, the velocity values
increase 25% much more than the mean values in the center of the
air channels. At the fresh and exhaust channels, Fig. 10 shows sym-
metric profiles of the air velocity distributions due to similar
boundary and design conditions of PB MBHE (v=0.5ms™', n=4,
r=0.25). In addition, the velocity values decrease progressively
to achieve zero near the membrane. At the internal walls of solid
layer, the velocity distributions show null values in the fresh and
exhaust air sides with a fluid recirculation near the obstacles [33].

The air velocity distributions for counter flow PB MBHE are
observed in Fig. 11. By comparing with Fig. 10, the velocity values
increase at the top of obstacle surfaces and decrease progressively
near the regions adjacent to the hydrophilic membrane and inter-
nal walls of solid layer. However, the profile of air velocity at the
fresh and exhaust sides is inversed due to counter flow arrange-
ment as shown in Fig. 11.

The impact of flow arrangements on the outlet fresh and
exhaust air temperatures is plotted in Fig. 12 at similar conditions
(v=05ms~!, n=4, r=025). We remark that for both flow
arrangements, the temperature decreases (increases) at the fresh

(exhaust) channel. However, the outlet values decrease more
rapidly for counter than co-current flows PB MBHE. Apart from
these cases, counter flow arrangement offers the best exchange
than co-current flow arrangement [3,21].

6. Conclusion

A novel membrane based heat exchanger is numerically inves-
tigated. The momentum, energy and mass transport equations are
developed to describe the hydrodynamic, heat and mass transfer in
the considered MBHE. The good agreement between our numerical
results and experimental data allowed us to study the obstacles
effects on the heat and mass transfer rates. Therefore, the following
results have been established:

e The existence of obstacles in the MBHE design enhances both
heat and mass transfer rates between fresh and exhaust air
channels.

e A low obstacles number (n) leads to a large (small) air temper-
ature and specific humidity values in the exhaust (fresh) air
channel.

e Obstacle form ratio (r) has a strong effect on the temperature
and humidity distributions when it becomes higher.

e Membrane proprieties in the PB MBHE geometry have a strong
effect on the Nusselt and Sherwood numbers.

e By varying the flow arrangement, the velocity distributions in
the fresh and exhaust air channels are changed. Also, the outlet
temperature values are higher for counter more than co-current
flow arrangements.

A research project, in progress, carries to fabricate novel MBHEs
with various membranes in order to compare and to validate this
numerical results under diverse operating conditions.
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