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Abstract
The effect of spacer orientation on flow behavior is studied at different spacer filament spacings using Computational Fluid
Dynamics (CFD) technique. At high inlet velocity / Reynolds number the flow becomes transient and vorticity magnitude
increases in a major portion of the two channels. The temperature and heat flux in this case also vary in time. The comparison
of various spacer geometrical arrangements/orientations shows that the arrangements in which the spacer filaments are opposite
to the membrane layers are more suitable due to higher heat transfer rates. Further appropriate turbulence models for predicting
flow and heat transfer behavior in membrane channels are also proposed.

Nomenclature

C,  Specific heat (J/kg'K)

dy  Filament diameter (m)

dy,  Hydraulic diameter (m)

h Heat transfer coefficient (W/m*K)

he,  Channel height (m)

k; Thermal conductivity (W/m-K)

k-w  Turbulence model, turbulent kinetic energy (m?/s®) and
specific dissipation rate (1/s)

L Channel length (m)

N Mesh length / filament spacing (m)

Nu  Nusselt number

Pr  Prandtl number

qw  Heat flux (W/m?)

Re  Reynolds number

u,, Average velocity (m/s)

T,  Bulk temperature (K)

T,  Temperature at membrane surface (K)

u x-component of velocity (m/s)

v y-component of velocity (m/s)

X x-coordinate (m)

y y-coordinate (m)

p Density (kg/m®)

I Viscosity (kg/m-s)

€ Voidage of feed or permeate channel
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eém  Voidage of membrane
0 Flow attack angle

1 Introduction

Membrane distillation (MD) is one of the desalination pro-
cesses that have gained popularity in the past few years. The
reasons are low mechanical power input, high recovery rates,
and percentage salt rejections even at high feed salt concen-
trations. The separation in this process takes place due to the
gradient of vapor pressure or temperature of the product and
the saline feed streams. A small portion of liquid converts into
vapor and permeates through pores of the hydrophobic mem-
brane. The vapor changes its phase in the cold channel and is
collected in liquid form as a product. Among the problems
that restrict the use of membrane distillation systems on rela-
tively large-scale are scaling, fouling and temperature polari-
zation [1, 2]. Scaling refers to saturation and precipitation of
chemical species whereas fouling is a build-up of particulates,
biofilms and organic matter near the membrane surface.
Temperature polarization is a reduction in temperature differ-
ence across the membrane surfaces when compared to the
difference of the bulk temperatures. The decrease in tempera-
ture gradient across the membrane surface decreases the effec-
tive vapor pressure gradient thereby reducing product water.
To mitigate the above problems, better membrane material or
membrane preparation technique can be used or the design of
membrane module can be modified. An important component
of the spiral wound and flat sheet membrane modules is net-
type spacer which creates flow channels, promotes mixing
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and enhances heat and mass transfer. Suitably designed and
placed spacers in feed and permeate channels can also reduce
the problems of fouling and concentration/temperature
polarization.

A number of papers have appeared in the literature related
to the membrane distillation process. The review papers [3, 4]
discussed the heat and mass transfer concepts involved in the
membrane distillation, recent developments related to new
modules, membrane preparation, and influence of operating
conditions. Another paper [5] reviewed research studies that
utilized CFD method to study momentum, heat and mass
transport in conventional and modified membrane distillation
module. Fimbres-Weihs and Wiley [6] reviewed papers relat-
ed to fluid flow and mass transfer modeling in spiral wound
membranes. The authors suggested that optimal spacer de-
signs can be obtained using the CFD technique. The effect
of spacer geometry on temperature and concentration polari-
zation has been reported in several studies. As examples,
Katsandri [7] performed the CFD simulations at different hy-
drodynamic angles. An angle of 45° was found more suitable
for minimizing temperature polarization. The research of
Chang et al. [8] showed that the local heat and the mass flux
values near the membrane surface continuously increase and
decrease due to the repeating nature of the spacer. Seo et al. [9]
proposed a symmetric circular-zigzag spacer with a larger di-
ameter to be better for the MD process. Martinez et al. [10, 11]
experimentally examined the influence of open separator,
coarse screen separator and fine screen separator and indicated
that the coarse screen separator results in more turbulence and
decreases temperature polarization. Phattaranawik et al. [12,
13] tested numerous spacers and found that permeate flow
increases about 30—40% when the spacer is used for direct
contact membrane distillation. A spacer with a hydrodynamic
angle of 90° was indicated to be the most suitable.
Chernyshov et al. [14] compared spacers of two different
shapes: round filaments and twisted filaments for an air-gap
membrane distillation process. A hydrodynamic angle of 45°
in case of round filament spacers and an angle of 30° for
twisted filaments were identified to be suitable. The research
work of Cipollina et al. [15, 16] also showed that the spacer
considerably alters the flow and temperature distributions in
the MD channel. The computational work of Sharif et al. [17]
using OpenFOAM CFD code proposed that the use of a 3-
layer spacer in the membrane distillation flow passages results
in less frictional loss and uniform temperature distribution.
Soukane et al. [18] discussed the effect of feed flow structure
on the direct contact membrane distillation membrane pro-
cess. The analysis indicated a major effect of flow recircula-
tion and stagnant zones on module performance. Yu et al. [19]
compared the baffled and non-baffled geometries for a hollow
fiber module. The comparison showed that the baffled module
shows significant improvement at higher temperatures.
Various shapes for baftles were considered by Ahadi et al.
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[20]. It was found that triangular shaped baffles provide more
uniform temperature distribution near the membrane surface.
The study of Guan et al. [21] explored the effect of brine
salinity on the membrane distillation process. The analysis
revealed that high feed temperature and Reynolds number
range 500-2000 helps prevention of supersaturation which
can reduce membrane scaling. The model developed by
Eleiwi et al. [22] determined the performance of the MD pro-
cess under steady or intermittent energy supply conditions.
The model results were found to agree with experimental re-
sults. The previous work of present authors included simula-
tions for steady fluid flow behavior in the MD process at
different spacer orientations [23]. The flow in a spacer-filled
channel becomes unstable and transient at a relatively lower
value of Reynolds number when compared to a plane channel.
The critical value of Reynolds number at which flow becomes
transient/transitional depends on various factors such as the
spacer filament spacing and filament height but it ranges from
150 to 800 as known from previous studies. In this flow re-
gime, the unsteady simulation in a CFD solver shows varia-
tion of velocity, temperature, and heat flux within the channel
with time even though the boundary conditions are constant.
In this research, transient simulations are conducted and flow
behavior and temperatures are obtained for different orienta-
tions and inter-filament spacings.

An approach used by researchers for simulating transitional
flow fields in membrane channels is to use turbulence models
and solve for the mean or time-averaged flow quantities.
Among the models that have been utilized for membrane pro-
cesses, are Standard k-¢ [24, 25], RNG k-¢ [26-28], and
Realizable k-¢ [29, 30]. The present work also aims to suggest
the turbulence models that can yield more accurate results for
flow in membrane channels.

2 Modeling procedure

Membranes configurations predominantly used are spiral-
wound, hollow-fiber, and plate-frame. In spiral-wound and
plate-frame configurations, net-type spacers are often placed
in the feed and permeate channels which greatly affect the
temperature and concentration polarization and membrane
fouling. This paper includes CFD simulations for various
spacer arrangements and filament spacings at different veloc-
ities. A schematic for a section of membrane module contain-
ing membrane layer, feed and permeate channels and the var-
ious arrangements/orientations considered are shown in
Fig. 1. Commonly used net-type spacer consists of two sets
of filaments; one overlapping on the other. In 2D simulations,
only the effect of one set of filaments which is in the transverse
direction is examined. Four different spacer orientations that
were found suitable in our earlier paper [23] are studied. The
details are (i) Type 1: transverse filaments are placed in the
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Fig. 1 a Schematic of membrane distillation module b various spacer orientations (i) Type 1 (ii) Type 2 (iii) Type 1-st (iv) Type 2-st.

bottom portion in both the channels and are inline (ii) Type 2:
spacer filaments of both channels are on the opposite side of
the membrane i.e. filaments of hot channel are in top portion
whereas filaments of cold channel are in bottom portion and
filaments are inline (iii) Type 1-st: transverse filaments are in
the bottom portion in both the channels and are staggered (iv)
Type 2—st: filaments are on the opposite side of the membrane
and have staggered placement. The computational domains

consist of a hot (feed), a cold (product) channel and a mem-
brane layer. The height of both, the feed and the permeate
channels is 1 mm whereas membrane thickness is 0.2 mm
which are the usual dimensions of different components of
the membrane module. The effect of mesh length or spacing
between filaments (/) is also determined on unsteady flow
behavior. The value of /; considered is 3 or 4.5 mm. The
domain is split into a number of finite volumes of quad shape
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as shown in Fig. 2. The number of cells is about 50,000 which
provide grid-independent results. For example, heat flux dif-
ference is less than 1% when the number of cells is increased
up to 120,000 for Type 1 configuration at maximum velocity
(0.35 m/s). In many of the incompressible flow devices in-
cluding membrane modules, volume flow rate or velocity is
known at the inlet and pressure can be assumed at the outlet.
The boundary conditions are, therefore ‘velocity inlet’ for the
inlet and ‘pressure outlet’ for the outlet for both hot and cold
fluids. The two fluids flow in the opposite direction that is the
hot fluid flows from left to right and cold fluid flows left to
right. The spacer filaments and top and bottom module sur-
faces are assumed as a wall. In the membrane distillation pro-
cess, a fraction of high-temperature fluid vaporizes due to the
vapor pressure gradient and passes through the membrane.
The vaporization or permeate flow rate in the membrane dis-
tillation process is around 75 kg/m*h [31]. This corresponds
to the vapor velocity of about 2 x 10°> m/s which is much
lower than the feed velocity. From previous studies [24, 26,
32] it is known that the velocity profiles in the cross-flow
channel are not affected due to low permeation. Since heat
transfer strongly depends on hydrodynamic conditions, it
can be inferred that temperature patterns in the spacer-filled
channels will be uninfluenced due to permeate flow. The flow
and thermal behavior thus depend only on spacer dimensions
and placement, flow and fluid properties (e.g. feed velocity,
viscosity, and density). The membrane, hence, in the present
work is considered as a non-permeable wall. Due to the as-
sumption of membrane impermeability, the vapor/saturation

pressures are not determined or specified as no flow moves
from one channel to another. The fluid is water whose density
p, specific heat C,, thermal conductivity k; are constant while
viscosity p depends on temperature. The flow pattern is ex-
amined at various velocities that are in the range of 0.15—
0.35 m/s which corresponds to Reynolds number range of
300-850. The considered velocities or Reynolds number rep-
resent the typical flow conditions in MD modules [10, 12].
Reynolds number is defined as:

d
Re = PlUaydp (1)
I
4 x Volume of flow channel
Wetted surface area

dy = (2)

In Eq. (1) u,,, is average velocity and d, is the hydraulic
diameter.

For comparison with experimental results Prandtl number
Pr and Nusselt Number Nu are also calculated:

1Cp
P = —
s G)
hd,
Nu=— 4
u=" 4)

The heat transfer coefficient /4 is calculated as:

_qy
h= Ty—Tom (5)

Fig. 2 Computational grid for simulations
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In Eq. (5) g,, is heat flux, Tj, is the bulk temperature and T,
is the local temperature at the membrane.

For fluid dynamics and heat transfer modeling, the
governing equations are the conservation of mass, momen-
tum, and energy which have a differential form for viscous
and rotational flow [33]. These Egs. (6)—(9) are given as:

ou Ov

42— 6

oy (6)
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These equations are solved using code ANSYS FLUENT.
Second-order upwind scheme is used to discretize the differ-
ential equations and SIMPLE procedure is used to couple
velocity and pressure fields.
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1.2e+04

8.0e+03
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The present results are compared with correlations/
equations given in previous experimental studies. Equation
(10) was developed through experiments by Phattaranawik
et al. [13] for the spacer-filled membrane distillation process
while Eq. (12) was developed by Schock and Miquel [34] for
mass transfer in reverse osmosis membrane channel. Due to
heat and mass transfer analogy, it can be acceptable to apply
correlations of reverse osmosis process for heat transfer in
membrane distillation. For validation of numerical results in
this study, the Nusselt numbers calculated using Eq. (4) are
compared with Nusselt numbers obtained using the Egs. (10)
and (12).

.036ReP. L
Nu = o |4.36 4 0036RePr(di/L) - (10)
1 +0.0011(RePr(d;, /L))"
where
4\ 003 £\ 1?
a=1.88 (—f) (sinf)'** x exp (4.05 < [ln (7)} )) (11)
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Nu = 0.065Re%375ps0-25 (12)
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Fig. 3 Vorticity contours in inline type arrangement, /r=3 mm, inlet velocity equal to a 0.15 m/s b 0.25 m/s ¢ 0.35 m/s
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Fig. 4 Flow (vorticity) patterns in inline configuration, /r=4.5 mm, inlet velocity equal to a 0.15 m/s b 0.25 m/s ¢ 0.35 m/s
3 Results and discussion the vorticity is higher in the top portion of the channel and near
the filaments due to high-velocity variation. This behavior is
The flow patterns are discussed in terms of vorticity, a param-  noticed at all the considered velocities in this study. At high
eter which indicates the velocity gradient. As shown in Fig. 3,  inlet velocity (u,, = 0.35 m/s), the flow becomes unsteady and
l 0.30
0.24
0.18
(a)
0.12

0.06

0
(m/s)

Fig. 5 Contours of velocity fluctuations / variations (RMS values) with time a /r=3 mm b /;=4.5 mm
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Fig. 6 Distribution of shear stress
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vorticity magnitude increases in the major portion of the two
channels. The increase in filament spacing also affects the
vorticity within the feed and permeate channel. With the in-
crease of spacing, the vorticity values relatively increase in the
bottom portion as shown in Fig. 4. Higher velocity variations
near the membrane can be useful in enhancing heat and mass
transfer. The effect of filament spacing on unsteadiness in the
membrane channels can be seen in Fig. 5. The unsteady be-
havior is absent in the beginning section of the channel for
both the considered spacings. The approximate length for flow
to be unstable is about two mesh lengths in the hot channel. In
cold channel, the flow becomes transient after six filaments
when spacing is 3 mm and after four filaments when spacing
is 4.5 mm. The difference between the unsteady behavior in
the top and bottom channels is due to the relatively low vis-
cosity of the fluid in the hot channel. The variation of velocity
with time is more when filament spacing is higher. The mag-
nitude of velocity fluctuations (RMS values) is approximately
up to 0.3 m/s when spacing/mesh length /¢ is 4.5 mm whereas
itis up to 0.2 m/s when /¢is 3 mm.

The shear stress and temperature profiles are shown in
Fig. 6. The shear stress at the bottom membrane surface (in
cold channel) increases as fluid flows with a high velocity
above the filament. The location of maximum shear stress is
slightly before the filament (at ‘0”).

Approximately, at the same location, the local temperature
decreases. The reduction in temperature on bottom membrane
surface is desirable since it results in more heat transfer. The
increase in inlet velocity increases the shear stress and de-
creases the temperature on the bottom surface but the shape/
profile for the shear stress and temperature remains the same.
It is, however, important to mention that the shear stress and
the temperature plots are based on time-averaged results since
the flow is unsteady at higher values of inlet velocities (0.25
and 0.35 m/s). On the top membrane surface, the shear stress
is found higher at an approximate distance of x//;=— 0.15
(measured from filament ‘0’) where vorticity was seen higher
in Fig. 3. The temperature at this maximum shear stress loca-
tion is higher which is again desired. On the remaining portion
ofthe top membrane surface, the shear stress is low due to low
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velocity which significantly decreases the temperature. The
pattern of shear stress and temperature variation with filament
spacing of 4.5 mm is approximately the same. The variation in
shear stress values is however relatively higher when spacing
is 4.5 mm. For example, at a velocity of 0.15 m/s, the shear
stress is between 1.7 and 3.8 N/m? when spacing is 3 mm
whereas the range is 1.1-4.3 N/m? when spacing is 4.5 mm.

The temperature variation in time on the top and bottom
membrane surface for the two considered spacings is shown in
Fig. 7. The temperature plots show that the RMS of tempera-
ture fluctuation is more at the top membrane surface (i.e. on
membrane surface in the hot fluid channel). On the bottom
surface, the temperature variation is relatively less and re-
mains almost constant. The local temperature varies more
when the spacing is less i.e. 3 mm.

The effect of spacer configuration on heat transfer perfor-
mance at two different velocities can be observed in Fig. 8.
When spacer filaments are touching the bottom surface in both
channels, the heat flux varies considerably. This behavior is
seen for both the arrangements (inline and staggered) and both
the spacings (3 and 4.5 mm). The heat flux reduces at
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locations 0, 1 and 2 where the filaments in the hot channel
are touching the membrane top surface. When filaments are
on the opposite side of the membrane i.e. the filaments in the
top channel are at the top and the filaments in the bottom
channel are in the bottom portion, the heat flux values are
more uniform and higher at different velocities and for both
filament spacings which means less temperature polarization.

In Fig. 8, the time-averaged values of heat flux were
shown. The changes in heat flux with time at a monitoring
point in the middle of the channel are shown in Fig. 9. For all
the cases it can clearly be noticed that flow is unstable as local
heat flux has a periodic behavior. The period of repetition is
20-30 time steps for most of the cases. The staggered config-
uration with the spacing of 4.5 mm results in a relatively more
or irregular heat flux variation.

The results shown in previous Figures were obtained
through Direct Numerical Simulations (DNS) in which de-
tailed flow features were predicted with respect to time. The
DNS method though provides more accurate results but needs
significant computational time. The time for simulation in-
creases with the complexity of the case. An alternate method
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Fig. 9 Local heat flux changes with respect to time in different configurations with inline and staggered arrangements

for examining transient/transitional flows in spacer-filled
channel is to use a turbulence model as used in several studies
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[25, 27, 28, 30]. The turbulence modeling approach provides
time-averaged results for flow, heat transfer and turbulence
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parameters without simulating the flow oscillations in detail.
There are several models for turbulent flows such as k-¢ (KE),
k- RNG (KE-RNG), k-¢ Realizable (KE-RZ), k-w (KO), k-w
Shear Stress Transport (KO-SST), Spalart-Allmaras (SA), etc.
These models, however, should be evaluated and compared
with experimental or DNS results before using for any partic-
ular problem. In the present research work, therefore, some
models for fluid flow and heat transfer in membrane channels
are proposed.

The comparison in terms of vorticity contours is shown in
Fig. 10. The DNS method shows that the vorticity values are
higher near the filaments and near the top surface of both
channels and lower in the bottom portion of both the channels.
The contours of vorticity obtained using various turbulence
models do not perfectly compare with DNS results as vorticity
is relatively higher in the bottom portion of channels. The SA
and KO-SST models have however better similarity with
DNS results than the other models.

The temperature profiles on the top and bottom membrane
surfaces are shown in Fig. 11. Due to the stagnant zone at the
filament (position ‘0’) at the top membrane surface, the

Fig. 11 Temperature plot on a top b bottom membrane surface obtained
through simulations using DNS technique and turbulence models

temperature considerably drops as was seen in Fig. 6. The
comparison of transient results with different turbulence
models shows that the temperature plot of 4-w (SST) on the
top surface is closest. The temperature profiles obtained

KE-RNG  KE-RZ

30000

25000

20000
15000
10000
5000 -+
0 T T T
DNS . SA KE

turbulence models

|

heat flux (W/m2 )

KO-SST |

Fig. 12 Average heat transfer result found using DNS and turbulence
modeling technique
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through various k- models (KE. KE-RNG, KE-RZ) are sig-
nificantly different. On the bottom membrane surface, the
Spalart-Allmaras model predicts the temperature pattern better
than k-w (KO-SST) and the other models. The average heat
flux in Fig. 12 shows that the Spalart-Allmaras model pro-
vides the most accurate results than the other models as the
difference with DNS is least. The k-w (SST) model and k-¢
(RZ) also yield reasonable results as the difference is less than
25%. The standard k-¢ and RNG variant may be considered
less suitable for the considered range of Reynolds number as a
significant difference is found in terms of heat transfer rates.
The comparison of various spacer arrangements at different
velocities is shown in Fig. 13. The heat flux increases with
inlet velocity or Reynolds number as expected. The increase is
about 15% as velocity increases from 0.15 to 0.35 m/s. At
higher velocity/Reynolds number however, the transient flow

typel, typel,st
3mm

type2, type2,st typel, typel,sst type2, type2,st

3mm 3mm 3mm 45mm 45mm 45mm 4.5mm

configuration type, spacing

can result in periodic disrupt of concentration and thermal
boundary layer and removal of fouling agents. The compari-
son of spacer arrangement shows that type 2 is better than type
1 since the average heat fluxes are relatively higher. Secondly
for both the types, the heat flux is higher when spacing is more
i.e. 4.5 mm. The staggering of the filaments also enhances
heat transfer in a few cases for example in type 1 (/=
4.5 mm). The configuration with transverse filaments opposite
to the membrane layer with greater spacing can be considered
more suitable for the membrane distillation process.

The present numerical results are also compared with the
correlations proposed in previous experimental studies [13,
34]. From fluid properties and heat transfer rates/coefficients,
Prandtl and Nusselt numbers are calculated respectively using
Egs. (3) and (4) and compared with experimental correlations
(Egs. (10) and (12)). The plot in Fig. 14 indicates that the

# Present CFD results

A Experimental correlation [13]

B Experimental correlation [34] ‘
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Fig. 14 Comparison of present CFD results with experimental results a /y=3 mm b /y=4.5 mm
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Nusselt number values obtained using CFD are relatively
higher when compared with ones obtained using Eq. (10).
The comparison with Eq. (12) shows the CFD values are
under-predicted. The difference is however between 20 and
40% for most of the cases. The present results can thus be
considered satisfactory for determining the performance of
various spacer types/arrangements.

4 Conclusions

The Computational Fluid Dynamics study in this paper shows
that the spacer parameters like spacer configuration, arrange-
ment (inline or staggered) and spacing affect the thermal and
overall performance of the membrane distillation process. In
the considered range of Reynolds number, the arrangement in
which spacer filaments are touching the membrane surface is
less useful since the variation in heat flux and temperature is
more and average heat flux is less. The arrangement/
orientation which has spacer filaments on the opposite side
of the membrane results in higher heat transfer. The spacer
with a greater spacing of 4.5 mm was also found to yield
relatively higher heat transfer rates. The flow and heat transfer
parameters are also determined through various turbulence
models. The parameter values calculated using Spalart-
Allmaras and k-w (SST) turbulence models provide better
agreement with DNS results. Finally, a fair agreement was
found of present numerical results with experimental correla-
tions in the literature.
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