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ABSTRACT

The computational fluid dynamics modeling in this paper examines transient flow and
temperature patterns in spacer-filled membrane distillation channels. The instantaneous
velocity profiles at various time steps show that at higher Reynolds number the vortices
emerge behind spacer filaments, move along with the flow and then finally diminish. This
unsteady behavior causes variation in local temperatures and heat transfer coefficients with
time. The temperature polarization is usually low near the locations where high velocity
region hits the top or attaches to the bottom surface. The region near the filament at the
bottom is a stagnant zone and an area of higher temperature polarization at all times. The
effect of filament spacing is also investigated. At low Reynolds number and a small filament
spacing of 2mm, maximum values for average shear stress and heat transfer coefficient are
obtained. When Reynolds number is high, this spacer becomes unsuitable due to smaller
magnitudes of these parameters. The overall analysis shows that the spacers with relatively
higher spacing, such as 3 or 4mm are more appropriate for use in membrane distillation
channels.

Keywords: Computational fluid dynamics; Heat transfer coefficient; Membrane distillation;
Spacer

1. Introduction

Membrane techniques are widely used for purifica-
tion of water and other fluids. Based on the
mechanism and type of driving force there are
popular processes like reverse osmosis, dialysis, gas
separation, electrodialysis etc. Among the various
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processes, membrane distillation (MD) is one that
involves temperature/vapor pressure gradient as a
driving force for separation. The feed channel in this
process consists of hot saline fluid flowing tangen-
tially across a membrane. The permeate channel
contains cold fluid, condensing surface with air gap,
sweeping gas or vacuum depending on the type of
MD configuration [1]. A small portion of the inlet hot
feed evaporates due to vapor pressure gradient and
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permeates through the membrane. The remaining
portion of the feed in aqueous / liquid form is imper-
meable due to hydrophobic nature of the membrane.
The major advantages of MD over other membrane
processes are that it rejects almost 100% of ions and
macromolecules, requires low operating pressures and
membrane materials are chemically less reactive to
feed solutions. Another benefit is that it can be cou-
pled with waste or alternative energy sources to yield
a cost-effective membrane system [1-3].

A limitation of the MD process which reduces the
process effectiveness is temperature polarization
phenomenon. Temperature polarization exists due to
the fact that the temperature difference across the
membrane surfaces Ty — Tmo is lower than the differ-
ence of the bulk fluid stream temperatures Ty — Tt
as shown in Fig. 1. This reduces the driving force for
vapor permeation. In MD modules net-type spacers
are often used in the flow channels. The spacers
disrupt the thermal boundary layer thereby increasing
the heat transfer rates and in-turn enhancing the
permeate flux.

Various studies have been done related to MD and
to investigate the effect of spacers on the membrane
performance. Martinez et al. studied the influence of
three configurations; open separator, coarse screen
separator and fine screen separator [4,5]. It was found
that the presence of screen separator (or spacer)
results in turbulence due to formation of eddies and
wakes, thereby reducing temperature polarization.
The study also showed that coarse separator was best
among three configurations. In another work Martinez
et al. [6] found that increase in feed circulation rates
significantly increase the heat transfer coefficients in
membrane distillation. Phattaranawik et al. [7] carried
out experiments for direct contact membrane distilla-
tion. Product flux enhancement of around 31-41% was
noticed when spacers were used in the membrane
channels. In another paper [8], the same authors
considered spacers of different geometries. An optimal
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Fig. 1. Temperature profile in membrane distillation.
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spacer was identified with a voidage of 0.6 and a
hydrodynamic angle of 90°. Chernyshov et al. [9]
tested spacers with round and twisted filaments for
an air-gap MD process. The spacers having round
filaments with a flow attack angle of 45° and twisted
filaments with an angle of 30° were found to be more
effective. Osman et al. [10] utilized MD process for
desalination and concentration of reverse osmosis and
electrodialysis brines and showed that water recover-
ies between 70-80% can be obtained. The treatment of
saline water using MD technique was evaluated
experimentally by Nghiem et al. [11]. The experiments
showed a gradual decline in product flux due to foul-
ing and scaling. Novel designs for the MD process
were recently proposed such as vacuum multi-effect
MD [12] and solar-powered air gap distillation [13].
Computational fluid dynamics (CFD) has also been
applied to study the MD modules. Xu et al. [14] simu-
lated the temperature profiles for air-gap membrane
distillation. The results showed that temperature
polarization phenomena can be reduced by increasing
feed Reynolds number. Alklaibi and Lior [15]
performed simulations for three different spacer
arrangements: zigzag spacer, non-central suspended
and central suspended. The three arrangements were
compared on the basis of spacer effectiveness. The
central suspended spacer resulted in best perfor-
mance. The simulation studies of Cipollina et al.
[16,17] showed that spacers considerably change the
temperature gradients for this process. Sharif et al.
[18] used an open source CFD code to model fluid
flow and temperature profiles and showed that 3-layer
spacer results in lowest pressure drop and symmetri-
cal temperature profile in the membrane channel. Yu
et al. [19] found that temperature polarization
decreases with the increase in operating temperature.
Recently, the present authors modeled steady flow
and heat transfer in MD process at various spacer ori-
entations [20]. Some CFD studies [21-26] investigated
fluid flow and mass transfer in spacer-filled
membrane channels. These studies were focused on
nanofiltration/reverse osmosis processes and tempera-
ture fields were not obtained. In this paper we study
the fluid flow and temperature patterns in a MD
process. The spacing between spacer filaments is
varied to show that appropriate spacer geometry is
important for reducing temperature polarization and
to improve the heat transfer characteristics in
membrane systems. The MD process, often involve
high Reynolds numbers resulting in non-laminar flow,
thus causing the velocity and temperature profiles to
change with time. This work is therefore extended to
include relatively high Reynolds numbers at which
flow is unstable and transient.
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2. Modeling procedure

Membrane distillation is a complex process in
which heat and mass transfer, temperature and
concentration polarization and permeation through
the membrane are strongly related. The operating
temperature of the feed fluid affects the temperature
at the membrane surface which in turn varies the per-
meate flux and also the heat and mass transfer rates
in the feed channel. The permeate velocities/fluxes in
most of the membrane processes including MD are
generally very low when compared to the feed veloci-
ties. The water flux in a well-designed MD system is
approximately 75kg/m*h [1] which leads to permeate
velocity of 2 x 107> m/s, considerably lower than the
feed velocity. It can therefore be assumed that
flow and temperature patterns will not change if
permeation is taken into account.

The net-type spacer used in membrane channels
contains one set of filaments overlaying on the other
set. In flow aligned spacers that contain filaments in
longitudinal and transverse directions, the flow
characteristics are mainly determined by the transverse
filaments while the effect of longitudinal filaments is
less significant [27]. Another characteristic of the
spacer-filled channel is that it contains a large number
of repeating flow cells as shown in Fig. 2. When the
permeation velocity is negligible, the flow becomes
periodic in nature after overcoming the entrance effects
which normally extend to only a few cells. Due to these
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reasons, it is appropriate to consider a 2D geometry
and restrict the computational domain to a single cell
rather than modeling the entire channel length (which
varies from 0.1-1m containing hundreds of cells). This
procedure significantly reduces the computational time
and space. Periodic boundary conditions are used at
the opposite vertical faces and mass flow rate is speci-
fied in the x-direction. The temperature field in periodic
flows is repeating not in the same way as the velocity
field because temperatures decrease as fluid flows
through the hot channel. The change in temperature
and its qualitative profile is however the same at each
unit cell [28]. There is a wide range for the inlet temper-
ature used for the feed fluid in the MD system while
the heat flux/heat transfer in the system depends on
the operating temperature as well as membrane mate-
rial and porosity, feed flow rate and spacer geometry.
To model heat transfer and repeating temperature
profiles at various Reynolds number, the bulk fluid
temperature (at one of the periodic face) is specified as
330K whereas heat flux equal to 30kW/m? is applied
at the top and the bottom membrane surfaces. The cells
are fine enough to yield grid independent solution. For
example, 6,000 cells are used for spacer s6 at a Reynolds
number of 700. The difference in heat transfer coeffi-
cient is less than 1% when compared with 15,000 cells.
The governing equations are continuity, momentum
and energy equations which are solved using the CFD
code FLUENT 6.3. QUICK (Quadratic Upstream Inter-
polation for Convection Kinetics) scheme is used for
discretization of momentum equations whereas Power
Law scheme is used for energy equation. Pressure-
velocity coupling is made through SIMPLE (Semi-
Implicit Method for Pressure Linked Equations)
algorithm. For higher Reynolds number flow, simula-
tions are carried out in the unsteady mode with a time
step equal to or less than 0.0001s using second order
implicit scheme. Turbulence model is not used as it
damps the flow instabilities/unsteady behavior. The
viscosity varied with temperature whereas density and
thermal conductivity are assumed constant for all the
cases. The reason is that the viscosity of many of the flu-
ids (liquids) is a strong function of temperature but the
density and the thermal conductivity are not much
affected by the temperature variation The geometric
characteristics of spacers considered are described in
terms of spacing I,,, and hydraulic diameter d}, as listed
in Table 1. The height of the channel for all spacers is
fixed to 1Tmm and the width of the computational
domain is equal to I,

The Reynolds number Re, defined in Eq. (1) is
varied from 250-700. The corresponding values of
mass flow rate and velocity at periodic faces depend
on the type of the spacer/value of hydraulic diameter.
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Table 1

Geometric characteristics of spacers

Spacer name I (mm) dy, (mm) dn/lm
s2 2 1.35 0.675
s3 3 1.53 0.510
s4 4 1.62 0.405
s6 6 1.70 0.283

For example, velocity values are 0.075, 0.125 and
0.2m/s for spacer s6 at Reynolds number of 260, 440
and 700, respectively.

N Mdh

i _ 4 xVolume of flow channel 2)
b Wetted surface area

In Eq. (1) u is average velocity and v is kinematic
viscosity.

Temperature contours in the channel are shown in
dimensionless form 6 as defined in Eq. (3) due to
repeating nature.

T

0 =
Tmax

(3)

In Eq. 3 T is local temperature and Tmax is
maximum local temperature.

The spacers are compared on the basis of heat
transfer coefficient h:

__w
h_Tb—Tm 4)

The effect of Prandtl number is also studied which
is defined as:

C
Pr—t2 (5)

In Eq. (5) u is absolute viscosity, C;, is specific heat
and k is thermal conductivity. Nusselt number Nu is
determined for comparison of present results with ones
available in literature. This dimensionless number is:

Nu = LZh (6)

The present results are compared with experimen-
tal correlations (7) and (8) that were originally
developed for mass transfer in various spacer geome-
tries in the Reynolds number range of 100-800 [29,30].
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Phattaranawik et al. [7] used Eq. (7) for analysis of the
MD process and found satisfactory results due to heat
and mass transfer analogy. It therefore, appears
reasonable to extend mass transfer correlations for
heat transfer in membrane distillation.

0.5
Nu = 0.664Re"*Pr’® (‘Ii—“) (7)

Nu = 0.664Re™*”°Pr’% (8)

3. Results and discussion

The steady velocity and temperature profiles
obtained using periodic boundary conditions in spacer
s6 at a Reynolds number of 260 are shown in Fig. 3.
The velocity profile shows that fluid separates at each
filament and results in high velocity zone in the top
region. In the bottom region a low velocity zone is
formed near the filament which results in a low
temperature region. The velocity and temperature
contours in other spacers are observed to be similar
(not shown here) at this lower value of Reynolds
number.

Even though, the simulations in this paper are
mainly carried out using periodic conditions with the
assumption of impermeability for the membrane
surfaces, it is useful to determine velocity and
temperature patterns under permeation condition for
a few cases. Since permeation cannot be modeled
along with periodic boundaries, multiple filaments
are created with inlet/outlet boundary conditions
and variable heat flux profile. The contours given in
Fig. 4 show that velocity profile at the three
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Fig. 3. Contours of (a) velocity and (b) dimensionless
temperature in spacer s6 (Re=260).
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Fig. 4. Contours of (a) velocity and (b) dimensionless temperature in feed channel with multiple filaments at permeate

velocity of 2 x 10">m/s (spacer s6, Re =260).

filaments are same. The temperature profile at each
filament is of repeating nature, that is, the regions of
high and low temperatures are same at each cell
indicating a negligible effect of permeate velocity.
These findings are consistent with the prior studies
[31,32] which showed that low product fluxes do not
change the flow behavior in the membrane channels.
The variation of local heat transfer coefficient on the
top and bottom surface in spacer s6 is shown in
Fig. 5. The location x=0 in these plots is the position
of filament. The heat transfer is high on the top sur-
face in the central region above the spacer filament
(x~0) where high velocity region was seen in Fig. 3.
On the bottom surface, heat transfer coefficient val-
ues increase up to 4,000W/m’K at x~0.003, sharply
drop and becomes almost zero near the filament due
to stagnant zone. A comparison of heat transfer coef-
ficient without vapor permeation with the heat trans-
fer coefficient with permeation is also shown in
Fig. 5. The figure indicates that the plots of heat
transfer coefficient using two different modeling
approaches are approximately similar.

Performance of a MD system can be affected by
the temperatures of the fluids used in the process and
the membrane permeation and thermal characteristics.
The inlet temperatures are 30-70°C for the feed solu-
tion and 10-40°C for the permeate solution (in case of
direct contact MD process) that result in heat fluxes
ranging between 10-70 kW /m? as indicated in various
studies [4,7,8,33]. Since the effect of membrane is not
considered and only the feed side of the system is
simulated using periodic boundary conditions, for
modeling purpose, fixed values are needed for the
inlet bulk temperature T}, and the heat flux g,,. Typical
values of T, and g, are thus chosen (330K and
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Fig. 5. Heat transfer coefficient at (a) top (b) bottom
surface in spacer s6 (Re =260).

30 kW /m?, respectively) as mentioned in the Modeling
Procedure section. Some results are however obtained
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Table 2
Effect of bulk temperature and heat flux on Nusselt
number (Re =260)

Boundary conditions

Tp=330K Tp=330K Ty, =340K
Spacer gw=30kW/  ¢q,=15kW/ ¢, =30kW/
name m’ m’ m’
s2 7.706 7.774 7.697
s3 8.560 8.683 8.540
s4 8.112 8.356 8.128
s6 8.468 8.558 8.474

at different bulk fluid temperatures and heat fluxes at
the top and the bottom walls and are summarized in
Table 2. The Table shows that difference is minor in
Nusselt number values determined using different
boundary conditions. The reason is that an increase in
Ty increases T, while a decrease in g,, also increases
T, thus the heat transfer coefficient/Nusselt number
(calculated from Egs. (4) and (6)) is almost same.
Though it seems to be a limitation of the simulation
procedure that the effect of T}, and g, on heat transfer
coefficient is insignificant, the selected values of 330K
and 30kW/m? can still be considered satisfactory for
investigating the unsteady fluid flow and heat transfer
in various spacer geometries.

The flow in membrane channels remains fully
laminar and steady in the Reynolds number range of
200-400 depending on the spacer geometry [22-24]. At
higher Reynolds numbers, the fluid flow is not in
pure laminar regime as instabilities appear within the
membrane channels due to the presence of spacers,
even though the inlet flow rate is set constant with
respect to time.

The critical value in spacer-filled channels for such
time-dependent flow is 400-800, well below the value
for unsteady flow in plane channel. Therefore, when
the flow becomes unsteady, smooth high velocity and
recirculation regions seen at low Reynolds numbers no
longer exist as depicted in Fig. 6. The instantaneous
velocity vectors indicate that flow field varies with time
and includes continuous formation of multiple vortices
that appear, displace and finally disappear. The ran-
dom flow nature significantly affects the temperature
patterns and its profiles are also found to be unsteady
as can be noticed in the three time steps of Fig. 6. The
temperatures are higher at the location where high
velocity fluid strikes the top surface above the filament
or reattaches to the bottom surface. At some locations
on the top and bottom surfaces, flow separation takes
place where the local temperatures become lower.
These locations are regions of temperature polarization
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which is disadvantageous. Due to transient flow struc-
ture, however, a desirable aspect is that the locations of
some of the low temperature zones change with time
indicating periodic disruption of thermal polarization
layer. The main recirculation region behind the fila-
ment (at the bottom) is an exception in which periodic
changes are relatively less and temperature is on the
lower side for all time steps. The effect of spacing on
unsteady velocity and temperature profiles can be seen
in Fig. 7. The vector plot for spacer s3 which has a
reduced spacing of 3mm indicates that an elongated
high velocity fluid zone that was observed for spacer
s6 does not exist for s3. This zone almost splits into
two parts; one above the filament and other some-
where in the center of two filaments. These split high
velocity regions change their curvature and continu-
ously attach and detach at the top membrane wall. It
can also be inferred from the comparison of unsteady
profiles of spacers s3 and s6 that when spacing is large
(spacer s6) the vortices appear at one filament, travel
freely in the main flow direction and then vanish at the
next filament. On the other hand, when spacing is
small (spacer s3) the vortices emerge and abruptly die
out due to insufficient space to move across the chan-
nel. The temperature contours for spacer s3 show some
advantageous trends as temperatures do not decrease
to very low values behind the filament as was observed
for s6.

Due to variation in velocity and temperature
contours, the shear stress and heat transfer coefficient
also vary in time as shown for top surface in Fig. 8. It
is seen in Fig. 8(a), at t,.s=0s for spacer s2, that there
are two shear stress peaks; one before the filament
(x~—0.0003) and the other ahead of the filament
(x~0.0007). The position of these two peaks shift with
the passage of time as can be seen in results at
tef=0.005 and 0.01s. The variation of heat transfer
coefficient is a little different as its peak values in
most cases are observed to lag behind the shear stress
peaks. In spacer s2 (I,,=2mm), the x-shear stresses
are positive at all locations which indicate that flow
recirculation does not take place at the top surface.
When [, increases to 3mm (spacer s3), due to flow
separation along with eddies/vortices seen in Fig. 7,
shear stress becomes negative at some locations as is
clear in Fig. 8(b). When Fig. 8(b) is compared with
Fig. 7, it can be noticed that the shear rate is highest
at the location where high velocity fluid strikes the
top. Similarly the location of negative shear stress is
the same as the place where vortices are present. A
comparison of Fig. 8(a) and (b) shows that in spacer
s3 the magnitudes of shear stress and heat transfer
coefficient are higher and their variations with time
are more irregular than s2.
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Fig. 6. Velocity vectors and temperature patterns in spacer s6 at Re=700 at (a) t;ef=0s, (b) fer=0.005s, and (c) tf=0.01s.
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Fig. 7. Velocity vectors and temperature profiles in spacer s3 at Re=700 at (a) t;f=0s5, (b) t;ef=0.005s, and (c) t;s=0.01s.

When spacing between filaments is 4 and 6 mm, the
variations are again observed to be more prominent in
regions —0.002<x<—0.0005 and —0.003 <x<—0.001,
respectively. The heat transfer coefficient and shear
stress on the bottom surface are shown in Fig. 9. In
spacer s2, on a major portion, these parameters are very
low except at the location (x=—0.0006) where negative
shear stress and heat transfer coefficient increase up to
2N/m? and 13,000 W/m?K, respectively. The curves of
shear stress and heat transfer coefficient also do not
show significant change with time for most of the
region. With the increase of spacing the magnitudes as
well as the fluctuations of these two variables are note-
worthy on a considerable area of the bottom wall. The
shear stress is found positive at one instant while nega-
tive at the other instant. Both the positive or negative
shearing effects have been found to augment the heat
transfer coefficient.

The flow instabilities in MD process are also
explained with the help of a surface point placed
on the top surface as shown in Fig. 10. In spacer
s2, the local heat transfer coefficient has a repeating
nature with a time period of around 60 steps
(or 0.003s). For larger spacing (s3, s4 and s6) the
behavior is of chaotic type at the same Reynolds
number of 700. The instantaneous heat transfer coef-
ficients in s3 vary up to 50% from their mean value.
In s4 and s6 the deviation is about 25% about the
mean. When the Reynolds number is 440, the flow
in spacer s2 is steady as evident from its profile
which is a straight line. In the other spacers, the
randomness observed at Re=700 is not present at
Re=440. The plots of heat transfer coefficient in s4
and s6 repeat with a period of 200 time steps
(0.02s) while in s3 the repetition occurs approxi-
mately after 100 time steps (0.01s).
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The RMS (Root Mean Square) of velocity is shown
for the considered spacers in Fig. 11. In spacer s2 the
unsteady behavior is less when compared to the other
three spacers. In s3 and s4 the velocity fluctuations
are higher and increased magnitudes are seen except

above the filament where the unsteadiness is lower
and in the bottom region very close to the filament, it
is almost absent. When the spacing is 6 mm (s6) the
unsteadiness is less when compared to s3 or s4. This
indicates that the increase in spacing initially increases
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Fig. 10. Heat transfer coefficient at a monitoring point in various spacers.

instabilities in membrane modules and then further
increase in spacing decreases the transient behavior.
The four spacers are also compared in terms of
average shear stress and heat transfer coefficient. In
Fig. 12 it is seen that at low Reynolds numbers the
spacer s2 has higher average values of these parame-
ters than the other spacers. When Reynolds number
is 440 the spacer s4 has the maximum average value.

At Re=700 spacer s3 becomes superior in perfor-
mance followed by s4 and then s6. Overall
performance of spacers s3 and s4 is better than s2
since at low Reynolds number s2 has only 25%
higher shear stress and heat transfer coefficient (than
s3 and s4) whereas at higher Reynolds number these
parameters in s2 are almost half when compared to
s3 or s4. The spacer s6 results in lower shear stress
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Fig. 11. Contours of velocity fluctuations in the considered
spacers (Re=700).

and heat transfer coefficient for all the considered
Reynolds numbers.

The results shown in Figs. 3-12 are at a Prandtl
number Pr of 3.7. The membrane processes however
are used for a variety of applications like fruit juices

(a) 5
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Fig. 12. Average shear stress and heat transfer coefficient.

3671

concentration and blood purification which involves
different Prandtl number values [1].

The effect of Prandtl number for spacer s3 at a
Reynolds number of 700 is shown in Fig. 13. As
expected, the magnitude of local (time-averaged)
heat transfer coefficients on the top and bottom
walls is significantly higher when Pr=3.7. However,
the profile is almost similar and location of higher
and lower values is the same in both cases. This
indicates that increase or decrease in Prandtl num-
ber can change the numerical values of heat transfer
rates in MD channels but the qualitative results may
not be affected much. The average heat transfer
coefficients are also determined and it is found that
the value is almost half when Pr=0.7 as compared
with Pr=3.7.

To verify the grid independence of the results, the
contours of mean and RMS values of velocity magni-
tude are obtained and are given in Fig. 14. The
contours show that the difference is not significant in
patterns of average velocity as well of the velocity
fluctuations. The grid can be thus considered accept-
able for simulating the transient flow behavior in
membrane channels.

From heat transfer coefficients/Nusselt numbers
found using the CFD simulation results, a correlation
is proposed. The results from the proposed correlation
are also compared with the ones obtained using Egs.
(7) and (8). The comparison shown in Fig. 15 shows
that in most of the cases the deviations are within
+60% and £40% with Eqgs. (7) and (8), respectively.
Full agreement between CFD and experimental results
cannot be expected due to various approximations
and uncertainties imbedded in both methods. For
example the spacer filament shape is assumed to be of
uniform cross-section for modeling purposes whereas
in real spacers the cross-section may not be uniform
due to manufacturing defects. Similarly, selection of
numerical discretization schemes and assumption of
2D fluid flow in simulations and accuracy of thermo-
couples used in experiments are the other possible
sources of error that can create differences in Nusselt
number values at high Reynolds numbers and some-
times also at low Reynolds numbers. Based on the
above noted arguments, it is reasonable to say that the
differences in results obtained from the two methods
are within acceptable limits and conforms to the reli-
ability of this numerical study.

Despite the fact that there is partial agreement in
the numerical values of Nusselt numbers obtained from
CFD simulations and experiments using Eqgs. (7) and
(8) as shown in Fig. 15, there are also differences which
must be highlighted. In general, Eq. (7) predicts a
proportionately increasing behavior of Nusselt number
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Fig. 14. Contours of (a) mean and (b) RMS velocity magnitude at different grids (spacer s6).

with dy, /I, ratio, i.e. an increase in d/l, increases
Nusselt number Nu. This is not noticed in the present
simulation work. In particular for spacer s2 which has
higher dy,/I,, but lower Nu due to lower local heat
transfer coefficients on a major portion of membrane
area (as observed in Figs. 7 and 8). This particular
behavior is similar to findings reported in the work of

from CFD simulations is found to be significant on heat
transfer, the exponent value 0.875 (for Re), used in Eq.
(8) appears reasonable and is therefore retained in the
modified correlation given below. Using the CFD
results and the experimental correlations, the following
modified Eq. (9) is suggested:

Martinez et al. in which lower heat transfer rates were d d
) . Nu = 0.294Re**”°Pr®% (22} (1 - 1242 (9)
noticed for a fine separator when compared to a coarse I I
separator [4]. Since the effect of Reynolds number (Re)
+ Present work
40 | % Present work, eq. (9)
35 | O Exp. correlation [29] i
. 2 Exp. correlation [30] *
2 %7 A & X &
E 25 | % X
-E 20 2 hd
F & £ * g %
é biq o 3 8 g o
0 x # B é =
® * » *
5 {
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Fig. 15. Comparison of CFD results with experimental correlations (Pr=3.7).
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This correlation satisfactorily predicts the trend of
Nusselt number vs. hydraulic diameter/filament spac-
ing ratio. Also the Nusselt number values determined
from the developed equation are within+20% of the
simulated results for the cases considered in this paper.

4. Conclusions

The flow structures and temperature patterns
showed great dependence on Reynolds number and
filament spacing. For unsteady flows that occurred at
higher Reynolds numbers, a number of vortices gener-
ated at the bottom surface when the spacing was
small. At larger spacing the high velocity zone broke
up and separated at the top surface that led to forma-
tion of vortices in the top region as well. The RMS
contours of velocity indicated that the flow would
tend to stabilize when filaments were either very close
or very far from each other. When spacing was small
the variation of shear stress and heat transfer coeffi-
cient occurred only over a limited area but for larger
spacing the variation of these parameters with time
affected a major portion of the membrane surface.
Based on instantaneous plots of shear rates and heat
transfer coefficients and their average values, it is
expected that spacers with filament spacing between
3-4mm would provide superior heat transfer charac-
teristics. The simulations at different Prandtl numbers
showed that it affected the quantitative values of heat
transfer coefficients but the qualitative profile
remained the same. The CFD results were also
evaluated using an experimental correlation and the
comparison showed fair agreement in numerical
values of Nusselt number. Based on the simulated
results a modified correlation for predicting heat
transfer rates in spacer-filled channels was suggested
which could predict the simulated results within an
accuracy of +20%.
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Nomenclature

Co — specific heat (J/kgK)

dy, — hydraulic diameter (m)

h — heat transfer coefficient (W/m?>K)
k — thermal conductivity (W/mK)

Im — mesh length/filament spacing (m)
Nu — Nusselt number

Pr — Prandtl number
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heat flux (W/m?)

Jw —
Re — Reynolds number

Ty — bulk temperature (K)

T — temperature at membrane surface (K)
u — average velocity (m/s)

u — viscosity (kg/ms)

v — kinematic viscosity (m?/s)
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