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ABSTRACT

In arid coastal regions, the lack of potable water coincides often with high solar insolation.
In this case, coupling of the desalination systems with solar energy is of great importance.
Among the desalination systems, the membrane distillation technique holds numerous
advantages. The present work focuses on the vacuum membrane distillation coupled with
solar energy. The aim is to simulate a novel membrane configuration in order to enhance the
permeate product. This novel membrane is composed of hollow fiber wound in helically
coiled shape. Two-dimensional Navier-Stokes equations are written and then solved using
the finite element method. For a pitch of 322mm and a coil radius of 95.7mm, the
simulation results of the permeate product are 0.2685kg/h and 7.688 10 *kg/sm> for the
permeate flux. These values present an enhancement when compared to the linear hollow
fiber configuration at the same operating conditions. This enhancement is about 28% for the
permeate flow rate.
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1. Introduction

Membrane distillation (MD), is a thermal process
based on highly porous and hydrophobic membrane.
It can be classified into four different configurations
according to the nature of the cold side of the
membrane [1]. The first configuration is the direct
contact membrane distillation in which the mem-
brane is in direct contact with liquid phases in both
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sides. The volatile components of the feed evaporate
at the interface feed/membrane diffuse through the
air filling up the membrane pores and condensate at
the cold side in the distillate stream [2,3]. The second
configuration is air gap membrane distillation in
which an air gap is interposed between the mem-
brane and the condensate surface. In this case, the
air gap functions as thermal insulation between
membrane and condenser wall [4,5]. The sweeping
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gas membrane distillation, represents the third
configuration. In this configuration, a sweeping gas is
used as carrier for the produced vapor. The conden-
sation of this vapor is occurred out of the membrane
[6]. The fourth and the last configuration is the
vacuum membrane distillation (VMD), in which the
vapor phase is vacuumed from the liquid through
the membrane and condensed outside of the module
[7,8]. This configuration presents many advantages
when compared to the conventional separation tech-
niques [9]. The two main advantages are a very low
conductive heat loss and a reduced mass transfer
resistance [10].

VMD has attracted increasing interest for various
applications. From energy consumption point of view,
it could clearly compete with reverse osmosis, when
coupled with alternate source of energy like solar
energy [11]. Different configurations can be used in
order to couple VMD and solar energy. Also,
membrane can be placed in or out of the absorber of
the solar collector. Furthermore, many configurations
of the hollow fiber membrane can be used. Among
these configurations, we found the linear and the
helical fibers.

Few studies have been undertaken on the use of
the helical fibers. Mallubhotla et al. [12] have
compared, for nanofiltration, the obtained membrane
permeation rates in the linear to the helical mod-
ules. The results show an enhancement of this rate
during their use of the helical module. This
enhancement is due to the reduction in polarization
concentration and membrane fouling during nanofil-
tration process. K. Nagase et al. [13] have also
found that the hollow fiber arrangement with paral-
lel coiled hollow fibers is preferred than the straight
parallel hollow fibers for enhancing oxygen transfer
in an artificial gill using oxygen. This coiled hollow
fibers module allows to uptake the oxygen from
that dissolved in water. The enhancement of this
rate is explained by the large mass transfer coeffi-
cient for the helical module. Liu et al. [14] have
compared the performance of coiled hollow fiber
membrane in membrane extraction to the straight
hollow fiber. They found that improvement factor
was in the range of 2—4. Zrelli et al. [15] have opti-
mized the geometric configuration of a helically
coiled fiber. This fiber is placed in the absorber, of
the parabolic trough concentrator, in order to couple
VMD with the solar energy. In this paper, we are
trying to confirm the advantages of the use of
helically coiled fiber for VMD coupled with solar
energy. This confirmation is based on the compari-
son of the performance of coiled hollow fiber to
those of linear fiber.
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2. Material and methods
2.1. Setup

The design of solar thermal MD pilot plant (Fig. 1)
is composed principally of parabolic trough concentra-
tor. At the focal axis is mounted the absorber, which is
in theshape of cylindrical tube. This absorber contains
the hollow fibers membrane. The hollow fiber has, in
the first case, the shape of coil. Hence, the configura-
tion of absorber and membrane is similar to a helically
coiled heat exchanger (Fig. 2(a)). In the second case,
we use a linear hollow fiber. In order to compare the
coil to the linear fibers, we conserve all fiber character-
istics and we change only the geometric configuration.
For the helically coiled fiber, we have used two fibers
[15]. In order to conserve the same fiber exchange sur-
face, we calculated the surface of the helical two fibers
and we divided this obtained result by the surface of
one linear fiber. The obtained value is the number of
linear fibers which is 42. On the other hand and in the
case of linear fiber, our study is interested in
the domain shown in Fig. 2(b). Due to symmetry, the
modeled domain is reduced to that presented in Fig. 3
(a). Also, for helically coiled fiber, the basic domain of
study is presented in Fig. 3(b).

2.2. Mathematical model

Based on Figs. 2 and 3, we developed a mathemat-
ical model and the following assumptions are used
for the numerical calculations:

(1) The flow is fully developed before it enters the
inlet of the absorber.

(2) The fluid is incompressible and Newtonian.

(3) The gravity force is neglected.

(4) No slip condition is valid on the surface of fiber.

Parabolic Trough Concentrator

\

Absorber

Vacuum pump

Permeate

Feed

Retentate

Fig. 1. Design of the thermal solar MD.
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Fig. 3. Domain of the study.
(5) All simulations are carried out assuming steady At the inlet of the absorber, Z=0:
state. )
(6) The model is described in the coordinates r and z. ¥z = 2t (1 - (ﬁ) )
ur = O (5)
Under these conditions, the appropriate governing T =T
equations are written [16]:
Continuity equation: At the exit, Z=L:
ou, 0T
ou, u, Ou, U =—=_—= (6)
—+— =0 1 ) 0
or + r + 0z M z z
. At the hollow fiber membrane surface:
Momentum equations:
u, =0
y Qo 0 (10mu | Qu @ 20 7)
"or oz |or\r or 022 T = Tiner
At the absorber interior wall, r=R:
JQue oue  10P {1 ) <r6u2> N azuz} ) 0
A z A — T A Vi—-~| —=— a2 u, =
or 0z p Oz r or\ or 0z 1w =0 (8)
. T=T,
Energy equation:
) The temperature at the feed/membrane interface
ur@_T+ uZ@_T — 12 r@_T +6_T (4) (Tinter) is related to the bulk temperature (T}) by the
or 0z ror\ or 0z2

The boundary conditions for the velocity and the
temperature are as follows:

following heat balance equation [1,17]:

]va = hf(Tb - Tinter) (9)
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The latent heat of vaporization of water (L) is
given by [18]:

L, = 2538.2 — 2.91Tineer (10)

The absorber interior wall temperature (T,) is
given by the below equation:

T, :T(,—% 11)

where T, is the absorber exterior wall temperature
and g, is the useful heat flow, given by:

Gu = Ga — e (12)

Equation Comments

Nu = 19.64Re*513 pr0129,0.938

Nu = 5.89Re?#43 pr912? 1<Re<500

“_on

The incident power of the absorber radiance, “g,”,
is expressed by:

o = ICspyot (13)
The sum of the heat losses by convection and
radiation between the absorber and the surrounding,

7

q.”, is given by [18]:

Ge = £,0(T* — (T, = 11)") + (5.7 + 3.8w,)(T. - T,)  (14)
The thermal energy balance equation of the absor-

ber “i” element (Fig. 4) is as follows:

qusi = moicpTy, — mcpTy, + (M — 1my;) Lo (15)

The dominant mechanism of mass transfer through
the membrane pores at low vacuum pressures is Knud-
sen [11,19]. This model suggests a linear relationship
between the permeate flux (J,) and the transmembrane
water vapor pressure difference (AP) [20]:

k k
_ m_ AP — m
VM, VM,

The membrane permeability coefficient (k,,) can be
related to membrane structural properties such as its
membrane thickness (8), pore tortuosity (t), and pore
radius (r) [1]:

]V (Pinter - Pv)

(16)

60<Re<550, 0.058<y<0.0955<Pr<7y = 5L
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re 1

ky, = 1.064 5.V RT

(17)

The water vapor pressure (Pige,) at the liquid/
vapor interface may be related with the temperature,
by using the Antoine’s equation [21]:

3,841
T —45

Pinter(T) = exp (23.238 — (18)

where Pj,e(T) is in Pa and T is in K.

In order to calculate the heat transfer coefficient, at
the outside of the hollow fiber, we use the below
equations [22-24]

Configuration
TR Helical 19
Linear (20)

The equations of temperature dependant properties,
for water, are given by [25]:

w(T) = (~2.1897¢ — 11)T* — (3.055¢ — 8)T°

+ (1.6028¢ — 5)T2 — 0.0037524T +0.33158  (21)
p(T) = (—1.53629 — 5)T° + 0.011778T2 — 3.0726T
+1227.8 (22)
k(T) = (1.5362¢ — 8)T® — (2.261¢ — 5)T2
+0.010879T — 1.0294 (23)
cp(T) = (1.1105¢ — 5)T° — 0.0031078T2 — 1.478T
+4631.9 (24)

For each ‘i’ element of the absorber, we can calcu-
late the permeate flow rate ‘m,’ according to the
below equation:

mpi = IvinLda (25)

2.3. Solution procedure

The partial differential equations for continuity,
momentum, and energy, Egs. (1)-(4), are discretized
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Fig. 4. Thermal balance on the element of the absorber.

by means of a finite element method. The iteration
procedure for the solution of coupled equations of
hydrodynamics and heat transfer is as following;:

(1) The velocity profile and the temperature in the
inlet of the absorber are specified.
For the calculation of the temperature distribu-
tion, all the membrane interfaces temperatures
and the elementary external wall absorber tem-
peratures were guessed.
The absorber interior wall temperature (T,,) is
determined by resolving the system of Egs.
(11)-(14).
Solve energy equation, Eq. (4), at the boundary
conditions, Egs. (5)—(8), to obtain the bulk tem-
perature for the first element of fiber.
The membrane interface temperature for the
first element fiber is determined by resolving
the nonlinear system of Eqgs. (9)—-(10), (16)-(20).
The resulting temperature was compared to the
guessed value. In case the difference was
greater than the tolerance limit (3 x 107°%), a
new guess for the membrane interface tempera-
ture was applied, being the calculated value.
When the difference between the two tempera-
ture values was within the prescribed limit, the
corresponding temperature was taken as a
boundary condition. So the permeate flux of the
fiber element number “1” (J,1) is determined

)

3)

4)

5)

(6)
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(b) Linear fibers

also the permeate flow rate ‘my,’. If the
difference between ‘m,;” and the value of
‘my — 1my’, given by Eq. 15, was greater than
the tolerance limit (2%), a new guess for the
elementary external wall temperature was
applied. When the difference between the two
values of the flow rates was within the pre-
scribed limit, the permeate flow rate is deter-
mined. This procedure is then repeated for all
elements of the absorber.

The flow chart for calculation is presented in
Appendix.

All these steps were carried out on a PC with a
CPU T 5200 1.6GHz processor running under Win-
dows XP pack3. The computed results were done
using MATLAB and FemLab. The mesh characteristics
present 7904 nodes.

3. Results and discussion

The results of our study, using two different con-
figurations, helical, and linear, of hollow fibers having
the same diameter and wall thicknesses will be pre-
sented now. The summery of the other properties are
given in Tables 1 and 2. The liquid flow at the shell
side is considered as Poiseuille flow. All simulations
results are shown below.
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Table 1
Design specifications and operating characteristics of fibers
and membrane module

Property Value
Length of the module (mm) 233
Module coil radius (mm) 195.2
Inner diameter of fiber (mm) [12] 0.27
outer diameter of fiber (mm) [12] 0.62
Pitch (mm) 25
Number of helical fibers 2
Inlet feed velocity (m/s) 34x107* (Re=68)
Vacuum pressure (Pa) 1,000
Inlet feed temperature (°C) 20
Number of linear fibers 42
Number of helical fibers 2

Table 2
Geometrical and optical parameters of the absorber
Absorber configuration Parameters
Length of the absorber (m) 0.233
Inside diameter of the absorber (mm) 206.5
Outside diameter of the absorber (mm) 219.1
Absorptivity of the absorber 0.9
Reflectivity of the absorber 0.9
Transmissivity 1
Intercept factor 0.9
Emissivity of absorber 0.9
093 . . . Y . . Y . y
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092+ -&- Helical fiber ||
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Fig. 5. Temperature polarization coefficient as function of
relative module length for linear and helical fibers.
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3.1. Effect of fiber configuration in temperature polarization
coefficient

Fig. 5 illustrates the data obtained for the varia-
tions of the TPC (Tinter/ T) for the two fiber configura-
tions. These fibers are used in VMD coupled with
solar energy in order to increase the temperature of
the feed which flow in the shell side.

The inlet feed velocity, in this case, was
3.4 x 10 *m/s corresponding to a Reynolds number
of 68, and the inlet feed temperature was 20°C.
According to this figure, two similar evolutions, of the
TPC along the module length, were shown for the
two fiber configurations. The value of the TPC drops
quickly as module length increases from 0.1 to 0.3 for
linear fiber and to 0.2 for helical fiber and then
decreases slowly when module length increases to 1.
For the linear fiber, the TPC decreases firstly from
0.8688 to 0.8543 and reaches the value of 0.8448 when
the module length is 1. Also, for the helical fiber, the
decrease, in the first, of the TPC was between 0.9205
and 0.8791 to reach, at the end, the value of 0.8695.
However, the TPC of the helical fiber is greater than
that of the linear fiber. The improvement factor of the
TPC of the helical fiber is in the range of 3-6% com-
pared to the linear one. This improvement can be
explained by the fact that for the flow on the shell
side of the helical fiber, a cross-flow is developed, of
the hot feed in the outside surface of the helical fiber,
which allows to enhance the outside heat transfer
coefficient. Due to this enhancement, the interface out-
side membrane temperature (Tintr), for the helical
fiber, is greater to that for linear fiber and in the same
operating conditions.

3.2. Effect of fiber configuration in permeate flow rate

The improvement of Tiner leads to an increase in
the permeate flow rate for the helical when it com-
pared to the linear fiber (Fig. 6). According to this fig-
ure, the evolutions of the permeate flow rate along the
module length increase from 27x107% to
3.58 x 1072 kg/h for helical fiber and from 2.12 x 1072
to 2.73 x 10*2kg/h for linear fiber. In this case, the
permeate flow rate for the helical fiber is 0.2685 and
0.21kg/h for the linear fiber. The improvement factor
in this case is about 28%. For the two configurations
and along the module, the bulk temperature increases
due to the solar rays focused on the exterior absorber
wall. This increase in temperature raised the driving
force, which is the vapor pressure difference (Eq. (16))
and the permeate flow rate. The difference between
permeate flow rate for the helical and the linear fibers
is principally due to the nature of the flow in the fiber
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outside. In the case of the helical fiber, the cross-flow
has an important influence on temperature polariza-
tion and permeate flow rate. However, cross-flow on
the shell side yields a high heat transfer coefficient
(Eq. (19)) than parallel flow in the case of linear fiber.

3.3. Effect of feed flow rate

The effect of feed flow rate was investigated at the
range of 20-601/h (Re: 34-102). While the feed tem-
perature was kept at 20°C. The influence of feed flow
rate on the permeate flow for linear and helical fibers
is shown in Fig. 7. As shown, increasing the feed flow
rate increased the permeate flow rate. The increase in
feed velocity increases the Reynolds number, which
causes the increase in the heat transfer coefficient in
the outside boundary layer of the fiber. This improve-
ment was not the same for both configurations. Fig. 8
illustrates the variation of the ratio between helical
and linear permeate flow rate with the feed flow rate.
It was found that this ratio increases strongly from 20
to 401/h then increases slowly from 1.28 to 1.31 when
the feed flow increases from 40 to 601/h. It is impor-
tant to remark that for the solar MD processes, the
amount of energy collected is almost unchangeable for
a specific day. For this reason and for our installation,
the incident solar radiation is about 800 W/m?, when
the feed flow exceeds 401/h the residence time of the
feed in the module decreases and the difference of the
bulk temperature between the inlet temperature and
the outlet temperature becomes smaller. So, optimiza-
tion of the feed flow rate is an effective way to get
high permeate flow rate in VMD coupled with solar.

0.038 T T T
—— Linear fiber
0.036 -~ Helical fiber

0034 -

0032 -

003 1

0.028

0.026

Permeate flow rate (Kg/h)

0.024 -

0022 +

u_uz 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 9 100
Relative module length (%)

Fig. 6. Permeate flow rate vs. Relative module length for
linear and helical fibers.
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3.4. Effect of inlet feed temperature

To obtain information about the effect of inlet feed
temperature on the permeate flow rate, in both fiber
configurations, feed temperature was varied in the
range of 20-80°C (Fig. 9) and the feed flow rate
was fixed at 401/h. permeate flow rates for both
configurations showed an exponential relationship
with inlet feed temperature. Although For a given
flow rate, feed temperature has small effect on the
Reynolds number. There are only limited changes in
viscosity and density. But the enhancement of the per-
meate flow rate with the inlet feed temperature can be
explained by the increase in vapor pressure (Eq. (18)),
or driving force (Pinter —P,), with temperature. The
helical fiber had higher permeated flow rate than that
of linear fiber for all temperatures across the entire
temperature range. Since the polarization coefficient
temperature of the helical fiber was greater than in
the linear fiber, Ti.r in this case becomes close to the
feed bulk temperature (T}). This leads to had the
evolution of the permeate flow rate between
0.746 x 10 *kg/s and 5.139 x 10 *kg/s when the inlet
feed temperature increase from 20 to 80°C.

4. Conclusions

In order to compare linear to helical fibers, in VMD
coupled with solar energy, a mathematical model was
developed. Also, the procedure for the solution of the
resulting system of equations was presented. The

—— Linear fiber
- Helical fiber

Permeate flow rate (Kg/s)

20 25 30 k] 40 45 50 55 B0
Feed flow rate (/h)

Fig. 7. Influence of feed flow rate on the permeate flow
rate for helical & linear fibers.
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Fig. 9. Influence of feed temperature on the permeate flow
rate.

results obtained prove that the TPC of the helical fiber
are greater than that of the linear fiber. Hence, the
improvement factor is in the range of 3-6%.

Due to this enhancement, the Ti,., and conse-
quently the permeate flow rate, for the helical fiber,
were greater to that for linear fiber and in the same
operating conditions. For the permeate flow rate, the
improvement factor was 28%.

Aiming to investigate the effect of feed flow rate in
the ratio between helical and linear permeate flow
rate, feed flow was varied between 20-601/h. The
results showed a clear improvement of the permeate
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flow rate about 31% in the case of the helical fiber.
Also, the improvement of the permeate flow rate was
in the range of 28-76% when the inlet of feed temper-
ature was varied between 20 and 80°C.

Symbols

Cg — geometric concentration

cp — specific heat capacity, J/kg K

d — diameter, m

Dc — coil diameter, m

e — thickness of the wall absorber, m

hy — boundary layer heat transfer coefficient of feed,
W/m? K

I — incident radiation on the level of the
concentrator, W/m?

Jo — permeate flux, kg/sm?

k — thermal conductivity, W/mk

ky, — membrane permeability coefficient, s mole'/?
m-! kgfl /2

L — module length, m

Lc — length coil, m

L, — latent heat of vaporization, J/kg

m;; — feed flow rate in the inlet of element “i,” kg/s

1My — permeate flow rate, kg/s

Moi — feed flow rate in the outlet of element “i,” kg/s

M,  — water molar mass, kg/mol

P — pressure, Pa/Pitch, m

Pinter — water partial pressure in the membrane surface,
Pa

P, — vacuum pressure, Pa

Ja — incident power of the absorber radiance, W/m?

e — heat flow loss, W/m?

Gu — useful heat flow, W/m?

r — radial coordinate

R — absorber radius, m

R, — coil radius, m

S — outer side surface of the element “i” of the
absorber, m?

T — temperature, K

U — inlet average axial velocity, m/s

u, — radial velocity, m/s

U, — axial velocity, m/s

Wy — wind velocity, m/s

z — axial coordinate

Greek

o — Absorption coefficient of absorber/Thermal
diffusivity, m> /s

& — Emissivity of the absorber
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Y — Interception coefficient of absorber/
dimensionless pitch

A — Thermal conductivity of the absorber
enlightened face, W/mK

u — Dynamic viscosity, Kg/ms

v — Kinematic fluid viscosity, m* /s

o — Reflectivity coefficient/Fluid density, Kg/ m®

o —  Stefan-Boltzmann constant, W/m?K*

T — Transmission coefficient of absorber

Subscript

a — ambient

b — bulk

e — absorber external wall

fii — fluid at the entrance of the element “i” of the
absorber

foi — fluid at the exit of the element “i” of the
absorber

in — inlet

inter — interface membrane/feed

0 — out

w — wall
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Appendix
v’ Input membrane characteristics.
v Input optical and geometrical absorber characteristics
v Input operating conditions
A

Initialize:

Absorber external wall temperature (T,).

Feed/membrane interface temperature (T (’»t\‘fi"“'/w/)
inter

[ Calculate the absorber internal wall temperature (T,,). ]

|A
*‘

[ Calculate bulk temperature (Ty,;) ]

!

[ Calculate membrane interface temperature (T calculated) ] [ Trestimated o caleulated
inter

inter inter

Te.sumuml _ T(a/(uluml <Al

inter inter

T estimated T calculated

inter inter

!

Calculate JV& }’}-’lp (Eq.(25))

!

Calculate rhp (Eq.(15))

New estimation of absorber external
wall temperature (T,)

]

i, (Eq.(25)) = i, (Eq.(15))| < A2

Flow chart for calculation





