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ABSTRACT

The fluid flow in a rectangular channel is observed by a high-speed fluid field display sys-
tem, and the fluid appearances under different operate parameters are presented pictorially.
Numerical simulations are performed to investigate brine desalination by vacuum membrane
distillation (VMD) with three different channel configurations (rectangular, serpentine and
spiral) to compare the effect of channel configuration on the process. The results obtained
from simulation are analysed from the viewpoint of field synergy. This study concludes that
better field synergy leads to better membrane permeability flux. The spiral channel shows
the best performance in enhancing heat transfer and increasing the synergy. Increasing the
co-direction component of the multi-field could enhance the transfer process. The numerical
simulation results are consistent with experimental results.
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1. Introduction

Vacuum membrane distillation (VMD), a mem-
brane distillation (MD) process, has become an active
area of research with the characteristics of high ther-
mal efficiency and large mass transfer flux. VMD has
potential application as a frequently used technique
for separating dilute aqueous mixtures, for example,
in the treatment of water coloured with methylene
blue dye [1], the treatment of dye solutions [2] and
the removal of ammonia from aqueous solution [3].
VMD has also been applied to separate and concen-
trate heat-sensitive materials (juice, herbs, etc.). For
example, the concentration of sucrose solutions [4]
and ginseng extract aqueous solutions [5], brine
desalination and water production by direct contact
membrane [6], membrane-controlled release of a drug
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from a hybrid dispersed network-membrane-based
system and the release of small molecules such as
nico-resertine, caffeine and benzoic acid have been
reported [7,8].

In recent years, brine desalination has been an
important strategy for overcoming the water shortage
caused by the increasing depletion of freshwater
resources. Compared with traditional desalination
methods (distillation and reverse osmosis (RO)), VMD
is still a new separation technology. If the VMD sys-
tems couple with solar energy, the brine desalination
by VMD process is feasible. The maintenance costs are
from pumps [9]. However, the development of mem-
brane technology and the emergence of new materials
reflect the remarkable potential of VMD processes.
Many of the published works focus on this area [10].

In particular, many works have been devoted to
the numerical simulation of MD. The flows of cold
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and hot solution were simulated by Alklaibi et al
[11,12] using the finite element method to simulate air
gap membrane distillation (AGMD) and direct contact
membrane distillation (DCMD) processes, which were
modelled as a two-dimensional conjugate problem.
The model couples the continuity, momentum, energy
and species conservation equations of the feed and
cold solution. The transport of the vapour through the
membrane was described by molecular diffusion. The
effects of the main operating parameters and
membrane parameters on the permeability flux were
also analysed in the MD process. Qtaishat et al. [13]
proposed a heat transfer model for DCMD brine
treatment. The details of all heat transfer mechanisms
in the feed stream were illustrated, and the heat
transfer was divided into three regions: the feed
solution thermal boundary layer, the membrane and
the permeate solution thermal boundary layer. Simple
energy and mass balances were proposed with a
system of non-linear equations using a number of
unknowns. The permeate stream was based on the
direct experimental observation of heat and mass
fluxes. The heat transfer equations were solved using
the FSOLVE functions in MATLAB.

To date, many theoretical and experimental works
have been performed to enhance the transfer process
to save energy. Meanwhile, improving production effi-
ciency is also an important research topic for research-
ers. By considering an analogy between heat
convection and heat conduction with heat source, Guo
et al. [14,15] studied the mechanisms of convective
heat transfer and proposed a novel concept regarding
the enhancement of convective heat transfer for a par-
abolic fluid. They found that the strength of the heat
source not only depended on the fluid properties and
velocity but was also synergistically related to the
velocity and temperature gradient vectors. The rela-
tionship between the velocity and heat flux vectors
had a significant impact on heat transfer. The
improvement of the coordination of velocity field and
temperature field could enhance heat transfer, which
is referred to as the field synergy principle. This
principle thus reveals the physical nature of the
convection heat transfer and heat transfer enhance-
ment. A series of new methods for controlling the
strength of convective heat transfer were developed.

The fluid flow in the membrane module usually
cannot be observed visually. To observe the actual
fluid flow, a high-speed field display system is used
to image the fluid in the membrane module. Based on
the established geometric model of a flat membrane
module with different channel configurations, brine
desalination via VMD was simulated. The simulation
results for three different flow channels (rectangular,
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serpentine and spiral) were compared and analysed
from the viewpoint of the field synergy principle.

2. Experiment

The high-speed fluid field display system includes
several units: a polymethyl methacrylate membrane
module, high-speed camera, computer and dyspro-
sium light source. A HG-LE high-speed camera (phan-
tom V7.3, VRI Company, American) is used with a
CMOS sensor as the recording medium. A dyspro-
sium light source (1,000 W) is used as the main light-
ing and auxiliary illuminant. Red ink is used to mark
the fluid flow path. The fluid field display system is
shown in Fig. 1. All units are set up in the appropriate
position, and the observation angle is adjusted include
the fluid in the module. In the experiment, red ink is
injected into the feed solution at the entrance. The
fluid is captured by the high-speed camera, and the
pictures are recorded and processed using a com-
puter, it can be seen the changes from the pictures
due to the change of process conditions.

3. Model description

The VMD process in the membrane module is
depicted in Fig. 2(a). The feed solution is pumped into
the membrane module. Some of the volatile compo-
nents evaporated from the hot side of the membrane
surface. Because of the membrane hydrophobicity, as
long as the pressure difference across the membrane
is not greater than the liquid osmotic pressure, the
liquid does not pass through the membrane pore. The
vacuum device maintains a pressure on the cold side
that is below the equilibrium vapour pressure of
the volatile components, which causes the vapour to

HG
camera

Flow direction

Fig. 1. High-speed fluid field display system.
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(a) Schematic diagram of the membrane distillation process in the module
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Fig. 2. Schematic diagram of the VMD process and
geometry of the flow channels.

Table 1

Characteristic of PVDF Membrane

Material PVDF
Nominal pore size, m 0.2
Thickness, mm 0.2
Porosity, % 41.2
Manufacturer Millipore

pass through the membrane into cold side due to the
pressure difference. The membrane used in this study
is a polyvinylidene fluoride (PVDF) microporous
hydrophobic membrane, and the relevant physical
parameters are given in Table 1.

The models for VMD include heat and mass
transfer. To simulate the fluid flow in the module, 3D
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geometric models are created for the rectangular,
serpentine and spiral channels. The rectangular model
is 0.1 m long, 0.02m wide and 0.003 m deep, as shown
in Fig. 2(b). The serpentine channel is 0.17m long,
0.02m wide and 0.003m deep, as shown in Fig. 2(c).
The spiral channel is 0.02m wide and 0.003m deep,
the radius of spiral channel is 0.08m, as shown in
Fig. 2.

In the analysis of VMD, the governing equations
for the solution coupled the continuity, momentum,
energy and species conservation equations of the feed
and cold solutions. For any fluid flow system,
momentum conservation is the most fundamental law.
According to the law of momentum conservation, the
fluid momentum conservation equations for the x, y, z
direction are shown as follows:
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The fluid must satisfy mass transfer conservation
and energy conservation, and equations of which are
as follows. It is assumed that the heat lost to the sur-
roundings is negligible, channel walls are defined no
sliding boundary conditions, porous channel is isotro-
pic homogeneous medium. Inlet fluid is assumed to
continuum mechanics.

ou Ov Ow
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The boundary conditions are provided as follows:
Inlet: u=uy, c=cy, T=Ty Outlet: 7i-(—kVT) =0,
ii-(=DVc)=0,P=0. The thermal conductivity
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coefficient of brine is a slightly higher than that of
pure water and decreases somewhat with increasing
salinity. In the simulation, the thermal conductivity of
brine is replaced with that of pure water, incurring an
error of less than 5%. The relation between the ther-
mal conductivity of pure water and temperature is
shown in Fig. 3.

The operation temperature of the system ranged
from 313 to 353K, and the thermal conductivity could
be obtained as follows:

k=9.8 x 10T + 0.99031 (7)

Schofield [13] put forward three mass transfer
modes according to the relative sizes of the gas
molecule free path and membrane pore: Knudsen
diffusion, molecule diffusion and Poiseuille flow. The
diffusion mechanism through the membrane in MD is
determined by the molecular free path and the
membrane pore size d.

The molecular free path is calculated by the fol-
lowed equation [13]:

KT
Pv276?

(8)

When membrane pores are small and the vapour
density is low, the pore size is far less than the gas
molecule free path. Relative to collisions between gas
molecules and the inner wall of the porous mem-
brane, the collisions of molecules can be ignored.

The diameter of the membrane pore was 0.2m,
d <0.05/, and the diffusion mechanism in the mass
transfer process through the membrane is described
by Knudsen diffusion. Neglecting the collisions of
molecules, the diffusion coefficient could be expressed
as K
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Fig. 3. The relation between the thermal conductivity of
pure water and temperature.
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Using the method of iteration, multi-field coupling
models are solved by the UMFPACK resolver in the
COMSOL. The solutions of the coupled momentum
and energy conservation equations are used to solve
the concentration field. The membrane permeability
flux profile is a mean permeability flux.

4. Results and discussion
4.1. Fluid flow in the membrane module

On the cold side, the vacuum is 0.090MPa, the
feed liquid concentration is 5g/L, the feed liquid con-
centration is 323K, and the feed rate is 50L/h. The
transient fluid flow is recorded by a high-speed cam-
era. The pictures for different times are shown in
Fig. 4. These pictures show that the fluid velocity in
the centre area is larger than the boundary velocity,
which is consistent with fluid mechanics theory. These
fluid flow pictures provide a visual representation of
this phenomenon. The effect of feed temperature and
feed flow rate is investigated.

The fluid flow is dependent on the feed tempera-
ture. Fig. 5 presents the fluid flow pictures at 318 and
338K for the same point in time, a feed liquid concen-
tration of 5g/L, a vacuum degree of 0.090 MPa, and a
feed rate of 150L/h. The higher temperature corre-
sponds to increased fluid diffusion.

(a) 4s

(b) 65

(c) 8s

Fig. 4. Fluid flow at different times (a) 4, (b) 65, and (c) 8s.
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(a) 318K

(b) 338K

Fig. 5. Fluid flow at different temperatures (a) 318 K and
(b) 338K.

(a) 50 L/h

(¢) 250 L/h

Fig. 6. Fluid flow at different temperatures (a) 50L/h and
(b) 250L/h.

The feed flow rate significantly changes the fluid
velocity distribution and disorder degree. As shown
in Fig. 6, the turbulence increases with feed flow rate,
which improves mass transfer and heat transfer, the
membrane permeability flux increases.

4.2. Velocity field analysis

The inlet flow rate is set to 0.6m/s and the tem-
perature is set to 323 K. The velocity field for the three
channels is depicted in Fig. 7. An obvious difference
is observed between the central and non-central
regions in the distribution of the velocity field. In each
section, the speed is highest when the fluid is closer
to the central area, which is consistent with the
pictures in Fig. 4.
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section:velocity field [n/s] Max: 0,986

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
I 0.1

0
Nin: 0
(a) Velocity field section of the rectangular channel

section:velocity field [n/s] Max: 1.193

Min: 0
(b) Velocity field section of the serpentine channel
section:velocity field [a/s] Max: 0.815

0.8

0.7
0.6
0.5
0.4
0.3
0.2

0.1

0
Min: 0

(¢) Velocity field section of the spiral channel

Fig. 7. Velocity field sections of the three channels
(a) Velocity field section of the rectangular channel
(b) Velocity field section of the serpentine channel
(c) Velocity field section of the spiral channel.

4.3. Temperature field analysis

The temperature field distribution of the module is
shown in Fig. 8. The temperature decreased gradually
from the entrance to the exit of the flow channel
because the heat loss increases closer to the exit. The
temperature changes across the region are approxi-
mately 2K. In the rectangular channel, as shown in
Fig. 8(a), the temperature in the central region was
higher than the temperature on either side, and the
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temperature is different in each region. As shown in
Fig. 8(b) and Fig. 8(c), the temperature field in the first
section of the serpentine and spiral channels was the
same as that in the rectangular channel; however, the
temperature eventually obtains a constant value later
in the serpentine and spiral channels. Because of the
short flow duration through the rectangular channel,
the temperature cannot become constant. The serpen-
tine and spiral channels are longer than the rectangu-
lar channel, which allows the temperature to become
constant in later sections.

section:temperature field [K]

321.8
321.6

Min: 321.5
(a) Temperature field of the rectangular channel

section:temperature field [K] Max: 323.262

323.2

321.8
L 321.6

Nin: 321. 415
(b) Temperature field of the serpentine channel

section:temperature field [K] Max: 323,227
323.2

321.8
321.6

Min: 321.41
(c) Temperature field of the spiral channel

Fig. 8. Temperature fields of the three channels (a)
Temperature field of the rectangular channel (b)
Temperature field of the serpentine channel (c) Temperature
field of the spiral channel.
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4.4. Concentration field analysis

The concentration field distributions of the three
channels are given in Fig. 9; the changes in the
concentration fields differ for each flow channel.
The concentration change is not very clear for the
rectangular channel, as shown in Fig. 9(a). Due to the
small concentration diffusion coefficient and the small
amount of water vapour moving through the mem-
brane pore, only the local concentration could be
changed. In the serpentine channel, it is evident each

section:concentration field [mol/m’3]

.!ax: BS. 944
85. 8
85. 6
85. ¢
85.2

85

8+. 8
Min: 84.756

(a) Concentration field of the rectangular channel

section:concentration field [mol/n”3] Max: 103. 544

108.5

Min: 100. 643
(b) Concentration field of the serpentine channel

section:concentration field [mel/m’ 3] Max: 454. 655
400
— \ 300
BN “ 200
= T
3 = 100
/ /.
/4’ / 0
— -100
] —-200
=0, 05 |
Min: -276. 308

(c) Concentration field of the spiral channel

Fig. 9. Concentration fields of the three channels (a)
Concentration field of the rectangular channel
(b) Concentration field of the serpentine channel (c)
Concentration field of the spiral channel.
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section is slightly different, with the concentration
increasing gradually overall from the entrance to the
exit, as shown in Fig. 9(b). The largest concentration
change is exhibited by the spiral channel, in which the
concentrations in the inlet and outlet regions are
slightly lower than that in the other regions.

4.5. Comparison of simulation and experimental results

Using a PVDF membrane, the rectangular channel
module is selected for experimental study with a the
feed concentration of 5g/L and a vacuum of
0.090MPa in the feed temperature range of 318-338K
[16]. The comparison of the experimental results and
the results of the numerical simulation is shown in
Figure 10, in which the experimental and simulation
results are represented by the black and red lines,
respectively. At a high feed flow rate, the membrane
flux increases significantly with increasing tempera-
ture. The pressure at the hot side increases as the
temperature increases; thus, both the mass transfer of
water vapour through the membrane and the
membrane flux increase. Based on the information
presented in this figure, the simulation results are in
accordance with the general trends exhibited by the
experimental results.

4.6. Field synergy analysis and channel comparison

The field synergy principle, which is different from
the traditional enhancement methods, focuses on the
multi-field synergy and enhances heat transfer by
increasing the synergy. The multi-field cosine repre-
sents the field synergy to some extent and can be
expressed as [12]

—u— Exp
—o— Sim

1 1
315 320 325 330 335 340

T/K

Fig. 10. Comparison of experimental and simulation

results for the water flux.
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uvT

= - 10
VT 10

Ccos

As the indicator describing the field synergy, the
value of cosf is between 0 and 1. Thus, the field
achieves full coordination when f is 0° and there is no
synergy when f was 90°.

It should be noted that no chemical reaction
occurred during the VMD brine desalination. In addi-
tion, the coupling of mass and heat transfer cannot be
ignored in the interaction of simultaneous mass and
heat transfer. In general, increasing the driving force
and reducing the resistance are used to enhance the
transfer process of VMD. The synergy of the velocity
and temperature field can enhance heat transfer. The
pressure increase on the membrane surface increases
the co-direction component and the heat transfer rate.
Thus, the membrane separation performance would
be enhanced.

The field synergy principle is employed to analyse
the simulation results of different flow channels in
this work. Under the same process conditions, the
variation of the synergy with Reynolds number
between the temperature and flow field in three flow
channels (rectangular, serpentine and spiral) is shown
in Fig. 11.

The figure illustrates that the synergy of each flow
channel changed little with increasing Reynolds num-
ber. In contrast, the synergy varied strongly by flow
channel shape, with the spiral channel having the
greatest synergy and the rectangular channel having
the least synergy. Therefore, under the same process
conditions, the synergy degree between the velocity
vector and the temperature gradient in the spiral flow
channel is greater than that of the other channels.

0.7
— ®— Rectangular channel
0.6+ — ®— Serpentine channel
spiral channel
=%
g 05
- e o——¢&— e
04
./I
03 . - —
1 n 1 n 1 n 1 n 1
50 100 150 200 250

Re

Fig. 11. Variation of the synergy with Reynolds number
for three flow channels.
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24
— m— Rectangular channel
20 - —e— Serpentine channel
spiral channel
16
= nf
(o]
g
4 8r
4 -
0 -
1 1 1 1 1
320 325 330 335 340
T/°C
Fig. 12. Comparison of water flux for different flow

channels.

The simulation results of membrane permeability
flux in different flow channels are compared in
Fig. 12. The three differently coloured lines in the
figure represent the three different flow channel
configurations: black represents the rectangular flow
channel, red represents the serpentine flow channel,
and green represents the spiral flow channel. Compar-
ing the simulation results, the water flux of three
channels increased with increasing initial temperature
under the same process conditions. The water flux
theoretically achieved maximum of 21.8L/(m? h) in
the rectangular channel, 24.3L / (m” h) in the serpen-
tine channel and 25.8L/(m? h) in the spiral channel at
the highest temperature, 343K. The increasing ten-
dency is similar for each channel from 318 to 328K,
whereas the water flux increases more rapidly for the
spiral channel than for the other flow channels from
328 to 343K. In addition, the water flux of the spiral
channel at the maximum temperature was greater
than that of the other two channels. The spiral mem-
brane module packing density is denser and effective
membrane area is larger than the other two membrane
modules[17,18], the total flux should be more than the
other two membrane modules.

The membrane permeability flux results are consis-
tent with the results of the field synergy analysis:
higher field synergy leads to a higher membrane per-
meability flux. The spiral channel configuration is the
best configuration among three channels for increasing
the field synergy.

Conclusion

In this paper, the fluid flow is observed using a
high-speed camera, models of rectangular, serpentine
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and spiral flow channel are established, and brine
desalination by VMD is simulated for each different
channel. The simulation results, including the flow
fields and flux of the three channels, are compared
from a field synergy viewpoint. The fluid flow forms
are presented as functions of the operation parame-
ters. The achieved numerical simulation results are
quite consistent with the experimental results, which
indicates the validity of the proposed model. The sim-
ulated results confirm that the spiral flow channel
enhances heat transfer and yields the best membrane
permeability flux. The synergy analysis of the temper-
ature and velocity field using the field synergy princi-
ple indicates that the synergy angle determined the
synergy of the fields for otherwise identical process
conditions. The heat transfer effect of different flow
channels could be affected by the degree of field syn-
ergy, and the membrane permeability flux can be
improved.

Nomenclature

] — membrane flux (L/m>h)

Vv — sample volume (L)

A — effective membrane area (m?)

t — sample time (h)

Kh — feed conductivity (S/cm)

Ke — distillate conductivity (S/cm)

s — indicator describing the degree of field
synergy

Cy, — feed solution concentration (g/L)

C. — out solution concentration (g/L)

C, — internal resistance factor

Knh — feed solution conductivity (S5/cm)

K¢ — out solution conductivity (S/cm)

Uu,0,Ww — velocity in the x, y, z direction (m/s)

u; — velocity in the i direction (m/s)

n — viscosity coefficient

P — pressure (MPa)

p — density (g/m°)

F., F,, F. — quality force on microelement in the x, y,
z direction (m/s?)

cp — specific heat capacity (J/kg-K)

k — thermal conductivity (w/m*K)

T — temperature (K)

St — heat energy converted by fluid
mechanical energy due to viscosity (J/kg)

A — molecular average free path (m)

Kg — Boltzmann constant

T — average temperature on both membrane
sides (K)

o — molecule diameter (m)

r — radius (m)

membrane porosity
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T — tortuosity factor

0 — membrane thickness (mm)

M — molecular molar weight of the
components through the membrane
(g/mol)

R — gas constant (kJ/kmol-K)

Ty — average temperature (K)
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