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Abstract

Vacuum membrane distillation technology shows considerable promise for the
treatment of mine water. Nevertheless, the current vacuum membrane distil-
lation technology’s significant reliance on a heat source presents a challenging
equilibrium between its energy consumption and thermal efficiency. Conse-
quently, the present study employed computational fluid dynamics (CFD) cal-
culations and analyses to examine the phenomena of temperature-differential
polarisation and concentration-differential polarisation generated during the
membrane distillation process, and to ascertain the extent to which the oper-
ating parameters affect them. Furthermore, it was observed that CPC and TPC
exhibited a notable decline with the elevation of feed inlet temperature, while
the polarisation phenomenon was diminished with the augmentation of feed
inlet flow rate. The optimal equilibrium between membrane flux and thermal
efficiency is intimately associated with the operating parameters. Additionally,
this study offers a theoretical rationale for the enhancement of vacuum mem-
brane distillation performance.
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1. Introduction

In recent years, membrane distillation (MD), a novel heat-driven membrane tech-

nology, has demonstrated promising potential for application in the field of in-

dustrial wastewater treatment (Qasim et al., 2021). This is due to a number of
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factors, including its mild operating conditions, high water yield, effective separa-
tion performance, and capacity to utilise industrial waste heat. In comparison to
conventional pressure-driven membrane technologies, such as nanofiltration and
reverse osmosis, membrane distillation does not necessitate a high-quality input
of raw water (Wan Osman et al., 2021). It is capable of producing a high-quality
output of treated water when processing wastewater with a high concentration of
recalcitrant compounds (Chamani et al., 2021). This technology has been success-
fully employed in the treatment of typical industrial wastewater (Zheng et al.,
2023).

The phenomenon of differential temperature polarisation is of great signifi-
cance in the field of membrane distillation technology, as it has a direct impact on
the efficiency and energy consumption of the membrane distillation process. In
particular, the phenomenon of differential temperature polarisation is a signifi-
cant issue in the context of membrane distillation, as it can result in a reduction
in driving force, a decline in permeate flux and an increase in energy consumption
(Lu et al.,, 2019). The underlying cause of this phenomenon can be attributed to
the necessity for significant heat absorption during membrane distillation, due to
the evaporation of the feed solution on the membrane surface (Anvari et al., 2020).
This results in a reduction in the temperature at the membrane surface, below
the body temperature, thereby diminishing the actual driving force. The tem-
perature difference is of critical importance as a driving force for separation.
The generation of temperature polarisation has the effect of weakening this driv-
ing force, thus affecting the performance of membrane distillation (Zhang &
Guo, 2024).

The study of differential temperature polarisation is a crucial aspect of opti-
mising membrane distillation technology, as it enables a deeper understanding
of and potential improvements to the efficiency of heat and mass transfer in
membrane distillation processes. By analysing the effect of feed liquid flow rate
and membrane properties on differential temperature polarisation, measures can
be taken to mitigate this phenomenon. These include optimising membrane
module design, using modified membranes, applying external physical fields,
etc., with the aim of increasing membrane flux or reducing membrane contami-
nation. In addition, the development of composite membranes with thermal con-
ductivity to heat the cold feed is expected to significantly reduce the differential
temperature polarisation at the source and improve the membrane distillation
performance.

In previous numerical studies of vacuum membrane distillation processes, the
concentration variation of the feed solution during membrane distillation has not
been considered. This has implications for the partial vapour pressure difference
and, consequently, the transmembrane mass flux. In order to address these issues,
the present study combines substance transfer and concentration variations to ob-
tain water production, thermal efficiency and power consumption. This approach
is designed to enhance the potential of vacuum membrane distillation perfor-

mance.
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2. Theory and Modelling

The membrane distillation process is illustrated in Figure 1. The feed solution is
subjected to heating and circulation on the feed side. The hollow fibre membrane
is a hydrophobic PTFE selective permeable membrane. The water vapour traverses
the membrane and subsequently, following its transportation to the vacuum side
by the vacuum pump, enters the condenser. Thereafter, the water is reused in the

form of distilled water.

Vacuum pump

E @ » Distilled water

Condenser

Feed side o— Vacuum side

[
’ ]
Membrane

Figure 1. Vacuum membrane distillation process.
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Figure 2. Grids generated for the computation domain for the configuration.

To further investigate the effects of temperature difference and concentration
polarisation on thermal efficiency and membrane flux, the membrane grid was
divided into a more finely-meshed configuration, as illustrated in Figure 2. The
hollow fibre membranes were composed of PTFE medium control fibre mem-
branes with an average pore size of 0.16 pm and a porosity of 85%, with an inner

diameter of 0.8 mm and an outer diameter of 1.1 mm. The total number of
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membranes was five lengths of 400 mm. The overall dimensions of the VMD
module were 8 mm (diameter) x 400 mm (length). The impact of varying feed
concentration compositions was investigated, with distilled water at salinities of
15 - 90 g/kg prepared with NaCl. The feed inlet temperature ranged from 40 to
80 degrees Celsius, the volumetric flow rate was 0.6 L/min, and the permeate
vacuum pressure was set at 5 kPa. The experimental conditions are summarised
in Table 1.

Table 1. Geometry specifications and experimental conditions of the model.

Hollow fiber vacuum membrane module Value
Effective length of fiber (mm) 400
Shell diameter (mm) 8
Amount of fibers 5
Inner diameter of fiber (mm) 0.8
Outer diameter of fiber (mm) 1.1
Porosity (%) 85
Mean pore diameter (um) 0.16
Feed pressure (kPa) 350
Feed salinity (g/kg) 45
Feed inlet flow rate (m/s) 0.6
Vacuum pressure (kPa) 50
Feed inlet temperature (K) 313.15 - 353.155

3. Theoretical Modelling and Validation
3.1. Heat Transfer Model

During the VMD process, the permeate side region of the membrane is always in
a high vacuum environment and the membrane material itself has poor thermal
conductivity, so the heat loss is generally ignored in the modelling process. Ac-
cording to the principle of energy conservation, the following equation can be ob-
tained (Xu et al., 2009):

Qb = Qm (1)
where Q; is the heat of the feed liquid and Q,, is the latent heat of evaporation
transfer.

The heat and latent heat of vapour transferred between the membrane surface

and the feed liquid is calculated using the following equation (Shakaib et al,,
2011):

Q =hy (Tf _Tfm) (2)
Km
Qm = NAHV +7(Tfm _Tpm) (3)

where § is the membrane thickness (m), 7, is the temperature of the
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membrane surface on the feed side (K), 7}, is the temperature of the membrane
surface on the permeate side (K), NV is the membrane flux per unit time
(kg:'m™-h™"), and the equation of the relationship between the temperature of
the membrane surface and the latent heat of vapour is as follows (Hasani et al.,
2019):

AH, =2489.7-2.412(T,, -278.15) (4)

In the existing research literature, the calculation of heat transfer coefficients is
based on the Nussell number. Although the models used in the various studies are
different, the theory and procedure are basically the same. Based on these empir-
ical formulas, the following Nussell’s formula can be derived (Shokrollahi et al.,
2020):

N,=—— (5)

where dis the film thickness (m) and & is the thermal conductivity (W-m™.K™?).
Local heat transfer coefficient and the temperature polarization coefficient
(TPC) are as follows (Abrofarakh et al., 2024) (Yao et al., 2023):

h, = % __On (6)
Tf _Tfm Tf _Tfm

Tfm
TPC=— (7)

Ty

The thermal efficiency of VMD can be expressed (Vanneste et al., 2017):
JAH
n=———— (8)
V, CpAT,

where Vyand ATrare feed velocity and temperature drop along with the fiber,

respectively.

3.2. Mass Transfer Model

In membrane distillation operation, material transfer and heat transfer are inter-
related processes. Thus, the membrane flux of VMD can be calculated by the fol-
lowing equation (Abrofarakh et al., 2024):

H=K, - p=K, (R-PR) ©)

where P, is the membrane surface pressure (Pa) on the feed side and 2, is the
membrane surface pressure (Pa) on the permeate side.

On this basis, three main mass transfer mechanisms were proposed: molecu-
lar diffusion, Knudsen diffusion and viscous flow. In VMD, due to the negative
pressure on the cold side, there is only a small amount of water vapour in the
pore space of the membrane, and the resistance caused by the collision between
molecules is negligible, and the driving force for the transfer is the saturated
vapour pressure on the inlet side and the absolute pressure difference on the
permeate side. The Knudsen number (K,) is (Soukane et al., 2017; Zare &
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Kargari, 2022):

K,=— (10)

where X is the mean free range of water vapour (m) and d'is the mean pore diam-
eter of the membrane (m).
The calculated expression for the mean free range of water vapour through the
membrane is as follows (Choi et al., 2024):
KT
- \/Eﬂpdlz

where K has a value of 1.38 x 1072 J.K! and d, is the collision diameter value of

(11)

2.641 x 107" m. The mass transfer mechanism in this study is a viscous flow-Nus-
sen diffuser.

The mass transfer mechanism in this study is a viscous flow-Nussen diffusion
machine, so the equation for the transmembrane mass transfer flux is (Lou et al.,
2022):

N =(C,+C,)AP (12)

where C is the viscous flow coefficient, G is the Knudsen coefficient, and AP is
the vapour partial pressure difference.

The concentration polarization coefficient (CPC) is as follows (Lokare & Vidic,
2019):

C
CPC=—_m (13)
C

f

Cin is the concentration of the solution on the surface of the distillation mem-

brane, and CFis the concentration of the main body of the solution.

40

- @ - Simulation s
354 —o— Experimental ’
30 4

Flux (kg/m’/h)
8

L] L] 1 L] L]
310 320 330 340 350 360
Feed temperature (K)

Figure 3. Experimental and simulation comparison (feed flow rate = 0.45 m/s; salinity =
4.5%; vacuum side pressure = -5 kPa).
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3.3. Model Validation

Figure 3 illustrates the comparison between the experimental data and the simu-
lated results of the flux of the vacuum fibre membrane distillation module based
on different feed temperatures (313, 323, 333, 343, 353 K). The calculated error
values demonstrate that the simulated and experimental data exhibit a satisfactory

agreement at different feed temperatures.

4. Results and Discussion

4.1. Concentration Polarization Coefficient

As illustrated in Figure 4, the concentration polarisation factor demonstrates
minimal variation with increasing salinity of the feed solution. Furthermore, an
increase in the inlet flow rate of the feed solution results in a reduction in polari-
zation. The gradient rate of change of CPC with feed liquid inlet velocity is 0.95,
0.42, 0.24, 0.26, indicating that when the inlet flow rate reaches 0.45 m/s, there is
a notable improvement in concentration polarisation. Furthermore, the change
in concentration polarisation with the increase in inlet flow rate begins to plat-
eau.

It can be seen in Figure 5 that the concentration polarisation coefficient ex-
hibits a notable decline with rising feed inlet temperature. This is attributed to
the fact that elevated temperatures enhance the water vapour flux at the mem-
brane interface, thereby exhibiting a more pronounced concentration polarisa-
tion (Darman et al., 2023). Consequently, as temperature increases, the mem-
brane flux also rises. However, the accompanying surge in energy consumption
is a significant concern that will be elaborated upon in the thermal efficiency

section.

1.000
0.995 -
o— <2 D < 9
0.990 4 - - o -
0.985 - @ > > > o
O
(=W
@)
0.980 -
0.975 - ° > — > —
0.970 —o— V=1.5m/s —o— V=6.0m/s
—o—V=3.0m/s —o—V=9.0m/s
—o—V=4.5m/s
0.965 T T T T
0 2 4 6 8 10

Salinity (%)

Figure 4. Concentration polarization coefficient along the salinity under the feed inlet tem-
perature at 343.15 K.
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Figure 5. Concentration polarization coefficient along the feed inlet flow rate under the
feed salinity at 3%.

4.2. Temperature Polarization Coefficient

Figure 6 displays the trend of the temperature polarisation coefficient as a func-
tion of the inlet temperature. It is evident that the inlet and outlet temperatures
exert a considerable influence on the TPC. As the temperature rises, the temper-
ature gradient of the feed solution in the hollow fibre membrane tube becomes
markedly more pronounced. Furthermore, temperature polarisation results in an
uneven heat transfer, which ultimately leads to a reduction in thermal efficiency.
Achieving an optimal balance between thermal efficiency and membrane flux can
further enhance the efficiency of vacuum membrane distillation (Andrés-Manias
et al., 2023). Increasing the inlet flow rate can mitigate the impact of temperature

polarisation and improve thermal efficiency.

1.00
Salinity=3.0%
0.99 -
0.98 4
%ﬂ 0.97 -
H
0969 —o—v=1.5m/s
—o— V=3m/s
095 —°— V=4.5m/s
—o— V=6m/s
—o— V=9m/s
0.94 T T T T
310 320 330 340 350

Temperature (K)

Figure 6. Temperature polarization coefficient along the feed inlet temperature under the
feed salinity at 3%.
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4.3. Thermal Efficiency

Figure 7 presents a plot of thermal efficiency as a function of temperature and
flow rate. It is evident that an increase in the inlet flow velocity has a considerable
impact on the thermal efficiency. However, the improvement in thermal efficiency
brought about by an increase in the inlet velocity to 0.45 m/s is less pronounced.
As the temperature rises, the decline in thermal efficiency becomes less steep, oc-
curring between 323.15 and 343.15 K. Consequently, a more detailed examination
of the efficiency of vacuum membrane distillation in conjunction with membrane

flux is crucial.

34

Salinity=3.0%

33 -

32 1

304 ——v=1.5m/s

—o— V=3m/s
29 J —o— V=4.5m/s
—o— V=6m/s
—o—V=9m/s
28 T T T T
310 320 330 340 350

Temperature (K)

Figure 7. Thermal efficiency distribution along the along the feed inlet temperature under
the feed salinity at 3%.
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Figure 8. Surface plots of temperature polarisation coefficient and concentration polarisa-
tion coefficient versus membrane flux.
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4.4. Overall Performance

Figure 8 provides a visual representation of the relationship between TPC and
CPC and membrane flux. At TPC = 0.985 and CPC = 0.990, the membrane flux is
observed to reach 42 kg-m~>-h™". In light of the aforementioned results, it can be
concluded that a high level of thermal efficiency is achieved at an inlet flow rate
of 0.45 m/s and an inlet temperature within the range of 323.15 to 343.15 K. Con-
sequently, the optimal operating parameters between thermal efficiency and mem-

brane flux must be identified on the basis of the cost of energy supply.

5. Conclusion

This study investigates the results of the temperature polarisation coefficient, con-
centration polarisation coefficient, thermal efficiency and membrane flux based
on CFD simulations. It was observed that there was a notable decline in CPC and
TPC with the rise in feed inlet temperature, and that the polarisation was dimin-
ished with the increase in feed inlet flow rate. Conversely, thermal efficiency
demonstrated a negative correlation with feed inlet temperature. The optimal
equilibrium between membrane flux and thermal efficiency is closely associated
with the operating parameters. This study also provides further insight into the
impact of polarisation coefficient on the performance of vacuum membrane dis-

tillation.
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