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ABSTRACT

This study presents a theoretical model based on integrated heat and mass transfer in a vacuum
membrane distillation module. The vacuum membrane distillation is being investigated using a
parametric analysis with the objective of investigating the influence of operating parameters on pro-
cess performance. The study considers various factors associated with VMD operation, such as feed
inlet temperature, feed inlet flowrate, and vacuum pressure. Two key performance metrics, namely
permeate flux and gained output ratio (GOR), are employed to evaluate the system’s performance.
The results reveal that raising the feed temperature and flowrate results in improved output flux
and GOR. Nevertheless, the impact of changing the feed temperature on performance enhance-
ment surpasses that of adjusting the feed flowrate. Furthermore, decreasing the pressure in the per-
meate channel, thereby achieving higher vacuum levels, significantly improves the permeate flux,
particularly at lower feed temperatures. However, this productivity increase comes at the expense
of increased heat loss and reduced GOR. Additionally, all the parameters investigated demonstrate
substantial effects on the permeate flux, while their influences on the GOR are negligible.

Keywords: Water desalination; Vacuum membrane distillation; Theoretical analysis; Performance and

energy evaluation

1. Introduction

Membrane distillation (MD) is a desalination process
that uses a hydrophobic membrane to separate freshwater
from seawater by means of thermal gradients. The process
works by heating the seawater on one side of the mem-
brane; the membrane separates vapor that is then condensed
on the other side of the membrane to produce freshwater
[1,2]. The membrane is designed to allow the water vapor
to pass through while preventing the liquid water and dis-
solved salts from passing through. The MD process relies on
a temperature gradient to create a vapor pressure gradient
to drive the water molecules through the membrane. This
allows MD to operate at lower pressures, making it more
energy-efficient than thermal distillation methods [3]. MD
has other pros over the conventional desalination methods,
it has a higher tolerance to the presence of dissolved salts
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and other impurities in the feed water, it can operate at rel-
atively low temperatures, and it is less sensitive to fouling.
However, the technology is still considered in early stages
of development, and it is not yet widely used in commercial
desalination plants [4,5].

There are four primary configurations in membrane
distillation (MD) that are classified based on how water
vapor condenses while permeating through the membrane:
direct contact membrane distillation (DCMD), sweeping gas
membrane distillation (SGMD), air gap membrane distil-
lation (AGMD), and vacuum MD (VMD) [6]. Among these
designs, VMD demonstrates the greatest system efficiency
due to its minimal conduction heat loss and substantial
water productivity. In the VMD process, vacuum pressure
is utilized to create a difference in water vapor pressure
between the hot and cold sides instead of introducing a
cold stream to the permeate side. As a result, temperature
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polarization and conduction loss are greatly reduced in
VMD. Additionally, the application of vacuum on the cold
side eliminates air from the membrane pores, leading to
negligible molecular diffusion and a uniformly maintained
vacuum level on the cold side. Consequently, mass transfer
through the membrane pores is predominantly governed by
Knudsen diffusion [7].

Several investigators have studied and assessed the
performance of the VMD process for different applications.
In this regard, Zhang et al. [8] proposed and numerically
investigated a novel micro VMD system with semicircular
spacers through a computational fluid dynamics approach.
Including these semicircular spacers in the VMD, the sys-
tem brought about modifications in the flow field, reducing
mass transfer resistance and improving the system’s per-
meate flux and temperature polarization coefficient. The
results demonstrated a uniform temperature distribution
when the semicircular spacers were employed.

Another experimental study [9] examined the perfor-
mance of a novel hollow fiber VMD system with holes in its
central tube. By incorporating a perforated central tube, the
average vapor pressure was effectively reduced. The study
also proposed the optimal parameters for the packing frac-
tion, length, and suction mode of the system. The findings
indicated that the utilization of double-suction resulted in
a more uniform pressure distribution. This configuration
not only reduced the specific energy consumption (SEC) by
12.5% but also improved the flux by 50%-70% compared to
the single suction configuration.

In their work, Han et al. [9] introduced a conductive
heating VMD system designed for brine desalination. This
system implemented conductive heating by attaching an
aluminum shim to the membrane, effectively mitigating
the adverse impact of temperature polarization on mem-
brane distillation. The results showed promising outcomes,
including a maximum water flux of 9.8 kg/m?>h. Notably, the
temperature polarization coefficient surpassed one, lead-
ing to an exceptional improvement in the system’s thermal
efficiency, reaching a maximum value of 83.2%.

Different studies have been carried out to improve the
productivity of the VMD process. Most of these studies
have been conducted for small-scale systems, and some
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have used multistage systems for productivity improve-
ment (e.g., [10,11]). The current study aims to enhance the
performance of the VMD process through a detailed perfor-
mance analysis of a large-scale vacuum membrane distilla-
tion system and the determination of the best conditions.
The performance of the VMD system is evaluated in terms
of permeate flux and gained output ratio (GOR). The inves-
tigated operating parameters involve the influence of feed
temperature, feed flowrate, and vacuum pressure.

2. System description

As depicted in Fig. 1, the feed solution undergoes heat-
ing to reach the desired temperature with the assistance
of an electric water heater. Subsequently, the heated feed
solution is introduced into the VMD module through the
feed channels. Within the module, the feed solution flows
over the surface of a hydrophobic membrane, with a main-
tained pressure disparity between the two sides of the
membrane. To prevent deflection of the membrane caused
by the pressure exerted by the feed stream, a metal sheet
equipped with multiple holes supports the membrane. At
the liquid-membrane interface, a portion of the feed solu-
tion evaporates. The pressure variation across the mem-
brane prompts the resulting vapor to permeate through the
membrane while the remaining liquid is directed back to the
water heater for heating and recirculation. To enhance the
separation of water vapor from the feed solution, a vacuum
pump is employed to remove the water vapor once it has
traversed the membrane, thereby maintaining a low pres-
sure on the permeate side. The evacuated water vapor is
then directed to an external condenser, where it undergoes
condensation, leading to the formation of a purified per-
meate stream. The condenser is maintained at a lower tem-
perature with the aid of cold water supplied by an electric
chiller. The membrane used in the module has a thickness
of 7 um and a porosity of 0.8. The diameter of the mem-
brane pores is 0.45 um. The effective membrane area for
the module is 1 m? The dimensions of the feed channels
within the MD module are 0.5 m in width, 0.7 m in length,
and 0.01 m in depth. The module consists of 3 channels
in total.
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-
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s
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Fig. 1. Schematic diagram of vacuum membrane distillation process.
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3. Theoretical approach

In this section, the thermodynamic performance of the
proposed VMD system is evaluated via mathematical mod-
eling. A listing of all of the heat and mass transfer equations
in both the MD module and the external condenser, as well
as the performance indices, are displayed in Table 1. To
investigate the performance of the proposed system, two
performance indices are used, including the permeate flux
and the gained output ratio (GOR).

4. Results and discussion

In this section, the influences of the main operational
parameters on the performance of the VMD process are
examined. The operating parameters include; the feed
inlet temperature, feed inlet flowrate, and vacuum pres-
sure. At the same time, the metrics for evaluating perfor-
mance include the output flux and the gained output ratio
(GOR).

Table 1
Heat and mass transfer equations
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5. Effect of feed temperature

In the MD process, the primary factor driving vapor
permeation through the membrane is the variation in vapor
pressure created by the temperature variation between the
two sides of the membrane. Therefore, it is crucial to exam-
ine the influence of the hot water temperature on the overall
performance of the system. Fig. 2 illustrates the influence of
feed water temperature on the system performance. In this
case, the hot water temperature is changed from 50°C to
90°C, whereas other parameters are constant, as mentioned
below the figure. As depicted in Fig. 2a, raising the tempera-
ture of the feed water leads to an enhancement in the out-
put flux. Specifically, elevating the hot water temperature
from 50°C to 90°C results in a substantial improvement in
the system’s permeate flux, rising from 11.6 to 254 kg/m*h
(approximately a 2,000% enhancement). This increase in per-
meate flux can be attributed to the larger temperature dif-
ference across the membrane, which generates a stronger
driving force for vapor generation and permeation, thereby

Heat and mass transfer in the MD module

Rate of energy transfer from feed stream to the

=h x(T,-T A 1
membrane [12,13] Qieea e ( fooome ) Ay M
k
Heat tra.nsfer through the membrane by 0 =|fn ( T, -T ) XA, +], xAH, x A @
conduction and vapor transfer [14] mem ) mem ! o
kg, k
Heat transfer through the support plate [3,15] Q, = 3 (Tms -T, ) XA+ ? (Tmf - Tms) xA + ( J, xAH U) xA, (3)
sp
Vapor mass flux [16] J,=D,x (me XY X X~ Pmp) 4)
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. e .. a l-a
Equivalent diffusion coefficient [17] D= —+—— 5)
’ Dk Dm
05\
Knudsen diffusion coefficient [17] D, = 3xdxz mxRxT, 6)
2 X 8 X dpore 8 x MUY
RxT xdxtxP. N
Molecular diffusion coefficient [17] D = o arpore )
" M, xexPD,
Heat & mass transfer in the condenser
Heat transfer inside the condenser [18] Q condenser = U X A, x LMTD =it x hfg (8)
Performance indices
vV, x
Permeate flux Flux = (;p] 9)
AH x A
Gained output ratio (GOR) GOR = [MJ (10)
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Fig. 2. The variations of permeate flux and GOR with feed temperature. Conditions: cold water temperature of 20°C, feed and
coolant flowrates of 50 L/min, condenser area of 3 m? and vacuum pressure of 55 mbar.

boosting the system’s productivity. In Fig. 2b the variation
of the system’s gained output ratio (GOR) with feed water
temperature is demonstrated. It is observed that the sys-
tem’s GOR improves as the feed water temperature rises
from 50°C to 90°C, with a peak GOR value of 0.72 and an
overall increase of approximately 2%. This improvement in
GOR is primarily driven by the exponential growth in sys-
tem flux as the hot water temperature increases. Although
energy consumption also increases with higher feed water
temperature, it is noteworthy that the system’s recovery
ratio demonstrates improvement with the elevated feed
water temperature. This is due to the higher permeation
of vapor across the membrane pores at higher feed water
temperatures.

6. Effect of feed flowrate

The impact of the feed water flowrate on the output flux
is depicted in Fig. 3a. It is evident that raising the flowrate

of the feed stream results in an improvement in the output
flux. This enhancement can be attributed to the higher tur-
bulence level of the flow and the consequent reduction in
the thermal boundary layer thickness on the membrane
hot side. These changes facilitate higher coefficients of
mass and heat transfer on the feed side of the membrane,
resulting in an overall enhancement in system productiv-
ity. It is important to note that at a feed flowrate of 10 and
30 L/min, the flow is characterized as laminar, while it tran-
sitions to a turbulent flow at a flowrate of 50 L/min. This
transition from laminar to turbulent flow is the reason for
the relatively greater growth in output flux when the flow-
rate changes from 10 to 50 L/min. However, increasing the
flowrate beyond 50 L/min leads to a comparatively smaller
improvement in output flux. For instance, when the feed
water flowrate changes from 10 to 50 L/min, the output
flux improves by over 800%. In contrast, when the flow-
rate is further raised from 50 to 90 L/min, the permeate flux
shows an improvement of about 37%.
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Fig. 3. The variations of permeate flux and GOR with feed flowrate. Conditions: cold water temperature of 20°C, coolant flowrate
of 50 L/min, feed temperature of 70°C, condenser area of 3 m? and vacuum pressure of 55 mbar.

Fig. 3b presents the influence of the hot water flow-
rate on the system’s gained output ratio (GOR). The figure
demonstrates that the system’s GOR improves as the feed
water flowrate increases. Specifically, increasing the feed
flowrate from 10 to 90 L/min results in a slight enhancement
of approximately 1.5% in the system’s GOR. This improve-
ment in GOR at higher feed flowrates can be attributed to
the overall improvement in system productivity. While a
higher feed flowrate requires more energy, in this scenario,
the influence of increased energy consumption is overshad-
owed by the higher productivity achieved at the elevated
feed flowrate. As a result, the recorded improvement in
GOR at the high feed water flowrate can be attributed to the
enhanced productivity outweighing the impact of increased
energy consumption.

7. Effect of vacuum pressure

The vacuum pressure is another crucial operational
parameter in the VMD process, as the permeation rate is

directly influenced by the vapor pressure variance across
the membrane. Fig. 4a illustrates the variations of the per-
meate flux with the vacuum pressure. In general, reducing
the vacuum pressure leads to a substantial improvement in
the output flux. However, it is observed that reducing the
vacuum pressure has a more pronounced effect at lower
feed temperatures. For instance, when the vacuum pres-
sure in the permeate channel is reduced from 85 to 5 mbar,
there is a remarkable (around 490%) improvement in output
flux at a low hot water temperature of 50°C. Nonetheless,
this improvement diminishes as the feed temperature rises,
reaching approximately 35% at a hot water temperature
of 90°C.

The variation of the gained output ratio (GOR) with vac-
uum pressure is shown in Fig. 4b. It is found that although
reducing the vacuum pressure significantly improves pro-
ductivity in the VMD process, it also leads to increased heat
loss on the feed side. This heat loss causes a significant tem-
perature decrease in the feed stream, requiring more energy
to heat it back to the desired temperature. For example,
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Fig. 4. The variations of permeate flux and GOR with vacuum pressure. Conditions: cold water temperature of 20°C, feed & coolant

flowrates of 50 L/min, and condenser area of 3 m?.

when the hot water inlet temperature is 70°C, and the vac-
uum pressure is reduced to 5 mbar, the temperature drop
in the feed stream is nearly doubled compared to the tem-
perature drop at the same feed inlet temperature but with a
vacuum pressure of 85 mbar. Consequently, only a negligi-
ble (about 3.5%) reduction in the gained output ratio (GOR)
is observed when applying lower pressure in the permeate
side of the membrane.

8. Conclusions

This study focuses on the examination of the vacuum
membrane distillation (VMD) process through a parametric
analysis, aiming to investigate how operating parameters
influence the process performance. Various factors related
to the operation of the VMD process are investigated,
including the feed inlet temperature, feed inlet flowrate,
and vacuum pressure. The system performance is evalu-
ated based on two metrics: the output flux and GOR. The
results demonstrate that both the output flux and GOR
exhibit an increase with higher feed temperature and
flowrate. However, the effect of changing the hot water

temperature on the performance enhancement is more sig-
nificant compared to that achieved by adjusting the feed
flowrate. Additionally, reducing the pressure in the per-
meate channel (achieving higher vacuum levels) leads to
a notable improvement in the output flux, particularly at
lower feed temperatures. It is worth noting, however, that
this increase in productivity comes at the cost of increased
heat loss and reduced GOR. Furthermore, all the studied
parameters have significant impacts on the permeate flux;
however, their effects on the GOR are negligible.

Symbols

Qreed — Transfer rate of energy in the hot side, W

h, — Coefficient of heat transfer in hot water
channels, W/m?K

Tf — Temperature of the bulk feed, °C

T, — Hot water temperature at the membrane
surface, °C

Af — Heat transfer area in the feed side, m?

Qe — Transfer rate of energy across the mem-

brane, W
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— Membrane conductivity, W/m-K

— Thickness of membrane, m

— Temperature of the membrane at the sup-
port plate surface, °C

— Mass flux of water vapor, kg-m*s

— Enthalpy of evaporation, J/kg-K

— Effective area of membrane, m?

— Transfer rate of energy across the support
plate, W

— Supporting plate conductivity, W/m-K

— Thickness of supporting plate, m

— Temperature of the support plate at the
gap side, °C

— Heat transfer area in the support plate, m?

— Diffusion coefficient, m?/s

— Vapor pressure in the hot surface, Pa

— Vapor pressure in the cold surface, Pa

— Activity factor, —

— Salinity of the feed water, g/L

— Ratio of Knudsen to mass diffusions, —

— Knudsen diffusion coefficient, m?/s

— Mass diffusion coefficient, m?/s

— Membrane tortuosity, —

— Membrane porosity, —

— Pore diameter, m

— Gas constant

— Mean temperature of membrane, K

— Molecular mass of water, kg/Kmol

— Pressure of the air within the membrane

rpore

Q o ndenser Rate of energy transfer in the condenser, W

u, — Overall heat transfer coefficient, W/m?2-K

A, — Heat transfer area in the condenser, m?

i, — Vapor mass transfer, kg/s

he — Enthalpy of evaporation of the water
vapor, J/kg-K

Vd — Volume flow rate of the distillate, m*/h

p — Water density, kg/m®

Q.. — Energy used for heating and cooling, W
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