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Abstract: Vacuum membrane distillation (VMD) is a compelling technique for desalinating water
because it exhibits superior pure water permeability at lower operating temperatures compared to
other membrane distillation technologies. This leads to reduced energy consumption, lower heat
loss via conduction across the membrane surface, and minimal heat transfer through conduction due
to the low pressure on the permeate side. Detailed modelling of heat and mass transfer in VMD is
essential for optimizing the process as it provides valuable insights that contribute to the advancement
and successful implementation of seawater desalination using VMD technology. The aim of this
study is to establish a comprehensive numerical model that describes the water vapor transfer across
a hydrophobic micro-porous membrane in single-stage and multi-stage VMD processes for seawater
desalination. The numerical predictions were compared to experimental data in addition to numerical
computations based on an existing literature database, and good agreement has been found. The
investigation also conducted a sensitivity analysis of process variables and membrane specifications
on the VMD performance, as well as an assessment of the impact of temperature and concentration
polarization. The obtained results showed that the permeation flux reached 18.42 kg/m?-h at 35 g/L
feed concentration, 65 °C feed temperature, 50 L/h feed flow rate, and 3 kPa vacuum pressure.
Moreover, the findings revealed that the feed temperature was the most significant factor, while
the feed flow rate was the least important in determining the permeation flux. Additionally, the
findings suggested that the effectiveness of the VMD process heavily relies on the composition and
permeability of the support materials. Finally, the results confirmed that temperature polarization
had a more significant effect on the reduction of the permeate flux than the concentration polarization.

Keywords: seawater desalination; vacuum membrane distillation; heat and mass transport; modeling;
performance
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1. Introduction

Water quality detection and treatment are crucial components in ensuring the safety
and sustainability of water resources. Monitoring water quality involves the analysis of
various physicochemical parameters to assess its suitability for different uses. Various
studies have focused on improving the existing treatment methods and exploring innova-
tive technologies for more sustainable and cost-effective water purification [1,2]. Seawater
desalination is considered one of the most promising methods for the production of fresh
water by removing salt and other minerals to ensure its safety for human consumption and
various industrial uses. Two primary methods are employed for seawater desalination:
thermal desalination and membrane desalination. Thermal desalination involves heat-
ing seawater and condensing the resulting vapor, while membrane desalination utilizes
semi-permeable membranes to separate salt and other impurities [3,4]. However, both
methods have their limitations. Thermal desalination is costly due to the significant energy
requirements, and membrane desalination can face issues like the fouling and scaling of
membranes, leading to reduced efficiency and increased maintenance expenses. Further-
more, both approaches may pose environmental concerns, such as discharging concentrated
brine back into the ocean, which can negatively impact marine life [5,6].

Membrane distillation (MD) stands as a separation technique, deploying hydrophobic
membranes to segregate elevated-temperature saline water from cooler, decontaminated
water vapor. MD presents a range of benefits, notably its operation at reduced temperatures
and pressures, resulting in diminished energy consumption and adaptability to residual
heat sources. Furthermore, MD exhibits resistance to fouling and scaling, culminating
in decreased maintenance requisites and extended membrane longevity. Its application
scope encompasses the desalination of both seawater and brackish water, the treatment of
industrial wastewater, and the retrieval of valuable substances from solutions [7].

MD encompasses diverse configurations, including direct contact membrane distil-
lation (DCMD), air gap membrane distillation (AGMD), vacuum membrane distillation
(VMD), and sweep gas membrane distillation (SGMD). In DCMD, the membrane is directly
exposed to hot saline water, presenting potential issues such as membrane fouling and
scaling. AGMD introduces a slight air gap between the membrane and the heated saline
water to counter fouling and scaling, although it may marginally impact efficiency. VMD
employs a vacuum to establish a pressure gradient across the membrane, intensifying the
motive force for water vapor transportation, but it requires notable energy input. Con-
versely, SGMD employs a sweep gas to carry off water vapor, consequently lowering the
partial pressure of water vapor at the membrane interface and augmenting the driving
force for water vapor transfer [8-10].

VMD is gaining prominence due to its efficacy in diverse applications, encompassing
the separation of aqueous solutions and the removal of gases and volatile organic com-
pounds from water [11-13]. In seawater desalination, VMD offers multiple benefits [14,15],
as it is less susceptible to temperature polarization at the membrane surface. Heat conduc-
tion losses across the membrane are also significantly diminished, and in certain instances,
they are negligible [16]. Nonetheless, the primary limitation of VMD pertains to its intricate
setup involving vacuum and external condensers [17,18], which might induce notable pres-
sure fluctuations on the membrane surface, potentially resulting in wetting or decreased
membrane hydrophobicity. These factors have the potential to adversely affect the quality
of the generated permeate [19,20].

It holds great significance to acquire an extensive comprehension of the processes
taking place within the membrane and module of MD by means of mathematical simula-
tion [21-23]. This is essential to guarantee the effective and dependable implementation of
MD technology. The main objective of MD modeling lies in the anticipation of the permeate
flux and the understanding of its relationship with various factors such as the configura-
tion of the MD module, properties of the membrane, and operational variables [24-26].
While numerous mathematical models have been documented in the literature for MD, the
predominant attention has been on the modeling of DCMD due to its relative simplicity,
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whereas other configurations of MD have been comparatively less explored [27,28]. Never-
theless, ongoing endeavors are currently focused on refining the analysis and modeling of
MD, with specific emphasis on optimizing the utilization of VMD in desalination [14,29].
Indeed, a considerable number of experimental studies have been carried out, and models
have been formulated to identify key factors influencing VMD membrane modules, perme-
ation flux, and energy consumption. The performance sensitivity of a specific membrane is
often associated with variables such as feed water temperature, applied vacuum pressure,
and solute concentration in the feed solution. To predict the permeation flux across MD
membranes, the Dusty-Gas Model (DGM), commonly used for characterizing the mass
transfer in porous materials, is employed [30,31]. The DGM combines the three different
models, that is, Knudsen, Poiseuille, and molecular flows, and is one of the main theories
in practical use for diffusion through a porous media. In this model, the porous medium is
imagined to behave similarly to stationary uniformly distributed large particles, i.e., dust,
that block the moving gas particles. Both particles are then treated as one mixture, and the
mass transfer equations are derived using the kinetic theory of gases [32].

Soni et al. [33] established a mathematical model that accounts for the temperature-
dependent physical properties of the fluid to describe the transport mechanisms in VMD.
Both experimental and modeling outcomes indicate that the permeate flux rises with a
reduction in the vacuum pressure (higher vacuum) and an increase in the flow rate of the
feed fluid. A study by Banat et al. [11] conducted a sensitivity analysis of the operational
conditions and revealed that the mass transfer across the membrane is highly responsive
to the feed temperature, especially in the case of higher vacuum, whereas it is more
sensitive to the vacuum pressure when low feed temperatures are employed. Similarly,
Upadhyaya et al. [34] carried out a sensitivity investigation of the desalination process
through VMD and observed that the mass flow is significantly influenced by factors such
as the thickness, tortuosity, porosity, and pore diameter of the membrane, while remaining
sensitive to the vacuum pressure and feed temperature. Mericq et al. [14] also emphasized
the significance of membrane permeability and demonstrated the potential for VMD to
compete with reverse osmosis (RO) in terms of energy efficiency, provided that a suitable
membrane is selected. Lee et al. [35] employed a one-dimensional VMD method in their
research to predict the efficiency of seawater desalination by evaluating the effectiveness of
VMD modules of the hollow fiber type. The study evaluated specific energy consumption
and productivity and scrutinized the primary operating parameters that influence the VMD
performance under varying conditions. Wang et al. [36] created a two-dimensional model
using the finite element method in hollow fibers for VMD and discovered that optimal
conditions can lead to a cost reduction of up to 38% in water production. Hayer et al. [37]
developed a numerical model using principles of fluid mechanics, heat, and mass transfer
to investigate the impact of different factors on VMD in hollow fiber membrane modules.
The findings indicated that higher feed flow rates and temperatures led to an increased
transmembrane flux. However, the study also revealed that the influence of feed flow
rate on the VMD separation performance diminished at specific rates. Additionally, the
model identified the primary mechanisms governing the diffusion process within the
membrane module, with diffusion being the most dominant factor, followed by viscous
flow. Kim et al. [38] presented an extensive mathematical model of the hollow-fiber VMD
process for seawater desalination. This model incorporated mass, momentum, and energy
balances, as well as the transmembrane flux model. The researchers discovered that a basic
VMD model could potentially overestimate the mean permeate flux, as the detailed model
accounted for pressure build-up in the fiber lumen. Liu et al. [39] employed numerical
simulations to investigate hollow-fiber VMD by considering mass, energy, and momentum
transfer and treating the membrane as a functional surface. Nevertheless, the study did
not incorporate the impact of concentration on the boundary condition equations of the
membrane’s vapor pressure.

Ashghari et al. [40] incorporated mass and heat transfer models into a VMD system
and confirmed their accuracy using experimental data. They further examined the influence
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of various operating factors, such as feed temperature, vacuum pressure on the permeate
side, feed concentration, and heat transfer coefficient, on the permeate flux. The outcomes
revealed that higher feed temperature and heat transfer coefficient led to an increase in
the permeate flux, whereas elevated vacuum pressure and feed concentration resulted in a
decrease in the permeate flux. The use of artificial neural networks (ANNSs) for simulating
mass transfer in VMD was explored by Dragoi et al. [41], with the aim of predicting the
permeate flux for the treatment of radioactive wastewater. The study compared various
ANN structures to identify the optimal model for the system and optimized the VMD
process to determine the most favorable operating conditions that would maximize the
mass transfer rate. Ibrahim et al. [42] developed a mathematical model that accounts for
both heat and mass transfers during VMD to examine how changes in membrane properties
during the process affect the permeation flux. The model divided the module into several
cells and solved a system of nonlinear equations numerically. The researchers also explored
the impact of module properties, operating conditions, and membrane characteristics on
the water permeation flux.

Past investigations into VMD have predominantly concentrated on the anticipation of
the permeate flow and its interrelation with diverse variables. Nevertheless, a noticeable
gap exists in the body of knowledge regarding the role of concentration polarization in
membrane scaling within the context of MD, as well as the adeptness of MD modeling
in ameliorating this concern via the optimization of modules, membranes, and variables.
Furthermore, the exploration of the impact of agitating velocities on both the feed and
permeate facets of MD assemblies, and their ramifications on transmembrane flow, has
been inadequately probed. As such, it is of utmost importance to undertake extended MD
modeling analyses to meticulously scrutinize the ramifications of agitating velocities and
the synergistic effects amongst MD operational parameters on the permeate flux within
pre-existing configurations [25].

In recent times, considerable attention has arisen surrounding multi-stage vacuum
membrane distillation (M-VMD) desalination systems due to their potential advantages
over single-stage configurations. Various modeling methodologies have been employed
in the existing literature to anticipate the performance of M-VMD systems across diverse
operational conditions, encompassing parameters such as the feed flow rate, temperature,
and pressure. Certain investigations have put forth mathematical models and corroborated
their validity through experimental data. Furthermore, Computational Fluid Dynamics
(CFD) techniques have been utilized to simulate flow dynamics and heat transfer within
M-VMD systems, yielding insightful perspectives for system refinement and optimization.
Empirical models have also been formulated to foresee the M-VMD system’s efficacy based
on empirical data [42—-47]. Nevertheless, the modeling of M-VMD systems introduces chal-
lenges in effectively accounting for the impacts of concentration polarization and scaling,
both of which exert a considerable influence on the overall system efficacy. Additionally, a
comprehensive exploration of the influence of agitation rates on transmembrane flux, espe-
cially pertaining to both the feed and permeate sides of MD modules, remains relatively
limited. Consequently, further research endeavors are indispensable to acquire a holistic
comprehension of these facets.

The aim of this investigation is to construct a comprehensive framework that precisely
portrays the mechanism of water vapor transportation across a hydrophobic micro-porous
membrane within single-stage and multi-stage VMD setups employed for desalinating
seawater. The model encompasses the influences of temperature and concentration polariza-
tion phenomena, thereby providing a holistic grasp of the system’s dynamics. Furthermore,
a sensitivity analysis is executed to delve into the impact of diverse operational parameters
on the VMD system’s performance. Variables such as the temperature of the feed water, the
rate of feed flow, the concentration of the feed, and the vacuum pressure are scrutinized to
assess their implications on the system’s efficiency and efficacy. By amalgamating the incor-
poration of temperature and concentration polarization phenomena with the sensitivity
analysis, this study imparts valuable insights for fine-tuning the operational conditions in
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order to optimize the effectiveness of the VMD systems applied in seawater desalination
contexts.

It is essential to note that, to the best of our knowledge, no similar investigation
has been undertaken previously, making our research unique and significant as it fills
a noticeable gap in the existing scientific literature. By delving into specific aspects of
water vapor transport through a hydrophobic micro-porous membrane in single-stage and
multi-stage VMD systems for seawater desalination, while considering temperature and
concentration polarization effects, our study introduces new perspectives for understanding
and advancing this critical field. The outcomes of this research could have profound
implications for the desalination industry and the scientific community focused on water
treatment technologies.

2. Materials and Methods
2.1. VMD Modeling
2.1.1. Single-Stage VMD

VMD employs a membrane to serve as a selective barricade, enabling the passage of
vapor while obstructing liquids and impurities. The vapor that permeates the membrane
undergoes condensation and is amassed as the permeate. The primary driving force behind
this procedure is the dissimilarity in vapor pressure between the feed and permeate sides of
the membrane. By introducing a vacuum to the permeate facet, this pressure differential is
magnified, leading to an augmented separation efficiency. The VMD technique is executed
within a tangential flow cell that employs a hollow-fiber membrane, facilitating simultane-
ous heat and mass transfers, as depicted in Figure 1. The exchange of heat transpires across
all three states of matter: liquid, solid, and gas. Conversely, the transfer of mass is confined
to the liquid and gas phases [48].

Polarization layer
Applied vacuum Feed flow direction
A
Ty

P, Temperature polarization

Heat transfer

Pm (Tm; Cm) Qf
Mass transfer

Permeate flux (Jy)
Qy (Tp, Gp)

G

Concentration polarization

Membrane

Figure 1. A schematic of heat and mass transfer in VMD process.

For simulating heat and mass transfer in the VMD process, the research employs
the Knudsen flow model due to its ability to encompass a wide range of mass transport
mechanisms [33]. To streamline the model, the following assumptions are considered:

The process is considered to be in a steady state.
The transfer of momentum within the vacuum domain is considered to be insignificant.
A negligible heat transfer is assumed in the permeate domain, as well as through the
membrane by means of conduction.

e  The transfer of mass within the permeate is not considered, and it is assumed that the
mass fraction of water vapor is equal to one.

e Itis presumed that the distillate does not contain any salt.
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Py (Tin, Cm)

When water is transported in bulk across the membrane, the flux of water vapor,
denoted as [, can be mathematically expressed as shown in the following equation [32,49]:

Jw = Bm(Pm(Term) - Pv) (1)

where By, is the VMD membrane coefficient, Ty, is the feed temperature at the membrane
surface, Cy, is the concentration of solute at the membrane surface, Py, (T, Cyy) is the feed
water vapor pressure on the membrane surface, and P, is the vacuum pressure.
In the Knudsen flow model, the membrane coefficient, B, is represented using the
following expression [50]:
M Dkn

By = RT,0 @)

D*" is the diffusion coefficient of the solute given by

I (SRTm > 05

T 3t \ M

®)

where ¢ is porosity, r is the pore radius, r is the membrane thickness, T is the pore tortuosity,
M is the molecular mass of water, and R is the gas constant.

Table 1 displays the primary characteristics of the membranes employed in the re-
search [51].

Table 1. Properties of the membrane module [51].

Membrane Type Polypropylene (PP)
Thickness (pum) 210

Porosity (%) 60

Tortuosity (—) 1.4

Average pore size (um) 0.3-0.7

Effective length of fiber (mm) 100-250

Effective membrane area (mm?) 28 x 102

The vapor pressure at the membrane surface, denoted as Py, (T, C), is determined
using Raoult’s law, which remains valid across a wide range of temperatures and concen-
trations (0 < T <200 °C and 0 < S <240 g/kg) [52]:

exp[(—5.80 x 103/ Ty,) 4 1.39 — 4.86 x 1072Ty; +4.18 x 10 °T2% + (—1.45 x 1078T})) + 6.5510g(T)]

1+ 0.57257(Cy, /(1000 — Cyyy)) @
MD systems utilize latent and conductive heat transfer mechanisms to enable the
movement of heat. When a boundary layer forms on the membrane’s surface within these
systems, the temperature at that specific surface becomes lower when compared to the
incoming feed temperature. Conversely, VMD systems experience minimal conductive
heat transfer due to the low-pressure environment on the permeate side of the membrane.
As a result, the mathematical representation of the heat flux passing through the liquid
boundary layer can be expressed by the subsequent equation [53]:

hw (Tf - Tm) = ]wAHv (5)
The equation to determine the heat transfer coefficient, hy, is derived as follows [32,54]:

Aw.Nu
h'w = wd (6)
h

with
d,\ 3
Nu =1.86 (Re X Pr x L) Re < 2100 : Laminar flow )
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or
Nu = 0.023Re*8PrO33Re > 4000 : Turbulent flow (8)

In the equations, A, denotes the thermal conductivity of water, dj, represents the
hydraulic diameter, and L indicates the length of the channel.

Re = P h w;"dh )
w
_ Cpup

The thermophysical properties of seawater are determined using the correlations
provided by Sharqawy et al. [52], which are functions of temperature and salinity.

Assuming a state of continuous operation, we can express the mass balance equation
for the input solution as follows:

QrCr = QpCyp (11)

The permeate flux, [, quantifies the volume of permeate produced per unit area of
the membrane over a specific period of time.

Jw = Qp / Am (12)
By combining the above equations, the feed flow rate can be expressed as

_ JwAn

c; (13)

Qf

The temperature polarization coefficient (TPC) is a measure of the polarization effect
that results from differences in temperature. It is usually defined as the ratio of the actual
driving force to the theoretical driving force and can be represented by the following
equation [49,55]:

T — Ty
T —Tp

TPC = (14)

The concentration profile of salt on the membrane surface can be determined using the
equation below [56,57], which employs film theory to account for concentration polarization.

Cm w
C—f = exp <Ik) (15)

In a similar manner, the coefficient of mass transfer, denoted as k, may be evaluated
by employing the correlation of a dimensionless parameter [58]:

kn
r Sh x D (16)
d,
with
d;\ %
Sh=1.86 (Re X Sc x L) Re < 2100 : Laminar flow 17)
or
Sh = 0.023Re%85c%3Re > 4000 : Turbulent flow (18)
Schmidt numbers can be calculated using
Se=_ v _ (19)

Concentration polarization (CPC) is described as the C,, /C Y ratio, representing the
actual concentration gradient relative to the theoretical concentration gradient. A substan-
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tial CPC value signifies a notable concentration polarization impact, potentially leading to
reduced process efficiency and increased energy consumption [59,60].

To assess the permeate flux (Equation (1)), T, and C;;, at the membrane surface are
determined by employing the subsequent two equations:

B exp[(—5.80x10%/ Ty ) +1.39-4.86x 10T, +4.18x10-°T7 + (- 1.45x10 8T ) +6.55 log(Tw)] P \AH
m 140.57257(Cp / (1000—Crr)) v v
f=Tf— = (20)
w

B exp[(—=5:80x10%/ Ty ) +1.39—4.86x 102 Ty +4.18x 10 T3 +(~145x10 577, ) +-6.55 log(T)] p
m 1+0.57257(Cpi/ (1000—Cpr)) v
fo=Crxexp i (21)

The intricate and nonlinear equations mentioned earlier are addressed utilizing a
FORTRAN program that incorporates the classical Newton—Raphson technique with the
Jacobian matrix. This method proves to be highly efficient when tackling nonlinear equation
systems, as it facilitates a quicker convergence and enhanced precision. At each iteration,
the approach involves the calculation of the Jacobian matrix, which is then utilized to
update the present approximation of the solution. This iterative process continues until the
discrepancy between the previous and current approximations falls below a predetermined
threshold.

Upon the conclusion of the computational procedure, the temperature and concen-
tration at the membrane module’s surface are determined utilizing an identical approach
to that applied for the steam raiser. Subsequently, with the acquired data, the perme-
ate flux is computed by considering the determined surface temperature and membrane
concentration (Figure 2).

2.1.2. Multi-Staging in VMD

M-VMD has attracted considerable interest for improving the efficiency of single-stage
setups. In the M-VMD procedure (shown in Figure 3), the feed solution undergoes initial
heating and subsequent introduction into the first phase of the membrane module. A
vacuum applied to the opposite side of the membrane aids in liquid evaporation, with
the membrane serving as an effective barrier against liquid passage. The resulting vapor
is condensed on a cool surface to form a distillate. The remaining brine solution is then
fed into the next stage, where the same process is repeated. The vapor produced in each
stage is typically recycled and utilized as the heat source for the subsequent stage, thereby
improving the overall efficiency of the process.

Assuming negligible convection heat loss to the environment, the bulk feed inlet
temperature for each successive stage is determined using the energy balance from the
predecessor stage [61].

AH, = C%W(Qb,i)n [(Tb,i)n o (beo)"] (22)

where (Qy ), is the flow rate of steam from the previous stage.

The mentioned equation can be employed to calculate the bulk feed outlet temperature
(Tp,0),,, which will serve as the bulk feed inlet temperature for the subsequent stage.

The water recove6t0ry R; for a one-stage VMD can be expressed as [47]

_ 180Ty — Tip)

R,
! AH,

(23)
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Start

A

Assume feed temperature ( Ty) and concentration ( Cy)

A4

Calculate heat transfer coefficient
Equations (6) to (10)

A

Calculate mass transfer coefficient
Equations (16) to (19)

A

Calculate membrane surface temperature (T,,) and concentration ( C,,)
using Newton-Raphson method with Jacobian Matrix
Equations (20) and (21)

Calculate the VMD membrane coefficient (B,)
Equations (9) to (12)

Calculate the membrane surface vapor pressuré¢ B, (T, Cy))
Equation (4)

A4

Calculate the water vapor flux( J,,)
Equation (1)

End

Figure 2. The procedure (algorithm) used to calculate permeate flux (single-stage VMD).

In the formula, (T}, ; — Ty, ) symbolizes the temperature variance of the brine from the
module’s entry to its exit, while 1 represents the presumed thermal efficiency of the VMD
process, established at 90% [62].

The water recovery for each stage can be expressed as follows:

R, = (Qp)n — (Qp)n (24)

Q) (Qb,i)l-nﬁl(l -R;)

i=1

where (Qy ), is the brine inlet flux of the module and (QP) , is the permeate flow rate.



Water 2023, 15, 3612

10 of 25

The cumulative distillate flux from individual stages is aggregated to determine the
overall total distillate flux:

n

(Qp)ior = (Qp)y + (Qp)y -+ (Qp), = 1 (Qp), (25)

j=1

By combining Equations (24) and (25), the overall water recovery is obtained as

n—1
R = @t _ g (1 Ry) Ryt (1- RO~ R)Rs 4. Ra[J(L— R @6)

(Qf’i)l i=1

By utilizing the mathematical model established in this investigation, we have com-
puted the temperature at the outlet of the feed, the permeate flux, and the water recovery
for the initial-stage module. As the membrane modules are linked in succession, the outlet
temperature of the feed from the preceding module is adopted as the inlet temperature
for the subsequent module. Subsequently, ( Qp) n'R”' and (Tb,o) , for each module can be
determined in a sequential manner. Ultimately, R;. is calculated (Figure 4).

Vaccum pump Vaccum pump Vaccum pump

Hollow-fiber

Inlet 2 Inlet n

> 00O ==

Exit 2 Brine
Stage 1 Stage 2 Stagen

Figure 3. Schematic representation of M-VMD configuration.

The range of the design and operating parameters used in the numerical simulation
are listed in Table 2.

Table 2. Desing and operating parameters for VMD simulation.

Parameter Value
Feed inlet temperature 40-70 °C
Vacuum pressure on the permeate side 1-8 kPa
Feed concentration 0-100 g/L
Feed flow rate 3090 L/h

Number of VMD stages 1-30
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Start

Decision on the number of effect stages (n)

A4

Calculate the bulk feed temperature for each stage (Tb,o)n
Equation (22)

Calculate the water recovery ( R, ) and the permeate flux rate (Qp)n

for each stage
Equations (23) and (24)

Calculate the overall water recovery ( R, )
Equations (25) and (26)

End

Figure 4. The procedure (algorithm) used to calculate water recovery (multi-stage VMD).

3. Results
3.1. Model Validation

In this research, the precision of the newly devised computational model was validated
through a comparison between its outcomes and experimental data obtained from a previ-
ous investigation on a VMD system. The VMD system was tested with an aqueous NaCl
solution at 3 kPa pressure on the permeate side and a 35 g/L feed solution, considering
various flow rates [51]. The agreement between the empirical data and the computational
outcomes was strong within the temperature range of 40 to 70 °C, as illustrated in Figure 5.

A maximum percentage error of less than 5% was observed at various feed temperature
settings, which is considered acceptable. As a result, the numerical model developed in
this study could be used to simulate and design a VMD system for specific operating
conditions. Moreover, the numerical model developed in this study was compared with the
mathematical model described in [51] for further validation. The predicted permeate flux
for different feed water temperatures at 3 kPa and feed salt concentration of 35 g/L is given
in Table 3. It can be seen that the proposed model shows a better agreement with respect to
the experimental data compared to the previously described model. The mean absolute
percentage error (MAPE) values for the present model and the model developed in [51] are
found to be 3.76% and 6.57%, respectively. The high accuracy of the developed numerical
model is due to the consideration of both temperature and concentration polarization
effects in the model since heat and mass transfer occur simultaneously in the VMD process.
In addition, the feed side membrane surface temperature and concentration were computed
using numerical solutions. Therefore, all these factors resulted in complicated modeling
steps and a more accurate model-based approach.
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Figure 5. Comparison of experimental and simulated permeate flux for different feed flow rates
(a) feed flux 30 kg/m?-h, (b) feed flux 50 kg/m?h, (c) feed flux 70 kg/m?h, and (d) feed flux

80 kg/m?2-h.

Table 3. Prediction accuracy of the proposed model.

Feed Temperature (°C)

Permeate Flux (kg/m?-h)

Mean Absolute Percentage Error (%)

Experimental Flux  Present Model Tang et al. [51] Present Model Tang et al. [51]
40 4.048 4111 4112
45 6.217 5.764 5.550
50 8.458 8.100 7.492
55 10.988 10.611 10.113 3.76 6.57
60 13.879 13.543 13.651
65 17.060 17.901 18.427
70 26.096 25.449 24.874

3.2. Impact of Operating Conditions

Various operational factors significantly impact the effectiveness of the VMD. These
factors encompass feed temperature, feed flow rate, and water vapor pressure. Conse-
quently, these parameters play a critical role in shaping the feed concentration, permeate
flux, and membrane properties.
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3.2.1. Influence of Feed Temperature

The temperature of the input solution plays a vital role in the MD process since it
affects the partial pressure difference of water across the membrane. Figure 6 illustrates
the correlation between the temperature of the feed water and the permeate flow. The
experiments were executed while keeping the feed concentration at 35 g/L and the flow rate
at 50 L/h. Different levels of vacuum pressure were employed, and the feed temperature
was modified within the scope of 45 to 70 °C. The findings demonstrate that an elevation in
the feed temperature leads to a corresponding upsurge in the permeate flow, manifesting a
notable exponential pattern at higher temperatures. This behavior can be elucidated by
Antoine’s equation (Equation (4)), which establishes a link between the vapor pressure
and feed temperature. For example, under a vacuum pressure of 1 kPas, elevating the
feed temperature from 45 to 50 °C brought about an approximate 31% enhancement in
permeation flow. Similarly, elevating the feed temperature to 55, 65, and 70 °C resulted
in permeate flow enhancements of approximately 117%, 174%, and 242%, respectively.
The driving force behind the MD is the alteration in vapor pressure across the membrane
module. The elevated temperatures of the input solution cause an escalation in the vapor
pressure, consequently amplifying the permeate flow.

T T | T T T T T T T T T T
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Feed temperature (°C)

Figure 6. The impact of varying the feed temperature on the permeate flux under different vacuum
pressures.

3.2.2. Effect of Vacuum Pressure

In the process of VMD, the pressure exerted on the permeate side plays a critical role as
it determines the force driving the mass transfer between the pressurized feed side and the
vacuum side. As depicted in Figure 7, the permeate flow rate decreases with an elevation
in vacuum pressure on the permeate side, across various feed temperatures, resulting in an
approximate reduction of 6.2-6.6 kg/m?-h when the vacuum pressure is raised from 1 to
8 kPa (as per Equation (1)). This decline in permeate flow can be ascribed to the decrease
in the pressure gradient across the membrane, which primarily propels the permeation of
water vapor through the membrane. A decreased pressure gradient leads to a decreased
driving force for the water vapor to traverse the membrane, culminating in a diminution
of the permeate flow. Furthermore, augmenting the vacuum pressure on the permeate
side could potentially induce concentration polarization, an occurrence stemming from
hindered mass transfer that results in the accumulation of salts or other dissolved solutes in
proximity to the membrane surface. Consequently, this elevated resistance to mass transfer
further contributes to the decrease in permeate flow. However, an excessive reduction in
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pressure should be averted, as it might cause the hydrophobic membrane to become damp,
potentially compromising the efficiency of salt rejection.
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Figure 7. Effect of vacuum pressure on the permeate flux at different feed temperatures.

3.2.3. Effect of Feed Concentration

The performance of the VMD process is notably influenced by the concentration of
the input solution. As depicted in Figure 8, the flux of the permeate decreases with the
increase in the salt concentration at various flow rates. This reduction is attributed to the
development of the concentration boundary layer (CBL), which aligns with the thermal
boundary layer. As a result, this leads to a decline in resistance to vapor transfer and
the flow of the permeate (Equation (15)). The permeation flux experiences a decrease of
approximately 12-18% as the salt concentration rises from 0 to 40 g/L due to the decrease
in vapor pressure of the solution caused by dissolved chemicals. Furthermore, with the
rise in feed concentration from zero to 70 and 100 g/L, the permeation flux experiences
reductions of about 18-27% and 20-29%, respectively. This decline can be associated with
the decrease in the water activity coefficient, subsequently reducing the driving force across
the membrane. Moreover, the physical characteristics of the input solution, including
heightened viscosity and density, also influence the mass flow over the membrane by
impacting the Reynolds number and heat transfer coefficient.

3.2.4. Effect of Feed Flow Rate

The efficiency of the VMD process is heavily impacted by the rate at which the feed
is introduced. Figure 9 illustrates the influence of variations in the feed flow rate and
temperature on the permeate flux, while maintaining a constant feed solution concentration
at 35 g/L and applying a consistent vacuum pressure of 3 kPa on the permeate side. The
findings reveal that the permeate flux undergoes a proportional augmentation with an
escalation in the feed flow rate. It is important to note, however, that alterations in the feed
temperature do not substantially sway this pattern, as indicated in Equation (13). Elevating
the feed flow rate induces a decrease in the thickness of the boundary layer on the feed
side, ultimately resulting in an enhanced mass transfer coefficient and permeate flux across
the membrane surface. Furthermore, a thinner boundary layer on the heated feed side
amplifies the heat transfer coefficient by mitigating the temperature disparity between the
bulk feed and the membrane interface. For instance, when the feed flow rate is increased
from 30 to 40 L/h, there is an approximate 1% rise in the permeate flux, while elevating the
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feed flow rate to 60 and 90 L/h leads to increases of about 2.5% and 3.3% in the permeate
flux, respectively. These improvements can be attributed to the more efficient mass transfer
and heat transfer coefficients at higher feed flow rates, ultimately resulting in a higher
permeate flux. However, it is essential to optimize the feed flow rate to ensure efficient MD
while preventing fouling or other operational issues. A balanced feed flow rate is critical
for achieving the optimal VMD performance.
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Figure 8. Influence of varying concentrations on the permeation flux under diverse flow velocities.
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Figure 9. Influence of varying the feed flow rate on the permeate flux under different feed temperatures.

3.2.5. Effect of Membrane Characteristics

The effectiveness of the VMD process can be impacted by various membrane prop-
erties, with the thickness of the membrane being a particularly critical factor. As shown
in Figure 10, the permeate flux is influenced by the membrane thickness under a constant
vacuum pressure of 3 kPa on the permeate side and feed temperatures ranging from 40
to 70 °C. A decrease in the membrane thickness leads to an increase in the permeate flux
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due to the reduction in the mass transfer resistance (Equation (2)). Nonetheless, thinner
membranes also result in increased heat dissipation, presenting a balancing act between
the advantage of a lower heat loss and the disadvantage of a diminished permeate flux. In
Figure 11, the impact of membrane porosity on the VMD process is depicted. It illustrates
that a greater membrane porosity leads to a higher permeate flux, even when operating
with comparable feed conditions. Membranes possessing a higher porosity provide a larger
evaporative surface and facilitate mass transfer, resulting in a reduced mass transfer resis-
tance and an enhanced mass transfer flux (Equation (3)). Enhancing the membrane porosity
proves particularly beneficial for boosting the flux at elevated temperatures. Additionally,
maintaining a highly porous VMD membrane is crucial for preventing wetting issues.
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Figure 10. Effect of membrane thickness on permeation flux.
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Figure 11. Effect of membrane porosity on permeation flux.

The efficiency of vapor transport in VMD depends significantly on the membrane
material and microstructure, as they play a vital role in determining the overall effectiveness
of the process. Commonly used porous membranes in MD applications are made of
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hydrophobic materials like polypropylene (PP), poly(vinylidene fluoride) (PVDF), and
polytetrafluoroethylene (PTFE) in either hollow-fiber (HF) or flat-sheet (FS) forms. PP
presents several advantages over PVDF and PTFE, including cost-effectiveness, favorable
mechanical properties, high thermal stability, and resistance to acids, alkalis, and organic
solvents.

A comparison of the permeation flux between the PP hollow-fiber membranes used
in this study and other membrane types, such as PVDF-PTFE, is presented in Table 4.
Notably, the permeation flux achieved in this investigation surpasses that reported in most
of the related literature, demonstrating the exceptional performance of the PP hollow-fiber
membranes employed in this research.

Table 4. Operating conditions and permeate flux in several studies for VMD of various types of

membranes.
Membrane Membrane Characteristics Operating Conditions
Ref. T 2 o S . Jw (kg/m?-h)
ype ¢ (um) L (mm) A (mm?) £ (%) r (um) Cr (g/L) T; (°O) Qy (L/min) P, (kPa)
[63] PVDF 0.17 - - 80.62 0.16 23.27 50 0.53 2 179
[64] PTFE-FS 175 - 3.6 x 10? 70 0.22 30 60 0.9 3 12
[65] PTFE-HF - - 0.8 x 10° - 0.2 0 65 1 5 6
[66] PTFE-HF 75 390 4 x 10* 63.4 0.46 30 80 0.6 1 17.2
[67] PVDE-FS - - - - 1 30 75 - - 12.1
[68] TNTs-PES-FS - - 17.34 x 10? - - 7 65 0.66 30 15.2
[69] PTFE-FS 175 - 3.6 x 10 70 0.22 7 60 0.916 15 28.34
[70] PVDEF-HF 0.23 200 - 83.39 0.318 DW 50 0.1 4 41.78
[71] PVDF-HF 170 - - 80.62 0.16 DW 50 0.51 2 17.9
[72] PVDF-HF - - 8 x 10* - 02 15 25 - 1 0.54
[72] PE-HF - - 0.2 x 10° - 0.1 15 25 - 1 0.216
[73] PVDF-HF 150 90 2 x 10* 85 0.16 1CaO 75 - 5.3 17
[74] PVDE-FS 1214 - 235 x 107 76.5 0.2 GW 60 0.5 30 6.56
[75] PTFE-FS 452 - - 38.6 - DW 70 0.533 2 9.45
[75] PVDF-FS 0.082 - 26.4 x 107 78 0.49 35 73 0.9 315 22.4
[76] PP-HF - 250 - - - - 70 0.8 2 38
[77] PVDF-HF 0.011 200 10* 79 0.25 - 68 0.14 53 22
[78] PP-HF 0.7 250 - 85 0.3 - 72 - 3 37
[79] PP-HF 450 180 10.18 x 10? 70 0.2 35 65 0.6 12.7 65.8
Psrehfg;‘t PP-HF 210 250 28 x 102 60 03 35 65 0.833 3 18.42

Note: HF: hollow fiber; FS: flat sheet; PES: polyethersulfone; TNTs: titanium oxide nanotubes; DW: distilled water;
and GW: geothermal water.

3.3. Polarization Effect

In VMD, there is a possibility of encountering polarization effects that can have
an impact on the overall process performance. Polarization refers to the build-up of
temperature gradients and/or concentration gradients either at the surface of the membrane
or in the boundary layer that is close to the membrane. The polarization effects in VMD
can mainly be categorized into two types: temperature polarization and concentration
polarization.

3.3.1. Temperature Polarization

Dealing with temperature polarization poses a considerable obstacle within MD
processes. This phenomenon arises when a temperature disparity exists between the bulk
of the feed and the membrane surface at the liquid/vapor boundary. Figure 12 illustrates
the impact of feed temperature and flow rate on the temperature polarization coefficient.
The simulation was conducted at an absolute pressure of 3 kPa on the vacuum side. As
depicted in the diagram, augmenting the feed temperature leads to an increased flux in
VMD, whereas adjustments to the feed flow rate yield minimal influence. The escalation in
the VMD flux is attributed to the elevated vapor pressure in the upper region resulting from
the heightened feed temperature, consequently intensifying the impetus for mass transfer.
Furthermore, the elevated temperature diminishes the viscosity of the liquid, encouraging
turbulent movement. Although elevating the feed flow rate diminishes the temperature
polarization due to a higher Reynolds number and heat transfer coefficient, the principal
determinant impacting the heat and mass transfers remains the transmembrane resistance.
As a result, the feed flow rate becomes an inconsequential element in the VMD flux.
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Figure 12. The impact of the feed temperature on temperature polarization.

3.3.2. Concentration Polarization

Concentration polarization arises within MD processes when the solute concentration
adjacent to the membrane’s surface surpasses that of the bulk feed, primarily due to
the effects of evaporation. Figure 13 depicts the impact of the feed concentration and
temperature on the concentration polarization coefficient (CPC) while operating under
a vacuum pressure of 3 kPa and a feed flow rate of 50 L/h. As the feed temperature
escalates from 30 °C to 40 °C, the CPC values exhibit a range spanning from 1.14 to 1.42.
Augmented feed concentrations lead to a mitigated manifestation of the concentration
polarization phenomenon. Elevating the feed concentration prompts a heightened solute
concentration at the membrane’s surface, consequently resulting in a diminished pressure
on the permeate side. This, in turn, reduces the concentration gradient, thereby facilitating
a gradual augmentation in the permeation flow. In scenarios characterized by elevated
feed temperatures, a more substantial boundary layer is established owing to the amplified
permeate flux. As a consequence, an elevated CPC is observed since a larger quantity of
solute is transported to the membrane and subsequently rejected. This necessitates an
increased diffusion of the solute back into the bulk solution. The graphical representation
indicates a marginal shift in CPC values in correspondence with the upsurge in the feed
temperature.
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Figure 13. The influence of the feed concentration on concentration polarization.

3.4. Effect of Multi-Staging in VMD

M-VMD combines the benefits of vacuum distillation and multi-effect systems, result-
ing in significant heat and water recovery capabilities. In Figure 14a, the graph displays
the permeate output for each individual stage within an M-VMD process including 30
one-stage modules for different feed water temperatures. Simulations were conducted
with a feed concentration of 35 g/L, a feed flow rate of 100 L/h, and an absolute pressure
of 3 kPa on the permeate side. Based on the graph, it is evident that the water output
decreases progressively as the number of stages increases, particularly at higher feed tem-
peratures. This behavior is attributed to the greater permeate output during the early
stages due to higher feed solution temperatures and lower salinity compared to the later
stages. Consequently, the increased permeate yield extracts more energy from the input
side, resulting in a decrease in the feed solution’s inlet temperature and an increase in the
feed concentration for subsequent stages. Nevertheless, the cumulative water production
steadily rises, as depicted in Figure 14a. Additionally, the initial stage’s temperature plays
a vital role in enhancing the overall water production. At a feed temperature of 70 °C, the
highest permeate flux achieved in a single stage is 31.1 kg/m?-h, and the total cumulative
production amounts to 28.5 kg/h.

In Figure 14b, the water recovery for both individual stages and the overall process
demonstrates a similar increasing trend, as illustrated in Figure 14a. The maximum one-
stage recovery achieved is 0.7%, while the overall recovery reaches 6% at a feed temperature
of 70 °C. It is essential to note that the recovery values cannot exceed 7% in a single pass, as
reported in the literature for DCMD modules [16].
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Figure 14. Effect of muti-staging in vacuum membrane distillation.

4. Conclusions

Cumulitive production (kg/h)

Overall recovery (%)

In this paper, a comprehensive modeling approach was developed by analyzing the
heat and mass transfer in both single-stage and multi-stage VMD processes for seawater de-
salination to evaluate the impact of various operating parameters on the water production
and the contribution of polarization to the permeate flux. By identifying critical parameters
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and understanding the underlying mechanisms governing heat and mass transfer, engi-
neers and researchers can design and operate VMD systems with improved performance
and stability.

The numerical predictions were compared with previous experimental and numerical
results of VMD, and the findings revealed the following:

e  The proposed numerical model provides a better fit with experimental data by intro-
ducing the polarization concentration phenomenon. As a result, the numerical model
developed in this study could be used with confidence to simulate and design a VMD
system for specific operating conditions.

e  The VMD permeation flux increases with rising feed temperature and flow rate but
decreases with increased feed salt concentration and vacuum pressure. At 35 g/L
feed concentration, 65 °C feed temperature, 50 L/h feed flow rate, and 3 kPa vacuum
pressure, the permeation flux reached 18.42 kg/ m?-h.

e  The VMD process has minimal sensitivity to feed concentration, making it highly
advantageous for water desalination.

e  The permeate flux increases with membrane porosity and decreases with membrane
thickness.

e  The most influential factor in determining the permeation flux is feed temperature,
followed by membrane thickness, vacuum pressure, membrane porosity, feed concen-
tration, and feed flow rate.

e  Temperature polarization has a more significant effect on the permeate flux than
concentration polarization.

e  Multi-staging is a promising approach to enhance the performance of VMD and has the
potential to make this process more efficient. However, it is important to optimize the
operating conditions for each stage to ensure that the maximum separation efficiency
is achieved while minimizing the energy consumption.

Finally, it is worth mentioning that fouling has a lesser impact on MD compared to
other pressure-driven membrane methods. Nevertheless, it can result in a poor performance
of the membrane process. Fouling and the accumulation of contaminants on the membrane
surface led to reduced effective membrane area and wetting, which causes a decrease in
distillate flux and rejection levels. Hence, it is crucial to minimize the effects of these issues
to achieve optimum efficiency in the VMD process. This will be published soon as the
second part of the current study, using CFD simulations in order to identify areas of high
salt concentration and their impact on the water vapor flux.
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Nomenclature

Ay effective membrane area

B permeate coefficient of the membrane
C solute concentration

Cm solute concentration on the membrane surface
C Y concentration of the feed solution
Cp concentration of the permeate.
Cpw water heat capacity

Dkn diffusion coefficient of solute

dy hydraulic diameter

hy heat transfer coefficient

AHy latent heat of vaporization

Jw water vapor flux

k mass transfer coefficient

L effective length of fiber

M molecular mass of water

Nu Nusselt number

P pressure

Pr Prandtl number

P, pressure in the vacuum side

Q flow rate

(Qp,i), flow rate of steam

(Qp),  permeate flow rate.

Qf volumetric flow rate of the feed solution
Qp volumetric flow rate of the permeate
R gas constant

water recovery

r membrane pore radius

Re Reynolds numbers

R; water recovery

R, water recovery

Sc Schmidt number

Sh Sherwood number

T temperature

(Ty,), bulk feed outlet temperature

T membrane surface feed

T,, permeate side temperature
Greek symbols

1) membrane thickness

€ membrane porosity

7 membrane thermal efficiency

T membrane pore tortuosity

P water density

A thermal conductivity of the water
U dynamic viscosity

Subscripts

b,i brine, inlet

b,o brine, outlet
f feed

in stage number

M membrane surface

v vacuum

t total

[m?]
[kg-m2~s*1 Pa—1]
[g/kgl
[g/kg]
[8/kgl
[g/kgl

kg 1Kl
[m2s71]

[m]
[W-m—2.s71]
Jkg™']
[kg:m 2571
[m-s~1]

[m]
[kg-mol_l]

[Pa]

[Pa]
[L/h]

[ mol~1.K1]
[%]
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