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I Abstract

1. Introduction

Water scarcity is one of the primary concerns that people throughout
the world are dealing with, as it is a basic requirement of life on the planet
[1]. Although, abundant resources of water on earth are available in the
form of seawater, brackish water, lakes, glaciers, and underground water,
however, only 0.75 percent of total water can be used directly for drinking
purpose [2]. Recently, desalination has emerged as a best resource of finite
freshwater, allowing it to be extracted from large quantities of saline water
[3.4]. Desalination can be categorized on the basis of feed solution utilized
(saltwater or brackish water), the type of separation process used (thermal or
membrane), and the energy used to drive the desalination process.

Figure 1 presents the classification of desalination process on the basis of

energy used to desalinate saline water. In thermal energy-based desalination,

Multi-stage vacuum membrane distillation (MSVMD) has recently gained attention as means of enhancing the performance of single stage configuration. The present study is aimed
to analyze the impact of multi-staging in VMD (vacuum membrane distillation) on productivity and the associated temperature polarization. Another goal is to determine the point
of inversion, a point after which further multi-staging is no more beneficial both in terms of permeate productivity (flux) and associated temperature polarization. After validation
with the experimental data, a parametric analysis of MSVMD performance is carried out numerically. Further, the permeate productivity and associated temperature polarization
phenomenon were analyzed simultaneously under varying membrane specifications. The optimum number of stages, giving the maximum possible performance of MSVMD, is
estimated for variation in most prominent process variables and membrane specifications. The point of inversion was found to be above 40 stages for varying process variables,

however, it remained well below 20 stages for variation in some of the prominent membrane characteristics.
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membrane distillation (MD) is a cost-effective and innovative method
of separating pure drinkable water from salty water [S5]. MD processes
are appealing because of their ability to be integrated with low-grade
energy sources that require lower operating conditions, simple membrane
construction, lower energy expenditure in the case of waste heat, nearly 100
percent salt rejection rate on paper, and their good capability to use low-
grade energy sources [6,7]. Membrane distillation technology suffers from
temperature polarization, concentration polarization, and heat loss from the
permeable membrane itself, all of which negatively impact its performance.
[8-10]. As shown in Figure 1, MD can be further classified into six different
types. In DCMD, the heated feed solution and cold condensate are in direct
contact with the permeable membrane on its opposite sides respectively. At
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the feed side, water molecules evaporate, flow across the permeable
membrane, and condense at the other side. It has a high permeate flux but
suffers from significant heat losses as a result of membrane conduction [11].
In AGMD, the porous membrane has a direct contact only on one side with
the heated feed solution, however, on the other side the condensing surface
and the membrane are separated by an air gap. The introduction of this air gap
reduces the conduction heat losses in AGMD, however, this comes at the
expense of reduced permeate flux [12]. In SGMD, an inert gas sweeps the
vapor across the permeable membrane, where it condenses outside the
membrane module. To effectively limit the heat loss and enhance mass
transfer coefficient across the membrane, sweeping gas is kept mobile. The
basic issue with SGMD is that a tiny proportion of permeate diffuses into a
significant amount of sweep gas, costing a large condenser [13,14]. The
process of VMD entails applying vacuum to the condensate side of the
membrane, which must also be lower than the saturation pressure of the water
solvent in the hot feed stream. Low pressure (vacuum) on the permeate side
aids vapor flow through the membrane pores. For water recovery, external
condenser is required in case of VMD [15]. TSGMD and LGMD are two
hybrid MD configurations. TSGMD being a hybrid of AGMD and SGMD
was developed to solve the problem of growing temperature along the
membrane by placing a cold surface on the condensate side. Similarly, in
order to solve the issue of high conduction heat loss, a hybrid of AGMD and
DCMD was developed, known as LGMD. VMD as compared to other
conventional MD designs, has an advantage of a higher distillate production
rate due to the existence of vacuum on the permeate side, resulting in a
stronger driving force (pressure gradient across the membrane). Another
advantage of VMD is lower conduction heat loss due to the presence of
vacuum gap. The vacuum level, on the other hand, should be kept under
check because the liquid entry pressure (LEP) can exceed, resulting in
membrane wetness [14,16]. Despite its many advantages over other MD
processes, VMD is facing several challenges such as high specific heat
consumption (SHC) and temperature polarization (TP). MD’s widespread
commercialization has been impeded by these two major flaws [17,18]. TP
has a direct impact on the mechanism's driving power, causing a decrease in
permeate productivity that results in poor system performance. In TP the bulk
feed temperature Ty, is decreased to feed inlet temperature T; at the feed side
membrane interface, due to the release of latent heat when water vapors
evaporate, and heat is transported across the membrane.

The sensible heat energy of the exit stream in VMD module or the latent
heat of condensation in permeate can be utilized to minimize the high specific
heat consumption (SHC). Likewise, TP effect can be reduced by increasing
the feed flow rate [19]. Moreover, averting direct contact between hot feed
solution and the permeable membrane surface is the most dependable
technique to eliminate the temperature polarization (TP) effect. By adopting
this technique, the individual effects of mass transfer coefficient (MTC) and
TP on the water vapor flux can be calculated easily [20]. If the exit stream of
first VMD module is fed into another membrane unit, it can provide
additional permeate flux that is obviously lower than the previous stage.
Multi-stage membrane distillation is a system that consists of numerous
stages of membrane units. VMD and AGMD have been used to construct a
variety of multistage technologies. Gilron et al. [21] established a multistage
DCMD process, which was then enhanced by his team [22] to improve the
performance. Lu et al. [23] investigated the economics of a multi-stage
AGMD process. Shim et al. [24] developed an MSVMD process with a GOR
less than 1. Summers [25] developed MS-VMD, which is similar to MSF and
has a GOR of 4. When compared to their single stage VMD process, it has a
much lower specific heat consumption (SHC) [26]. Memsys, a company
founded in 2009, created a new MD mechanism known as vacuum multi-
effect membrane distillation (V-MEMD). These systems are reported to have
a GOR of around 4 [27]. When based on a flat sheet membrane arrangement,
Memsys VMD technology was reported to have a roughly 80% lower specific
heat consumption SHC as compared to its original system. Likewise, several
other scholars reported a decrease in the SHC for memsys-based systems
[19,28]. In another research, Omar et al. [29] investigated the energy
requirements and levelized cost of water (LCOW) for four different
Multistage VMD process configurations. The results showed that a
configuration with brine recirculation had the lowest energy consumption.
Moreover, in terms of permeate productivity, the module packing density is
also important. Despite decrease in SHC, the lower module packing density
linked with flat sheet membrane systems limits permeate flux [30]. Hollow
fiber membrane systems, as opposed to flat sheet membrane systems, have a
significantly higher module packing density, leading to increased permeate
flux [31-34]. Similarly, Kim et al. [35] presented a technical and economic
analysis of multi-stage VMD coupled with solar energy. They analyzed the
MSVMD for 28-stages and predicted the GOR of 47 and a levelized cost of
0.97 $/m?.
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Fig. 1. Classification of desalination process based on type of energy input.
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Because the MSVMD is a new concept, it has received relatively
very little attention. Figure 2 depicts the number of research publications on
single stage VMD versus the number of articles published on MSVMD, on
yearly basis between 2010 and 2020. It is evident that the first ever research
article on MSVMD was reported in 2013, and there is currently very little
literature on it. Following a thorough review of the previously published
studies on MSVMD, it is discovered that only a few researchers have
simultaneously investigated permeate productivity and associated temperature
polarization as a function of various membrane characteristics. More
importantly, no attempt has been made to determine the extent to which
multi-staging is beneficial in terms of its overall performance. To the best of
author’s knowledge, MSVMD performance (permeate production) has never
been critically analyzed as additional stages are added to the setup. Although
the point of multi-staging is to operate at a lower driving force and draw out a
higher permeate production (flux), however, every additional stage has some
cost associated with it too. Therefore, the main intent of this study is to try
and evaluate the point of inversion, a point after which further multi-staging is
no more beneficial both in terms of permeate productivity and associated
temperature polarization. Another objective is to analyze permeate
productivity and associated temperature polarization phenomenon
simultaneously, under varying membrane specifications. The optimum
number of stages is estimated for the maximum possible performance of
MSVMD under varying process variables and membrane specifications.

70

E VMD
2
co | EMSVMD -
: : =
g 50 oo , 3
- 3 1
© 2 m = o
= a0 -
=
o
B 30 62
; 49 450
'E 20 41 a3 a1 a3
= 44
2
10

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Fig. 2. Research activity on VMD and MSVMD 2010—20, (Source: Google Scholar).

1.1. Model for heat transfer

During the VMD process, heat transfer also takes place within the feed
stream (form bulk to the membrane interface). This heat loss (via convection)
can be evaluated as:

Qs = hylmd, N; )(T, = T}) @

where Ty, is the temperature on bulk feed side, T; denotes the feed side
membrane interface temperature, d, denotes the outer fibre diameter, N¢
denotes the number of fibres in the shell, and h; denotes the saline feed
convective heat transfer coefficient. The term h; can be evaluated by
Groehen’s equation [36]:

hed
N, = J:; ® — 0.206(Re cosg)0e3 pyo3s @

¥

where Re and Pr denote the Reynolds number and Prandtl number,
respectively, dh represents the shell hydraulic diameter, and 8 represents the
yaw angle, whose value varies between 0° for cross flow of feed stream to 90°
for parallel flow of hot feed. The thermal conductivity of the feed stream is
denoted by k;. The above relationship holds true for Re>10000.

One other type of heat transfer related with the VMD process is latent
heat, which is transferred via vapors of permeate through the membrane
pores. It can be computed by following expression.

Qm =115 3

where, g, and J denote the saturated water enthalpy and permeate flux
respectively.

Conduction heat loss through the membrane is negligible for membranes
with a high porosity. In this case, the heat loss from the bulk of the hot feed
stream to the interface between the feed solution and the membrane must be
equal to the latent heat transferred via permeate vapors as they flow through
the membrane pores [37]:

Qf =Qm 4)
1.2. Model for mass transfer

Depending on a dimensionless number called the Knudsen number, the
mass transfer of vapors across membrane pores obeys either the Knudsen
diffusion model or the Poiseuille flow model. The Knudsen number is given
by following expression:

kn =7 )

where,

A = Mean free molecular path

L = characteristic length (mean pore size/diameter in flow through membrane
pores)

A Knudsen number less than one indicates Poiseuille flow for a non-
continuum model, whereas a Knudsen number greater than one indicates that
mass transfer via the Knudsen diffusion model is dominant [37]. Usually, the
mean free molecular path in VMD is substantially larger than the membrane
pore size. Hence, Knudsen diffusion is the primary controller of mass
transport across the membrane. In the case of the Knudsen diffusion model,
the permeate mass flux is calculated using the following relationship:

( M )I(Ps—PL-) (6)

TE
Jo = 1.064—
RTI’IL‘Q’

™0

where, (P;-P,) denotes the vapor pressure drop across the membrane and z, J,
r and ¢ denote the membrane tortuosity, thickness, mean pore size, and
membrane porosity, respectively. The molecular weight of water, universal
gas constant, and absolute temperature in membrane pores are represented by
M, R and Tayg, respectively. The vacuum side pressure P, is measured using a
pressure gauge, and the water pressure at the feed side membrane interface P;
is computed by following expression:

Pi=F,x(1-X) @

where, X denotes the mole fraction of salt in the saline feed solution and Py, is
determined via Antoine equation as:

1730.63 }

10[3'0?131':33.425 +T' % 133.3 Pa ®)

B, =

1.3. MSVMD numerical model

Heat transfer and mass transfer are interrelated in a VMD process. When
the process is in a steady state, the total energy and mass balance can be
computed by following expression:

re M o\
|
Q=hf(Tb—ﬂ)=fQu=Cm=1-05‘1‘§(RTﬂvg) (P, —R)g, ©

gv denoting the vaporization enthalpy of feed stream, can be computed by
using the following expression [38]:

g» = (2501.689845 + 1.806916015T; + 5.087717)

5 10
x 107*T% — (1.1221) x 1075T;? (10)
The schematic of MSVMD setup adopted in this study is shown in Figure 3.
Once a single stage VMD is solved, the parameters that change for the next
stage are shown in Table 1.
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Fig. 3. Schematic of the MSVMD configuration utilized in current study.

Table 1
Variables that vary for successive stages.

Variables Description

Tri Bulk Feed inlet temperature

Voltotal Total volume of feed solution

Conc Concentration of hot feed solution

X Mole-fraction of salt in feed solution
M Molecular weight of feed solution

P Density of feed solution

All the other parameters remain constant for the successive stages. The
above parameters are needed to be solved for each successive stage in order to
solve the MSVMD mechanism numerically. The bulk feed inlet temperature
for each stage in succession is found using energy balance for the predecessor
stage. The total heat lost from the feed stream in a single stage can be
expressed in the following form:

Qrose = Tﬁf g *® (T}z - T}s} (11)

where, i is the mass flowrate of saline feed solution, C, is the specific heat
capacity of feed, and (Tr-Ts) represents the temperature drop in the bulk feed
temperature as it passes through a single stage.

Since it is assumed that no heat is lost due to conduction through the
membrane, it means that all this heat Qo is transferred via water permeate
vapors onto the permeate side. Hence, at steady state condition, the heat lost
from the bulk feed stream is equal to the heat transferred with the permeate
flux. Therefore, it can be expressed as follow:

Q!osrzjﬁf*ap*{?}i_?}s}zJF*QL'*A (12)

The above relation can be used to solve for the bulk feed exiting
temperature Tr, which will be the bulk feed inlet temperature for the
following stage.

The second model assumption which says that during the separation
process no mass is produced or consumed is enough to find the remaining
volume of feed solution after each stage of the process. It can be expressed as:
V'g‘ttom! = V'gjinitiﬂ! - VGE‘,!JEI’?"?]’IEIE{'EI (13)
where Vol represents the remaining volume after a stage, Volinisa is the
initial feed volume prior to the stage and VOlgemeae is the total volume of
permeate produced in the preceding stage. This remaining volume in the feed
loop after each stage can be used to find the concentration at any point in the
feed loop. The remaining parameters which change for each stage such as
mole fraction, molecular weight and feed solution can be determined utilizing
the above information easily.

1.4. Model Assumptions

e A mean value of pore diameter and fractional void volume of the
membrane was assumed and it remains constant throughout.

e  For every stage of the MSVMD setup, thickness of membrane was
considered to be constant along its length.

. It was assumed that neither any mass is consumed nor is it
produced during the separation process.

e The heat transfer model was assumed to be 1-D.

e At the permeate side of the membrane, there was no temperature
gradient as a result of the applied vacuum.

. It was assumed that the membrane module, flow pipes and feed
tank were well insulated and no heat was lost through these.

1.5. Temperature polarization coefficient (TPC)

TPC is a dimensionless factor and a measure of the effects caused by
temperature polarization phenomenon. The ratio of temperature drop between
the bulk of hot feed solution and feed side membrane interface to the
temperature gradient between the bulk of hot feed solution and the permeate
sides can be referred to as temperature polarization coefficient. In other
words, it is a ratio of the actual driving force in VMD mechanism to the
driving force if there were no temperature polarization.

In the literature, TPC has been expressed in many different ways. The
following expression was presented by Bandini et al. [39] based on VMD:

T
T, — T,

TPC = (14)

where,

T, = Temperature on the permeate side,

According to the above expression, in a special case when T; approaches
Th, TPC approaches zero and temperature polarization diminishes. This means
that the process will only be governed by mass transfer. On the contrary, the
process will be heat transfer limited only when TPC approaches unity, i.e. T;
approaches T,. Another expression for TPC presented by Mericq et al. [40] is
as follows:
TPC I

- T, (15)

According to the above expression, TPC approaches zero (maximum
temperature polarization) if and only if T; = 0, however, if T; = T, temperature
polarization coefficient should be zero, irrespective of the value of Ti. Hence,
the above expression cannot be utilized to produce a true picture of the VMD
process. Al-Asheh et al. [41] and Qtaishet et al. [42] also presented the same
expression of TPC for VMD. In 2013 Asghari et al. [43] presented another
expression for TPC based on VMD:

I-T

TPC=—*—%
LT, (16)

Matsuura et al. [44] also gave the same expression of TPC based on
VMD. The above expression is utilized in the current study, since it agrees

with TPC expression for DCMD. Table 2 presents a list of expressions for
TPC of VMD given by researchers over the past years.
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Figure 5 is a schematic of the main apparatus used for experimentation in the
present study. The setup consisted of a feed loop, a cold-water loop, and a

Table 2
TPC relations by previous researchers.
i Year of
Modelused  Correlation of TPC References -
publication
T, —T;
VMD TPC = Bandini et al. [45] 1992
Tb - Ta,
i
VMD TPC = T Banat et al. [41] 2005
b
i
VMD TPC = T_ Al-Asheh et al. [42] 2006
b
VMD TPC = T—’ Mericq et al. [40] 2011
b
T,—T,
VMD TPC = Lovineh et al. [43] 2013
T, —T,

2. Solution procedure

PTC Mathcad Prime’s in-house coding was utilized to devise a numerical
iterative method in order to solve for the membrane interface temperature (Ti)
and consequently the permeate flux (J). Reference [46] was utilized to

determine the thermo-physical properties of hot feed solution.
The following Figure 4 presents a block diagram of an MSVMD iteration

model used for simulation in the current thesis.

3. Experimental Setup

vacuum loop.
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Fig. 4. Block diagram of MSVMD numerical model.
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The membrane used in this study was made of PTFE material
manufactured by GUOCHU TECHNOLOGY (Xiamen). Table 3 shows 1.6 4 - -~ -60°C (Num)
detailed specifications of the membrane unit utilized in the current study, as 1 ——60°C (Exp)
provided by thestmanufacturer. ) ) 14 - - - 65°C (Num)
For the 1% stage of r_aach experiment, the. required flow rate and = . 65°C (Exp)
temperature of the feed solution were set to the desired value. The system was o 12 o
allowed to reach a steady state condition denoted by constant reading of % i - -70 DC (Num)
temperatures and flow rates. Usually, the time required for the system to 2 40 —4—70°C (Exp)
achieve the steady state condition was of the order of 25 to 30 minutes. Five ";’ |
minutes’ data was recorded for every point in a steady state condition. The =
key measurements taken from the experiments were the feed solution e %81
temperature value, vacuum pressure value, cooling water temperature, i ]
running time and vacuum tank drainage volume. One of the most vital g 0.6 ~
measurement is the temperature of feed stream as it exits the membrane unit, £ ]
which is noted from temperature gauge (TG101). For the subsequent stage, a o 044
temperature equal to the temperature of exiting feed stream from the previous o 4
stage was set and the whole process was repeated while keeping the flowrate 0.2
constant as in the previous stage. Similarly, all the key measurements were r r r r r r r r r r

recorded for each subsequent stage. An average of 3 data points was taken for
each experiment.

4. Results and discussion
4.1. Numerical model validation

Experiments were conducted to determine the permeate flux of each stage
in a 10-stage MSVMD setup for various feed inlet temperatures between 60
and 70 °C and feed flowrates between 1000 and 4000 L/hr. The experimental
and numerical results were compared in the form of plots in Figures 6 and 7,
respectively. The experimental and numerical results are represented by solid
and dotted lines, respectively.

Similarly, the numerically and experimentally determined specific
membrane area (SMA)/stage of the setup were compared, first for feed inlet
temperatures between 60 °C and 70 °C, and then for feed flowrates ranging
from 2000 L/hr to 4000 L/hr, as depicted in Figures 8 and 9, respectively.

In the graphs, there is an average deviation of less than 5%. To put it
another way, the numerical and experimental results are in good accord.

4.2. Impact of process variables on cumulative permeate productivity of
MSVMD

This section presents the impact of various process variables on
cumulative permeate flux of an 18-stage VMD. Figure 10 (a) and (b) show
the cumulative permeate productivity for an 18-stage VMD against feed
solution inlet flowrate and permeate side pressure respectively, for feed
temperatures ranging from 60 to 80 °C. Similarly, Figure 11 shows the
permeate production plotted against feed solution inlet temperature, for feed
flowrates ranging from 1000 to 4000 L/hr.

Stage

Fig. 6. Numerical and experimental results of permeate flux for feed
temperature (60,65 and 70 °C) of each individual stage; Dashed lines and
Solid lines represent Numerical data and Experimental data respectively.

04

0.2

Permeate Flux (kg/m’hr)

0.0

—m— 4000 L/hr (Num)
—8—4000 L/hr (Exp)
—4— 3000 L/hr {Num)
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—4= 2000 L/hr (Num)
—4—2000 Lihr (Exp)
—p— 1000 L/hr (Num)
—8—1000 L/hr (Exp)

Stage

Higher feed flowrates produce higher permeate flux because the
convection heat transfer coefficient is expected to rise which cause low
energy loss owing to convection on the feed side. This ensures a higher
permeate flux. Further, Figure 10 also depicts that the increase in permeate
with the increase in feed flowrate is not linear, rather the permeate surge is

Fig. 7. Numerical and experimental permeate productivity for input flowrates
(1000, 2000 and 3000 L/hr) of each individual stage; Dashed lines and Solid
lines represent Numerical data and Experimental data respectively.

abrupt initially and it gradually decreases as the feed flowrate continues to

225

increase. F = -60°C (Num)
200 60 °C (Exp) -
Table 3 {F 7 -8 (Num) -
Features of membrane unit used in current study. 178 | [—*——65 C (Exp) P
-~ -70 °C (Num) -
Dimensions and 150 4 —4&—70 °C (Exp) e

Shell side parameters

features
Shell diameter ds (mm) 90 1254
Length of the membrane module (mm) 1225 100
Material Acrylonitrile

Fiber parameters

butadiene styrene
Dimensions and

SMA/Stage (m’/(m‘/day))

features
Total number of hollow fibers 1500 25
Outer dia of hollow membrane, do (mm) 1.6
Inner dia of hollow membrane, di (mm) 0.9 0 —T T T T T T T T T
Membrane thickness, 8m (mm) 0.35 1 2 3 4 5 6 7 8 9 10
Membrane pore size (um) 0.5 Stage
Membrane porosity_ 45 Fig. 8. Numerical and experimental SMA for each stage at feed temperature (60,65
Membrane Tortuosity 2 and 70°C); Dashed lines and Solid lines represent Numerical data and Experimental
Material PTFE data respectively.
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An increasing permeate side pressure decreases the permeate output and
vice versa. This is obvious, since a higher permeate pressure means a smaller
vapor pressure (VP) difference across the membrane. And we know that VP
difference acts as a flux driving potential in the VMD mechanism. One thing
noted here is that, the nature of inverse relationship between permeate output
and the vacuum pressure is almost linear.

A rise in feed solution inlet temperature brings about an upsurge in the
overall permeate flux of the MSVMD setup as indicated by Figure 11which
is quite obvious due to an enhanced flux driving potential i.e. VP gradient
across opposite sides of the permeable membrane, at high feed temperatures.
One thing worth mentioning is that, at lower feed temperatures such as at 60
°C the difference between the overall permeate flux with varying flowrate is
very small but, as the saline feed solution inlet temperature is raised, the
dependence of permeate flux on the feed flowrate becomes more visible, as
can be seen at Tr =80 °C.

4.3. Impact of process variables on cumulative TP phenomenon of MSVMD

Owing to the key role of temperature polarization (TP) phenomenon in
influencing the performance of MSVMD setup, it is necessary to investigate
various ways of decreasing the unwanted effects of TP, via increasing the
TPC. Figure 12 (a) and (b) show the TPC for an 18-stage VMD against feed
solution inlet flowrate and feed inlet bulk temperature respectively.

SMA/Stage (m’/(m’/day))

150 —

125

100 —

~ m - 4000 L/hr (Num)
—e— 4000 L/hr (Exp)
- 4 -3000 L/hr (Num)
—4— 3000 L/hr (Exp)
- @ -2000 L/hr (Num)
—<— 2000 L/hr (Exp)

Stage

Fig. 9. Numerical and experimental SMA for individual stages at feed flowrates

For a specific feed inlet temperature, a rise in feed flowrate increases the of 2000, 3000 and 4000 L/hr; Dashed lines and Solid lines represent Numerical

temperature polarization coefficient (TPC), which means a fall in the
undesirable effect of temperature polarization. This decrease in the
temperature polarization with feed flowrate is owing to the fact that, a rise in
flowrate increases the convective heat transfer coefficient. Higher heat
transfer coefficients cause a low temperature drop on feed side of the
membrane and thus the temperature polarization phenomenon minimizes.
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A direct relation exists between TP phenomenon and the feed solution
inlet temperature. A rising TPC indicates that the temperature non-
uniformity in the feed solution stream is decreasing. Thus, it is clear that at
higher feed solution inlet temperatures, TPC is lower and hence the TP
phenomenon is enhanced. The reason behind this behavior is that, the
permeate vapors drive out a higher heat from the bulk of feed stream as they
evaporate and flow inside the membrane cavities towards the vacuum side,
eventually causing a higher temperature drop between the bulk of feed
stream and feed side membrane interface and hence, the TPC enhances.

4.4. Simultaneous impact of membrane specifications on permeate
productivity and TP phenomenon

The following section presents simultaneous impact of various
membrane specifications such as number of fibers, membrane tortuosity,
membrane thickness and pore size etc. on the cumulative permeate
productivity and TPC of an 18-stage MSVMD setup.

Increasing the number of fibers of a hollow fiber VMD mechanism
raises both its permeate flux and TPC as shown in Figure 13a. The rise in
flux occurs due to rise in feed solution velocity along the membrane unit, as
the feed flowrate remains the same while more fibers are added resulting in a
decrease in the area for feed solution to flow. This rise in feed solution
velocity increases heat transfer coefficient, ultimately causing the flux to
rise. An increase in the TPC means a downfall in the undesirable effect of
temperature polarization. Hence, it’s clear that the number of fibers brings
about a positive effect on the overall performance of the setup. Moreover, it
is quite clear from the graph below that the increase in TPC with the number
of fibers is independent of the feed inlet temperature. One more thing that
can be concluded is that, at feed inlet temperature of 60 °C, for an additional
800 fibers in the shell, the total permeate rise is a mere 0.2808 kg/m2hr and
similarly, the total TPC surge is 0.03215. This permeate and TPC rise is
quite trivial as compared to the cost of additional 800 fibers, especially, if
it’s a small scale VMD setup.

The cumulative permeate output varies inversely with the membrane
thickness as shown in Figure 13b. On the contrary, the TPC has a direct
relation with the membrane thickness. So, although an increase in membrane
thickness brings about a surge in the permeate output, it has also lowered the
TPC which in other words mean that the undesirable effect of temperature
polarization is enhanced. So, keeping in mind both the positive and the
negative impacts, an optimized value of membrane thickness should be
selected for the overall MSVMD performance.

As shown in Figure 13c, the impact of membrane tortuosity on the TP
phenomenon and cumulative permeate productivity is quite similar. Rising
tortuosity ensures lower temperature polarization, however, it also ebbtides
the cumulative permeate productivity.

As shown in Figure 13d, mean pore diameter of a membrane affects the

permeate output and TPC oppositely i.e. a direct relation between the mean
pore size and the permeate output is observed whereas, TPC is affected
inversely by the mean pore size. This decreasing trend of TPC with the mean
pore size can be described by the fact that, a higher surface area is available
for water evaporation as a result of an increased mean pore size, which leads
to a decrease in the membrane interface temperature and eventually enhances
the undesirable effect of temperature polarization.

The permeate output, as expected, varies directly with the void volume
but in case of TPC the relation is inverse as shown in Figure 13e. In other
words, an increasing fractional void volume enhances the undesirable effect
of temperature polarization. The reason for this inverse behavior with the
TPC is that, a higher fractional void volume means the pores on the
membrane are closer together and hence a high surface area is available for
water evaporation eventually leading to a decrease in the membrane interface
temperature.

4.5. Impact of process parameters on each individual stage of MSVMD

The analysis of overall MSVMD performance based on each individual
stage is discussed in this section. It is necessary in order to determine the
maximum number of stages for a specific set of conditions, that can ensure a
higher permeate output while decreasing the overall cost caused by addition
of stages. Figure 14 (a), (b) and (c) shows the permeate output for each
individual stage of a 40-stage VMD setup, against feed solution inlet
flowrate, feed inlet bulk temperature and permeate pressure respectively. For
a specific feed flowrate, the decrease in permeate flux is abrupt with each
subsequent stage initially, but this permeate ebbtide becomes very small for
each subsequent stage after about 16 or 18 stages of the MSVMD setup. This
specific behavior is more visible for a feed flowrate of 1000 L/hr. The reason
behind this behavior is that in the initial stages the permeate is higher due to
a higher feed solution inlet temperature and a lower salinity as compared to
the following stages. A higher permeate drives out higher energy from the
feed side, resulting in a decrease in the feed solution inlet temperature and an
increase in the feed concentration for the successive stage.

Moreover, it can be seen that initially the individual stage permeate flux
is higher for higher feed flowrates and feed inlet temperatures, and smaller
permeate pressures, however, towards the final stages the permeate
productivity of normally high permeate driving conditions (higher feed
temperatures, flowrates and lower permeate pressures) becomes smaller as
compared to lower permeate conditions (lower feed temperatures, flowrates
and higher permeate pressures). In other words, the trend of higher
individual permeate flux for flux promoting conditions reverses towards the
final stages of MSVMD. The point at which this trend reverses is called the
point of inversion. This point of inversion happens to be somewhere above
40 stages for Figure 14a,c, and 40 stages for Figure 14b. Any further addition
of stages beyond this point of inversion is absolutely not recommended.
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4.6. Impact of membrane specifications on each individual stage of MSVMD

This section provides the impact of most prominent membrane
specifications on permeate productivity of each individual MSVMD stage.
Figure 15a-d show the permeate output for each individual stage of an 18-
against varying membrane thickness,
tortuosity, mean pore size and fractional void volume respectively. The
below plots suggest a similar behavior as observed for the process variables.
Initially the individual stage permeate flux is higher for flux promoting

stage VMD setup,

membrane

stages.

Fractional Void Volume

(c) Membrane Tortuosity (d) Mean Pore size (e) Fractional void volume

conditions (lower membrane thickness, tortuosity and higher pore size,
porosity), however, towards the final stages the permeate productivity of
normally high permeate driving conditions becomes smaller as compared to
lower permeate conditions. The only difference is that the point of inversion
arrives quite soon in case of membrane specifications as compared to the
process variables. For example, for membrane thickness, membrane
tortuosity and fractional void volume, the point of inversion arrives after 10
stages. Similarly, the point of inversion for mean pore size arrives after 14
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5. Conclusions

A parametric analysis of MSVMD performance was carried out in terms
of cumulative permeate production and TPC. The key conclusions and
results from the above study can be summarized as follows:

e At higher permeate side pressures, cumulative permeate
productivity of MSVMD is reduced; however, higher values of
feed solution inlet flowrate and feed solution inlet temperature
ensures a higher cumulative permeate productivity.

. The cumulative TPC enhances with the rise in feed solution inlet
flowrate, however, it reduces as the feed solution inlet
temperature is enhanced.

e  The surge in TPC with flowrate is more prominent initially,
whereas it gradually diminishes at higher flowrates. TPC
reduction with a corresponding rise in feed inlet temperature
remains linear.

e An increase in membrane thickness and tortuosity increases TPC
while lowering cumulative permeate productivity; however, mean
pore size and fractional void volume have the reverse effect.

e  The permeate productivity of each successive stage is lower than
the predecessor stage, however, this behavior is more prominent
in initial stages and fades away towards the final stages.

10

e  The point of inversion happens to be quite higher for change in
process variables (about 40 stages) as compared to membrane
characteristics (below 20 stages).

The present study is a comprehensive guideline for the impact of various
process variables on the cumulative permeate productivity and TPC of
MSVMD. For some of the prominent process variable and membrane
characteristic, an optimum range of number of stages was found for the best
possible performance of MSVMD at the minimum cost.

Although this study has been carried out for VMD specifically, the idea
of point of inversion is essentially applicable to multi-staging in other
configurations too. The exact calculations however can be different for other
configurations.
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