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ABSTRACT

A detailed rigorous theoretical model has been developed to
predict the transmembrane flux of a shell-and-tube type
vacuum membrane distillation (VMD) module for seawater
desalination. There are primarily two modes of operation to
carry out VMD: lumen-side feed (in-out configuration) and
shell-side feed (out-in configuration). In this study, detailed
mathematical formulations are derived, not for in-out
configuration since it has been observed to be restricted by
operational constraints such as crystallization in the lumen side
of the hollow fiber at high seawater concentrations, but for out-
in configuration commonly used in seawater desalination
applications. For the out-in configuration VMD module, in
spite of the much lower viscosity of water vapor than liquid
phase, the pressure build-up of water vapor in the lumen should
not be overlooked as the pressure build-up directly reduces the
driving force for vapor permeation through the membrane pores.
Experimental results and model predictions for mean permeate
flux are compared and shown to be in good agreement. The
property variation of feed and permeate sides along the axial
direction is also examined. Further, the influences of operating
parameters (feed temperature and flow rate, hollow-fiber length)
on the permeate flux are evaluated, and the pressure build-up of
the water vapor in the lumen side is also investigated.

INTRODUCTION

Membrane distillation (MD) is a thermally-driven process
which utilizes a hydrophobic, microporous membrane as a
contactor to facilitate water vapor separation by liquid-vapor
equilibrium. The driving force of MD permeate flux is the
partial vapor pressure difference maintained at both interfaces
of the membrane, i.e., hot feed and cold permeate. The hot feed
is brought into contact with the membrane which allows only
the vapor to pass through its dry pores so that it condenses on
the coolant side [1,2].

Several MD module configurations have been proposed, e.g.
direct contact membrane distillation (DCMD), air gap
membrane distillation (AGMD), sweeping gas membrane
distillation (SGMD) and vacuum membrane distillation (VMD).
More recently, other new MD configurations aiming to enhance
the permeate flux have been developed, such as liquid gap MD
(LGMD) and material gap MD (MGMD) [1,2]. Among them,
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VMD is regarded to possess a great potential for scale-up as it
offers the highest flux and efficient heat recovery compared to
the other configurations [1], though that AGMD may provide
similar of better internal heat recovery as condensation takes
place inside the module. However, in the VMD process the
condensation of water vapor takes place outside the module
using a vacuum pump, which is regarded as the main drawback
of this configuration compared to others, e.g. AGMD. AGMD
has also several disadvantages such as complex module design
and low permeate flux.

In VMD process, the hollow-fiber membranes have been
widely implemented due to their high membrane packing
densities leading to high membrane surface area, and as a result
its module has been shown to be advantageous over plate-and
frame and spiral modules for seawater desalination applications.
The hollow-fiber MD module has mainly two operating modes,
e.g. lumen-side feed (in-out configuration) and shell-side feed
(out-in configuration). Both feed configurations have been
extensively studied for VMD process, and each mode has its
own advantages and potential problems. However, the lumen-
side feed configuration has been observed to be restricted by
operational constraint, especially due to crystallization in the
fiber lumen at high seawater concentrations, and fouling and
scaling problems. In this regard, shell-side feed configuration
has been commonly used in seawater desalination applications.
For the out-in configuration module, however, despite much
lower viscosity of the water vapor compared to the liquid phase,
the pressure build-up of vapor in the fiber lumen should not be
disregarded as the pressure build-up promptly deteriorates the
driving force for vapor permeation through the membrane.
Especially, this is very important in module design for practical
applications. However, this aspect has not been addressed in
details in previous literatures [3,4,5].

The main objectives of present work are thus (i) to develop
a detailed mathematical model for the shell-and-tube type
VMD with the shell-side feed configuration for seawater
desalination, by simplifying the mass, momentum and energy
balance on both the feed and permeate sides, (ii) to evaluate the
influences of operating parameters such as feed temperature,
flow rate and hollow-fiber length on the permeate flux and thus
(iii) to examine the pressure build-up characteristics of water
vapor in the fiber lumen.
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HOLLOW FIBER VMD PROCESS

Figure 1 illustrates a schematic of a hollow-fiber VMD
module with two different flow configurations, i.e., parallel
(top) and counter (bottom). The hollow-fiber VMD module
comprises an array of microporous hydrophobic membranes,
assembled together in a shell-and-tube module. As shown in
Figure 1, the hot feed is circulated in contact with the shell side
of the hollow fiber and the permeate is evolved in the vapor
state from the opposite side of the membrane which is kept
under low pressure (vacuum). One end of the fiber lumen is
open to provide an outlet for the evacuation of water vapor
from the module, and vacuum is applied to the open end of the
fiber. Therefore, the vapor pressure in the fiber lumen increases
from the open end to the opposite end, which results in a
pressure build-up along the fiber lumen leading to a decrease in
the driving force (Py,, — P,). This phenomena will be examined
in details in what follows to elucidate the effects of pressure
build-up in the fiber lumen on the VMD permeate flux.
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Figure 1 Schematic representation of hollow-fiber VMD
module with an out-in configuration in (a) parallel- and (b)
counter-flow configurations
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MATHEMATICAL MODEL
Transmembrane Flux

VMD process involves the heat transfer across the feed-side
boundary layer adjacent to the membrane surface and through
the membrane, coupled with the mass transfer of water vapor
through a membrane. The heat transfer process entails the heat
transferred across the feed-side boundary layer () and through
the membrane (Q,). Here, the heat transfer by conduction
through the membrane and across the permeate-side boundary
layer can be assumed to be negligible [3,4,5].

The convective heat transfer (Q,) across the feed-side
boundary layer is defined as follows:

0, =h, (2zr,N (T, -T,,) (1)

where hy; r,, N, Tr and Ty, are the convective heat transfer
coefficient, the outer radius of fiber, the number of hollow
fibers, the bulk feed temperature and liquid/vapor interface
temperature at the feed side, respectively. The convective heat
transfer coefficient (%) at the shell side is determined by the
Groehn’s correlation [6]:

hd,

Nu = =0.206(Recos a)m Pr’

2

b

[

where & is the heat conductivity of the bulk feed and a is the
yaw angle varying between 0° for the cross flow and 90° for the
parallel flow. d), is the hydraulic diameter of the shell,
d,=d,(1-¢)/ ¢, which is a function of the module packing

density ¢, p=N,(d,/d, )2, with denoting d, the shell inner

diameter.

The heat transfer across the membrane can be expressed by
the latent heat of vaporization. The heat transfer through the
membrane can be determined as:

0, =J(zN,d, )|:hv (7,.) -1, (T, )J

with d,, =(d,/d,)/In(d,/d,), where h, and & refer to the
specific saturated enthalpies of water vapor and bulk feed,
respectively, which are evaluated at the local temperatures, i.e.,
Ty and T,

The overall heat transfer across the membrane at steady
state is given by:

0,=0, 4)

The permeate flux of the water vapor (J,) is linearly related
to its partial pressure gradient as follows:

3)

J. =K, NM (P, =F)) )
where K, is the permeability coefficient, M is the molecular
weight of water, P, is the water vapor pressure at the
liquid/vapor interface at the feed side and P, is the pressure at
the permeate side. Due to the presence of dissolved species
with molar concentration (x;) at the feed side, the vapor
pressure reduction can be determined by the Raoult’s law by
assuming seawater as an ideal solution for simplicity:
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Pf,m = (1 - ‘xs )I)w,m (6)

where P,,,, is the pure water vapor pressure (in Pa) and
estimated using the Antoine equation [7]:

1730.63

log, (133.3P, )=8.07131-———
Sio ( ) T +233.426

(M

where T is the temperature in °C.

In the VMD process, the molecule-molecule collisions are
negligible as compared to the molecule-pore wall collisions as
the membrane pores are considerably smaller than the mean
free path of the diffusing molecules. In this way, the Knudsen
diffusion mechanism controls the mass transfer through the
membrane pores. Thus, the permeability coefficient can be
estimated as:

K - 4ed, ®)
" 3u5(2zRT)"”

where ¢ is the fractional void volume of the membrane, d,, is the
pore size, 7 is the pore tortuosity, ¢ is the membrane thickness
and R is the universal gas constant.

Transport Models

To demonstrate the transport behavior in the hollow-fiber
module, a mathematical model is formulated by using mass,
momentum and energy balances for both feed and permeate
sides with following assumptions: (i) unidirectional lubrication
flow of Newtonian fluid for the shell-side feed, (ii) steady
incompressible flow under constant operating conditions, (iii)
fibers distributed uniformly in the shell side, (iv) negligible
heat generation due to viscous dissipation, (v) ideal gas
behavior of water vapor in the permeate side, (vi) negligible
heat loss to the ambient and (vii) negligible axial diffusion
compared to convection.

The mass (i.e., overall molar balance and molar species
balance for the salt species), momentum and energy balances
for the feed flow in the shell side yield the following equations,
(9)~(12), in terms of velocity (vy), concentration (x;), pressure
(Py) and temperature (7)):

Ldv v (M, M, Ydxy 2N 9)
X, dz= X2\ p, p,)dz M (r-Ni7)
dv v, M
X —L M, dx _, (10)
X, dz X,/ p, dz
40 200
- Vvil+—2" + L =0 11
dz<pf ’f) D, dz (1
d v, 2N, J
pfv,f‘z(cp,frf)_ X1 -Nr ¢ T =
‘ (12)

_2zn,N b, (T./pb Ty )

2 2
z(r?=N,r’)

where X is the molar volume, z is the local axial coordinate, p is
the density, r, is the outer radius of hollow fiber, r; is the inner
radius of shell, x is the dynamic viscosity, ¢, is the specific heat
capacity and subscripts s, w and f are the salt, water and feed
phases, respectively. The dimensionless quantity f defined in
equation (11) refers to the fanning friction factor and
f =16/Re in the laminar-flow regime. For the turbulent flows,

the fanning friction factor can be estimated using the Wood’s
approximation based on the Colebrook equation [8]:

f=a+bRe* (13)
with
0.225

a= 0.0235(ij +0.1325 [i]

dh dh

0.44
h=22 [ij (14)

h

where ¢ is the membrane surface roughness.

The mass, momentum, energy balances for the permeate
flow in the fiber lumen provide coupled differential equations,
(15-(17), in terms of velocity (v,), pressure (P,) and
temperature (7,):

7 9B o W, 9T 2r,RT,’J 15)
vT —=+ —=Py =
[)sz PPdZ PPdZ Mvriz
dpP dv, MPv’dT
(M,v,” +RT,)—L+2M P,y Ly Do Ty
r "7 dz PP dz T, dz
' (16)
2
_Mvavpf
r
Pv dh(T) 2rRJ
adi Lo e [ (T,) = h,(T;,) ]| =0 (17)

T, dz M r,
where f in equation (16) is the fanning friction factor for the
fully developed laminar flow in a circular tube.

Boundary Conditions

The velocity, concentration, pressure and temperature at the
shell side for both parallel- and counter-flow configurations are
subject to the following boundary conditions:

V_f(o):vf,in7 xf(O):‘xf,in’ Rf(Lf):})O’ Tf(o):T,in (18)

where L, is the fiber length, P, is the ambient atmospheric
pressure at the feed outlet and subscript in is the module inlet.

The velocity, pressure and temperature at the permeate side
for parallel- and counter-flow configurations are subject to the
following boundary conditions:

v,(0)=0, B(L,)=F,, T,(0=T,,(0) (19)
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vp (L/) = 0 > Pp (0) = Pvac > Tp (L/) = T/',m (L/) (20)
where P, is the vapor pressure (vacuum) applied to the open
end of the VMD module.

In order to calculate the performance of a VMD module, the
mean permeate flux (J,,) of a VMD module is determined as:

— 1 Lf
Jm_L—fjo J.dz 1)

where J, is the local permeate flux defined in equation (5).

Solution Procedure

The set of coupled ordinary differential equations (ODEs)
for the shell-side feed, i.e., equations (9)—(12), and for the
lumen-side permeate, i.e., equations (15)—(17), are discretized
with the finite volume method and solved by coupling the
boundary conditions, i.e., equations (18)—(20), and the
membrane characterizations, i.e., equations (1), (3) and (4) for
heat transfer and equations (5)—(8) for mass transfer. Broyden’s
method, which is the quasi-Newtonian method for solving the
system of nonlinear equations, has been implemented. The
detailed solving procedure is discussed in [3] in details.
Thermophysical properties of water and seawater used in the
present work are implemented from [9].

RESULTS AND DISCUSSION

In this study, two mathematical models are applied to
clarify the effect of pressure build-up of water vapor in the fiber
lumen on VMD performance; that is, (i) simple lumped model
(SM) in which the permeate-side pressure is kept constant over
the entire length of the hollow-fiber membrane without
considering only the permeate-side transport equations (15)-(17)
and (ii) detailed model (DM) taking into account of pressure
build-up in the fiber lumen by considering all of the governing
equations aforementioned.

Spatial Variation

In order to verify and further examine the proposed
theoretical approaches, the performance characteristics of shell-
and-tube VMD module, as previously reported [10], have been
examined with respect to feed temperature and velocity at the
inlet of the VMD module. The primary characteritics of a
polypropylene (PP) hollow-fiber membrane module are: shell
diameter: 0.025 m; number of fibers: 40; mean pore size: 0.2
um; inner fiber diameter: 1.8 mm; outer fiber diameter: 2.6 mm;
effective membrane area: 0.1 m%; liquid entry pressure (LEP):
140 kPa, porosity: 70%; fiber length: 0.47 m. The permeate-
side vacuum pressure is kept constant at 4 kPa and the pure
water is used in the experiments [10].

As illustrated in Figure 2, using two theoretical models (i.e.,
SM and DM), the predicted mean permeate fluxes as a function
of feed velocity in the range of 0.2 m/s — 1.0 m/s and feed
temperature in the range of 35 °C — 60 °C are compared to the
measured data [10]. For the operating conditions (7;, = 50 °C,
viin = 0.4 m/s) in Figure 2, the axial variations of permeate flux,
pressure, temperature and velocity along the fiber length using
two models for parallel- and counter-flow configurations are
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Figure 2 Mean permeate flux as a function of (a) feed velocity
for the different feed temperatures and (b) feed temperature for
the different feed velocities using SM and DM models.
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Figure 3 Comparison of permeate flux profiles along the
hollow fiber using SM and DM models: (a) parallel- and (b)
counter-flow configurations.
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Figure 6 Comparison of velocity profiles along the hollow
fiber using SM and DM models: (a) parallel- and (b) counter-
flow configurations.

depicted in Figures 3—6, respectively. It can be seen that there is
a significant pressure build-up of water vapor in the fiber lumen.
As seen from Figure 2, therefore, it is found that while the SM
model with keeping permeate pressure constant is easy to use, it
tends to highly overestimate by about 30% — 46% the mean
permeate flux as compared to that of the DM model. It can also
be observed that an increase in feed temperature will result in a
more significant pressure build-up. This may be explained as
follows: As can be expected from Figures 3-6, the permeate
flow rate increases as the vapor flows along the fiber length
from the dead end of the fiber to the open end, and it reaches
maximum at the open end of the fiber. At a higher temperature,
the saturation vapor pressure increases exponentially, and so
does the driving force for vapor permeation, leading to a higher
permeate flux. On the other hand, there will be a large pressure
change where the permeate flow rate is high.

As shown in Figure 2, it is shown that the permeate flux
enhances with an increase in the inlet feed velocity and feed
temperature. The relative effect of the feed velocity on the
permeate flux increases with the temperature, which can be
attributed to the combined effects of exponential relationship
between temperature and saturation vapor pressure shown in
equation (7) and higher heat transfer through the feed-side
boundary layer at higher feed velocity (i.e., higher Reynolds
number in equation (2)), which results in lower temperature
polarization leading to greater transmembrane temperature
difference [11]. On the other hand, the feed velocity at lower
feed temperatures below 50 °C, resulting in a decrease in the
vapor-pressure driving force, can be assumed to have negligible
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Table 1 Effects of fiber length and feed velocity on the mean permeate flux using SM and DM models.

v = 0.05 m/s Vi = 0.1 m/s Vi = 0.2 m/s
Ly[m] Ju [kg/m’h] (SM—DM)/DM J [kg/m’h] (SM-DM)DM ___J,, [kg/m’h] (SM-DM)/DM
DM SM [%] DM SM [%] DM SM [%]
0.1 7.09 7.17 1.22 9.13 9.27 1.57 1129 1151 1.95
0.3 6.28 6.89 9.59 8.04 9.03 12.23 9.83  11.32 15.07
0.5 5.40 6.61 22.57 6.83 8.79 28.72 822 11.12 3523
0.7 4.62 6.36 37.70 5.78 8.56 48.09 677 1093 61.59

effects on the permeate flux. Meanwhile, it is noted that the
mean permeate flux predicted using the DM model exhibits
good agreement with measured data.

Effect of Ly and Vi, on Permeate Pressure Build-up

The effect of the fiber length and feed velocity on the mean
permeate flux of the hollow-fiber VMD module with parallel-
flow configuration has been demonstrated at the inlet feed
temperature of 50 °C by keeping other operating parameters
constant as before.

As can be seen in Table 1, the influence of fiber length on
the permeate pressure build-up is much greater than that of feed
velocity. This is because with an increase in the fiber length the
local transfer resistance increases greatly due to the rapid build-
up of thermal boundary layers, which reduces the temperature
difference through the membrane and thus hinders the mass and
heat transfer. In addition, the reduction of mean permeate flux
can be found to be attributed to the extremely low temperature
gradient across the membrane due to the longer retention time
of the feed stream with an increase in the fiber length. Also, the
longer fiber length can also result in more nonuniform local
flux profile because the longer fiber can lead to the greater
pressure drop per unit fiber length caused by larger flow
resistance, which causes a higher pressure build-up along the
fiber lumen. Meanwhile, the permeate flux can be enhanced by
increasing the feed flow rate, which results in improving the
hydrodynamic conditions in terms of Reynolds number, heat
and mass transfer coefficients. Therefore, it is important to
identify the fiber length to assure that the driving force along
the fiber is sufficient to maintain a high performance, even
though a longer fiber length and yet a larger membrane area can
contribute to more water production.

CONCLUSIONS

In the present work, a detailed rigorous theoretical model to
predict the transmembrane flux of an out-in configuration
VMD module has been developed. Experimental results and
model predictions for mean permeate flux are compared and
shown to be in good agreement. It is found that while the
simple VMD model with keeping permeate pressure constant is
easy to use, it is likely to significantly overestimate the mean
permeate flux as compared to that of the detailed model taking
into account of pressure build-up in the fiber lumen. The
pressure build-up of water vapor in the fiber lumen is identified
to be the crucial factor significantly influencing the VMD
performance since it directly reduces the driving force for vapor

703

permeation through the membrane pores. In addition, its effect
is more pronounced at longer fiber lengths and higher permeate
fluxes, which can be achieved at higher feed temperatures and
velocities. In conclusion, this is especially important in module
design for practical applications of VMD processes.
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