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ABSTRACT

Being capable of utilizing low-grade thermal energy, membrane distillation (MD) has
evolved as a promising technology for desalination. This paper reports the simulation study
of two large-scale MD modules reported in the literature, a spiral wound type and a flat
plate type. A mathematical model, which considers the heat and mass transfer mechanisms
for all the composing layers of the module, is used. For both modules, the heat and mass
transfer resistance and the performance enhancement by modifying design parameters and
operating conditions are analyzed. The significant directions and quantitative potential of
improvement are identified. Compared to the bases cases, the flux enhancement from
modifying module parameters can be as high as about 10% for the spiral wound module
and about 100% for the flat plate module. The flux enhancement from modifying operation
conditions can be as high as about 50% for both modules.

Keywords: Air gap membrane distillation; Membrane distillation; Desalination; Modeling

1. Introduction

Membrane distillation (MD) is a thermally driven
separation process, in which only vapor molecules are
transported through porous hydrophobic membranes.
The driving force is the vapor pressure difference
between the hot liquid feed side and the cold perme-
ate side of the membrane. MD systems can be classi-
fied into four configurations according to the nature
of the cold side of the membrane, i.e. direct contact
MD (DCMD), air gap MD (AGMD), sweeping gas
MD, and vacuum MD (VMD). The principles, applica-
tions, and developments of MD have been compre-
hensively reviewed by several researchers [1-3].

*Corresponding author.

Compared to other desalination technologies, the
MD desalination system is highly competitive mainly
due to its low operating cost by using the low-grade
heat, such as the solar thermal energy. Many papers
have been published on this application, including
those on the desalination processes [4,5] and on the
modeling and experimental studies of the perfor-
mances, operation and control of the MD modules as
well as the solar powered desalination systems [6-15].
Several experimental studies of solar driven MD desa-
lination systems, where the thermal energy for MD is
supplied by solar collectors, have demonstrated the
feasibility with large-scale devices [10-15].

Developments in configuration designs for
MD-related desalination processes have recently
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evolved. Multi-stage MD concept for solar desalina-
tion application has been proposed and different
multi-stage designs have been evaluated for high-effi-
ciency and cost-effective stand-alone seawater desali-
nation system [16]. It has also been claimed feasible to
integrate VMD, to treat highly concentrated water,
with conventional reverse osmosis desalination for
system performance enhancement [17]. Guijt et al. [18]
described the novel Memstill® module, which is a
hollow fiber AGMD module with heat integration
design between the counter-current flow hot and cold
fluids. Compared to multi stage flash (MSF), MD, and
RO desalination technologies, the energy consumption
of the Memstill® technology can be about 50% lower.

Because it is the heart of the desalination system,
many researchers have focused on the performance
enhancement of MD modules. Two significant studies
were conducted on laboratory-scale modules. Cath
et al. [19] proposed a vacuum enhanced DCMD con-
figuration using flat-sheet composite membrane with
very thin active layers and operated under very high
Reynolds number flow operation. The membrane
water flux can be increased dramatically to 85kg/
(m*h), which is 2-30 times higher than literature data.
Song et al. [20] reported the experimental results of
hollow fiber DCMD with cross-flow configuration to
enhance mass transport coefficients and using a mem-
brane coated with an additional porous highly hydro-
phobic layer to prevent the wetting of membrane. The
study showed that stable and high flux of 55kg/(m?h)
can be obtained for long time operation. For practical
applications, particularly for solar desalination, large-
scale modules have been developed and reported
recently. Winter et al. [15] reported experimental
results for full-scale spiral wound modules of 5-14 m?
membrane area each module, including the effects of
feed flow rate, temperature levels, salinity, and mem-
brane area. Guillén-Burrieza et al. [10] reported pilot
operation data for a solar desalination plant using
full-scale flat plate-and-frame AGMD modules of
2.8 m” membrane area of each module. The MD mod-
ule performance varied with the daily solar irradiation
and is difficult to discuss independently. A systematic
analysis for large-scale modules is essential and a
comprehensive and verified mathematical model can
be an effective tool for the study.

In this paper, a theoretical model considering the
heat and mass transfer mechanisms based on our pre-
vious work [8] is used for the systematical study of
two large-scale AGMD modules—a spiral wound type
and a flat plate type. The heat and mass transfer resis-
tance analysis as well as the parameter analysis are
conducted. The objective is to shed light on the signifi-
cant improvements for practical applications.
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2. Mathematical model

The AGMD model adopted is the same as that
reported in our previous work [8] and the model has
been verified with experimental results from labora-
tory-scale flat plate modules [6,9] as well as large-scale
spiral wound module [21]. For the former, experimen-
tal studies covered both the operation conditions,
including the flow rate and inlet temperature of hot
and cold fluids, and the module parameters, including
the thickness of hot fluid channel, cold fluid channel,
and air gap. The differences between the simulation
and experimental results are less than 10%. For the
latter, the effects of hot fluid flow rate and tempera-
ture were compared and shown in Fig. 1. For higher
fluid flow rates, the results are fairly close. However,
the simulation results are higher than the experimen-
tal data for low flow rate conditions. One possible
cause is the heat loss from the module to the environ-
ment. When the fluid flow rate is lower, the effect of
heat loss on the hot fluid temperature will be greater.

The model is one dimensional and the interface
fluxes are determined by heat and mass transfer corre-
lations from literature. The porous membrane is filled
with water vapor and air. The fluids in the channels
are plug flow without pressure drop.

The mass and energy fluxes for all layers, includ-
ing the hot fluid, membrane, air gap, condensing
liquid, metal plate, and cold fluid, are illustrated in
Fig. 2. The model equations are summarized in
Table 1. In the model, the mass transfer flux is deter-
mined by considering the mass transfer resistances in
the membrane and air gap, because the resistances of
the hot fluid side, cold fluid side, and condensing
liquid are insignificant [8]. With its small flow rate,
the condensate film is very thin and the heat transfer
resistance is neglected. The heat transfer resistances of
all other layers are taken into account.

The heat and mass transfer coefficients needed in
the model are calculated using the equations listed in
Table 2. For the hot fluid and cold fluid, because L/D,
is greater than Re/20, the entrance effect can be
neglected [22]. The heat transfer coefficients are esti-
mated using correlations for flat plate [23]. For spiral
wound module analysis, because the channel heights
are very small compared to the module dimensions,
the same correlation for flat plate module is used. For
the membrane and metal plate, the thermal conductiv-
ities and thicknesses of these materials are used for
calculating the heat transfer coefficients. In Eq. (24),
the thermal conductivity of membrane (Kyem) is com-
puted as the volume average of the vapor conductiv-
ity and the solid polymer membrane conductivity.
Other thermally related properties, which are assumed
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Fig. 1. Comparison of model simulation and experimental data from Ref. [21].
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Fig. 2. Heat and mass transfers in AGMD module.

constant, include the thermal conductivities, heat
capacities, and heat of vaporization.

For the mass transfer in the porous membrane,
Knudsen diffusion and molecular diffusion are taken
into account via the resistance-in-series approach as
shown in Eq. (27). For the air gap with a thickness of
only several mm, the mass transfer coefficient is esti-
mated from the diffusivity of water vapor in air by
Eq. (28). The Knudsen diffusivity is calculated using
Egs. (6.5-14) in [24]. The molecular diffusivities are
estimated by the empirical equation of Fuller et al.
[25].

The model equations are solved using implicit
Euler and Newton methods.

3. Results and discussion

For practical application of the solar powered MD
desalination technology, several large-scale or pilot
processes have been operated and reported [10-15].
The modules applied are mainly AGMD type and in
spiral wound or flat plate shapes, as shown in Fig. 3
(a) [15] and Fig. 3(b), respectively. For investigating
the potential of improvement for large-scale AGMD
modules employed for practical applications, two
modules with the specifications, which are mostly
based on the information from the literature [10,15],
listed in Table 3 are studied in this paper. The table
also includes the base operating conditions. Both mod-
ules are operated in the laminar region, but the Re
number of the spiral wound module is smaller, the
reason should be that the pressure drop is higher due
to the much longer flow channel feature.

The approaches for this study include: (1) analysis
of the heat and mass transfer resistances for each layer
of the module to identify the significant layers, and
(2) sensitivity analysis of device parameters and oper-
ating conditions for their effects on the module perfor-
mance, i.e. the water flux, in order to identify the
important parameters and conditions. All these analy-
ses and discussion are based on the module parame-
ters and operation conditions listed in Table 3.

3.1. Analysis of heat and mass transfer resistances

The resistance analysis is conducted by sensitivity
analysis by adjusting the heat and mass transfer coef-
ficients of each layer, via the use of a multiplier of 0.1
or 10 in the mathematical model. The effects on water
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Table 1
Model equations for SAF-AGMD
Mass balances Heat fluxes
UL — N Mygater W M Qnpa = e (T, = T (12)
d'"‘ﬁ% = —NagMwyater W 2 OnHL = NimemCp g (T — Tont) (13)
Nmem = Nag 3) AHVLAHL = NmemAHvap,ml (14)
Energy balances Onmem = Mmem (Tm1 — Tm2) (15)
i;l/[f'—:fag?L = — ﬁ% (Qh,HL + QN,HL) (4) QN.,mem = Nmemcg,mem(Tml - Tm2) (16)
7\28' ()g;]“ = - I\ﬁ;thvCL ®) Qh‘agZ = hagZ(TmZ - Tmpl) 17)
QhﬁHL + QN,HL - AHVL,HL = Qh,mem + QNAmem (6) QNﬁagZ = Nagzc}\)]‘agZ(TmZ — Tmpl) (18)
thmem + QN,mem = Qh,ag + QN,ag @) APIVL,CONL = NagZAHvap,mpl (19)
Qnag + QNag + AHvL conL = Onhmp ) Qnmp = Mp(Trnpt — Tmp2) (20)
Qnmp = QncL ) OncrL = her(Tmp2 — Ter) (1)
Mass fluxes
Nmem = ;%;Tm (Pml ,water — Pmeater) (10)
Nag = Iggﬁ (PmZ,water - PLF‘water) (11)
Table 2
Estimation of transfer coefficients
Heat transfer coefficient of fluid
For hot fluid (hg) and cold fluid (hcy) Nu = 1.86( RePr%)0'33 Re<2,100 (22)
Nu = 0.023Re®8Pr" 2,500 < Re <1.25%105,0.6 < Pr<100 (23)
n=0.4 for cold fluid, n=0.3 for hot fluid
Heat transfer coefficient of membrane (/imem) Bmem = Igmem (24)
Heat transfer coefficient of air gap (fag) hag = @ (25)
Oag
Heat transfer coefficient of metal plate (fimp) himp = % (26)
mp
Mass transfer coefficient of membrane (kmem) . 1 1 27)
kmem = % | T—memy— | 5
Dy | Omem
Mass transfer coefficient of air gap (kaz) kag = "DTZ (28)

fluxes are then examined. The identification of

For the spiral wound module, the results shown in

significant transfer coefficients can suggest the direc-
tions for improving the module performance. The heat
transfer resistances of four layers are examined,
including hot fluid, membrane, air gap, and cold fluid.
The top and bottom plates of the module are assumed
well insulated. The condensing film is difficult to
modify and the metal plate has very high thermal
conductivity, hence these two parts are excluded in
the analysis. As for the mass transfer resistances, only
the membrane layer and air gap layer need to be con-
sidered. For these two layers, the analysis includes
modifying only the heat transfer coefficient, only the
mass transfer coefficient, and simultaneously the heat
and mass transfer coefficients.

Fig. 3(a)-(c) indicate:

e For both hot and cold fluids, increasing the heat
transfer resistance can significantly reduce the flux,
but reducing the resistance can only slightly
increase the flux as shown in Fig. 4(a).

* Also shown in Fig. 4(a), for both membrane and air
gap layers, the increase of the heat transfer coeffi-
cient in these layers will decrease the temperature
difference between the two sides of the membrane
or air gap layer and reduce the vapor pressure dif-
ference, which is the driving force for the mass
transfer. The effect of air gap layer is greater than
the membrane layer.
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spiral wound module

(a)

Fig. 3. Spiral wound and flat plate modules.

Table 3

Specifications of large-scale modules

Parameters

Membrane area (m?)

Membrane width (m)
Membrane length (m)
Membrane material

Membrane thickness (um)
Membrane pore diameter

(um)

Membrane porosity
Height of hot fluid channel 0.77

(mm)

Height of cold fluid

channel (mm)

Thickness of air gap (mm)
Hot and cold fluids flow

configuration

Operating pressure (atm)
Hot fluid temperature (K)
Cold fluid temperature (K)
Hot fluid flow rate (kg/h)

Re of hot fluid

Spiral
wound

10

0.7

14.29
PTFE + PP
30/140
0.1

0.72

0.77

0.43
Counter-
current

1

348

293

300

300

Cold fluid flow rate (kg/h) 300

Re of cold fluid

339

Flat plate

2.8 (for 20
flat-sheet
membranes)
0.36

0.39

PTFE + PP
30/170

0.2

0.8
1

1
Counter-
current

1

348

293

375

1,459

375

665

¢ For both membrane and air gap layers, the increase
of the mass transfer coefficient can enhance the flux
as shown from Fig. 4(b). The effect on flux is
greater in the direction of reducing resistance.

flat plate module

(b)

e When the heat and mass transfer resistances are

simultaneously changed by the same degree for the
membrane and air gap layers, the effects are
opposite and the combined effect depends on the
relative extents. As illustrated in Fig. 4(c), the com-
binatory effects are different for the two layers. For
the membrane layer, the effect of mass transfer
coefficient is greater than that of the heat transfer
coefficient. Hence, the combined effect is the same
as that from the mass transfer coefficient. However,
for the air gap layer, the combined effect is that
the flux is reduced by either direction of
modifications.

For the flat plate module, the results shown in

Figs. 4(d)—(f) indicate:

For the hot and cold fluids, as shown in Fig. 4(d),
decreasing the heat transfer coefficient causes the
reduction of the flux. The effects are significant in
both directions for hot fluid, but only in the
direction of decreasing the coefficient for cold fluid.
In Fig. 4(d), the effects of varying heat transfer coef-
ficient are small for both membrane and air gap
layers.

The effects of varying mass transfer coefficient are
significant in both directions for air gap layer, but
only in the direction of decreasing the coefficient
for the membrane layer as indicated in Fig. 4(e).
When comparing Figs. 4(e) and (f), it can be found
that the combined effects of heat and mass transfer
coefficients are the same as those of the mass
transfer coefficient. It is because the effects of heat
transfer coefficient are small.
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Fig. 4. Analysis of heat and mass transfer resistances.

In summary, although the flux levels of the two
types of modules are different, the trends of influ-
ences are similar, except on the effects of mass trans-
fer coefficient and combined heat and mass transfer
coefficients on the air gap layer. The reason lies on the
big difference in the layer thickness, 0.43 mm for the
spiral wound module and 1mm for the flat plate
module. For the spiral wound module, the gap is
much thinner and its contribution to the overall resis-
tance is not significant, hence little improvement of
the module performance can be obtained. However,
for the flat plate module, the improvement of heat
and/or mass transfer of the air gap layer can lead to
significant enhancement for module performance.
When considering the effective measures for module
performance improvement from the base cases of
these two modules, one should focus on the mem-
brane layer and the air gap layer for the spiral wound
module and the flat plate module, respectively.

3.2. Effects of device parameters and operating conditions

The study of performance improvement is accom-
plished by individually varying each device parameter
and operating condition for the two large-scale
modules. The device parameters examined include the
channel height of hot fluid and cold fluid, the air gap

thickness and all variable membrane characteristics, i.
e. the thicknesses of porous and supporting layers, the
pore diameter, the membrane porosity, and the mem-
brane length to width ratio. The operating conditions
include the flow rates of hot and cold fluids (Re
number), the temperatures of hot and cold fluids, and
the operating pressure of air gap.

Some of the parameters or conditions pose only
minor effects on the water flux. For those which pose
relatively significant effects, the results are given in
Fig. 5 and Fig. 6 for the spiral wound module and flat
plate module, respectively.

For the device parameters, the significant ones are
different for the two modules. For the spiral wound
module, the porous layer thickness and membrane
porosity are important. On the other hand, for the flat
plate module, the important parameters are the hot
fluid channel height, air gap thickness, and membrane
length. The effects on water flux by varying each
parameter are shown in Figs. 4(a) and (b) and Figs. 5
(a)—(c). Compared to the bases cases, the flux enhance-
ment from modifying module parameters can be as
high as about 10% for the spiral wound module and
about 100% for the flat plate module.

On operating conditions, the hot fluid temperature,
cold fluid temperature, and Re numbers of both fluids
are important ones for both modules. However, the
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Fig. 5. Significant variables for spiral wound module.

air gap operating pressure is significant only to the temperature provides greater effect on water flux. The
flat plate module. The extents of water flux variation positive effect of increasing Re number is noteworthy
when varying each condition variable are shown in only for laminar region, if the flow is in turbulent
Figs. 4(c)-(e) and Figs. 5(d)-(g). The hot fluid range, the effect is limited. Note that in Figs. 5(c) and
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6(e), the transitional flow region is not analyzed. Com-
pared to the bases cases, the flux enhancement from
modifying operation conditions can be as high as
about 50% for both modules.

4. Conclusions

For the air gap MD, we have accomplished the
examination of the performance characteristics and
performance enhancement potentials for two large-
scale modules for practical applications. Based on the
module parameters and the base case operating con-
ditions specified in this study, comparisons on the
spiral wound module and flat plate modules have
been made. The resistance analysis reveals that the
flat plate module provides much higher potential for
improvement than the spiral wound module. For the
device parameters, the significant ones are different
for the two modules. For the spiral wound module,
porous layer thickness and membrane porosity are
important. On the other hand, for the flat plate mod-
ule, the important parameters are hot fluid channel
height, air gap thickness, and membrane length.
Compared to the bases cases, the flux enhancement
from modifying module parameters can be as high
as about 10% for the spiral wound module and
about 100% for the flat plate module. On operating
conditions, the hot fluid temperature, cold fluid tem-
perature, and Re numbers of both fluids are impor-
tant ones for both modules. Compared to the bases
cases, the flux enhancement from modifying opera-
tion conditions can be as high as about 50% for both
modules.

A final remark on the two modules can be made.
Compared to the flat plate module, the spiral wound
module operates with only about 1/10 of the mem-
brane flux. That can be explained from the mathemati-
cal model. The significantly longer module length of
the spiral wound module results in much lower heat
transfer coefficients in the fluid sides using the corre-
lations listed in Table 2. That further consequences the
very different results of the two modules in the resis-
tance analysis and parameter study.

Symbols

AGMD — air gap membrane distillation
Cp — heat capacity (J/kgK)

D, — hydraulic diameter (m)

Dy, — molecular diffusivity (m?/s)
Dy — Knudsen diffusivity (m?/s)

direct contact membrane distillation
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h — heat transfer coefficient (W/m? K)

k — mass transfer coefficient (m/s)

K — Thermal conductivity (W/mK)

L — Length of the module (m)

M — Mass of the hot or cold fluid in the module
(kg)

M,, — molecular weight of water (kg/kmol)

MD — membrane distillation

my — mass flow rate (kg/s)

N — mole flux of water (kmol/m? s)

Nu — Nusselt number

p — pressure (Pa)

Pr — Prandtl number

Qn — heat transfer rate by convection or
conduction (J/s)

On — heat transfer rate by the temperature change
of the water flux (J/s)

R — gas constant (Pa m®/kmol K)

Re — Reynolds number

T — temperature (K)

T — average temperature (K)

W — Width of the module (m)

— molar fraction

Greek letters

AHy;  — enthalpy of vapor-liquid phase change (J/m? s)
AH,,, — heat of vaporization (J/kmol)

0 — thickness (m)

3 — porosity of the membrane

T — tortuosity of the membrane
Superscripts

L — liquid

Vv — vapor

Subscripts

Air — air

ag — air gap

CL — cold liquid

CONL — condensing liquid

HL — hot liquid

LF — air gap two-condensing liquid interface
Im — logarithmic mean

ml — hot fluid-membrane interface
m?2 — membrane-air gap interface
mem = — membrane

mp — metal plate

mpl — air gap-metal plate interface
mp2 — metal plate—cold fluid interface
sys — system

water — water
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