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ABSTRACT

Membrane distillation (MD) utilizes low-grade
thermal energy and alternative energy to drive vapor
transport through hydrophobic membrane pores for the
application of water desalination, aroma compounds
recovery, waste water treatment and concentration of
thermo-sensitive solutions. In this work, to overcome
commonly observed trade-off problems between
thermal efficiency, water flux and water productivity,
the simulation and optimization of a series of key
objective parameters of MD were conducted by
proposing a novel modeling approach. The heat and
mass transfer across membrane is synchronously
enhanced on account of the interaction effects of
operational and module configuration variables to
achieve a global optimization of MD.

Keywords: membrane distillation; heat transfer
coefficient; temperature polarization coefficient;
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1. INTRODUCTION

Nowadays there is a rapid growth in using
membrane technologies for desalination to deal with
the problem of potable water shortage all over the
world. Membrane distillation (MD) has been widely
studied for desalination of salinity waters with
theoretically 100% salt rejection [1]. In MD operation,
the volatile species in hot feed evaporate at
hydrophobic membrane surface and permeate through
porous membrane facilitated by a trans-membrane
vapor pressure difference across the membrane [2]. MD
is usually conducted at a temperature of 40-80°C, which

makes it possible to utilize alternative energy sources,
like geothermal, waste heat, and solar energy [3]. The
heat and mass transfer (HMT) is interrelated to each
other and there are serious trade-off problems between
thermal efficiency, water flux and water productivity of
MD process which limit its application. The theoretical
models still meet some challenges in treating the
problems related to the complicated interactions of
variables especially related to various internal design of
membrane module [4,5]. Efficient and comprehensive
model aiming for high thermal efficiency and water
productivity is still lack.

In this study, a novel simulation and optimization
approach for MD was proposed by integrating empirical
models and theoretical heat and mass transfer models.
By this method, it becomes possible to predict and
optimize a series of objective parameters such as heat
transfer coefficients (hy), temperature polarization
coefficient (TPC), water flux (N), thermal efficiency (n),
and water productivity (P,) under the interaction effects
of complicated operational and configuration variables
systematically. Based on the investigation, the global
evaluation and optimization of MD were conducted.
Feed and permeate inlet temperature (T,s, °C and
Twpin, °C), feed velocity (V;, m/min), module length-
diameter ratio (Ry) and module packing density (D, %)
are taken into account as influencing factors.

2. DCMD EXPERIMENT

Polyvinylidene fluoride hollow fiber membrane
modules were used in direct contact membrane
distillation (DCMD) (Fig. 1). Feed was circulated through
the lumen side of the fibers and cold deionized water in
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the shell side of membrane module. Feed/permeate
inlet temperature was adjusted by a heater and a
chiller, respectively, and were recorded using
thermocouples with + 0.1°C accuracy. The pipes and
containers were insulated. The weight gain of water
permeate flux was recorded by an analytical balance.
The salt rejection of the membranes is as high as over
99.9% for all of the DCMD experiments.
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Fig 1 Experimental setup of direct contact membrane
distillation.

3. HEAT AND MASS TRANSFER MODELING OF DCMD

3.1 Theoretical modeling of DCMD

Fig. 2 is a schematic of trans-membrane heat and
mass transfer through a hollow fiber. The difference
between membrane surface temperatures (T,; and T,,,)
induces water vapor pressure gradient across
membrane that drives the transport of water vapor
through the membrane.
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Fig 2 Schematic of heat and mass transport through
hollow fiber membrane in DCMD process

Water flux (N, kg/(m®eh)) through membrane is
dependent on water vapor pressure on feed side and
permeate side of membrane (Psand P,) as below [6]:

N=8(p - P, (1)

Here B: (kg/(m’*ehePa)) denotes mass transfer
coefficient across membrane.

The overall mass transport controlled by the
Knudsen-Molecular transition region (0.01<K,<1) can be
expressed as below [6]:

) RT \*° & PRT
BT — m m + m a m
1. 064er | M ¢PD M 2)

Here r, €, T and 6,, are the pore radius (m), porosity,
pore tortuosity and mean thickness (m) of membrane,
respectively. R is the universal gas constant (8.314
J/(kgeK)), P, the air pressure (Pa), and T,, the average
temperature across membrane.

The heat transfer in DCMD includes convective
transfer on feed/permeate sides of membrane (Q; and
Q,), the latent heat through membrane pores due to
evaporation (Q,), and the conduction heat across the
membrane matrix and the medium in membrane pores
(Q) [6].

The temperature polarization coefficient (TPC) is
used to evaluate temperature gradient as [6]:

Tot = Top (3)
bt~ op

Here T, (K) and T, (K) are the average
temperatures of bulk feed and bulk permeate.

Water productivity per module volume (P,)
representing water production capacity of a membrane
module is calculated as follows [7,8]:

AW (4)
YoVt
Here AW (kg) is water mass increment in permeate
tank over an operating time t (h), V (m?) is the volume
of membrane module.
Thermal efficiency (n) can be calculated by [6]:
0 = NAH, x 100 (3)

NAH, + ':5— (T = Too)

TPC =

m

Here AH, (ki/kg) is the latent heat for water
vaporization.

3.2 Simulation and optimization of heat and mass
transfer in DCMD

Fig. 3 gives the iterative algorithm of the novel
approach by integrating responsive  surface
methodology (RSM) and theoretical modeling method
for simulation and optimization of a series of objective
parameters. Firstly, the Nusselt number (Nu),
feed/permeate side heat transfer coefficients (h; and
h,), membrane surface temperatures (T,; and T,,),
overall mass transfer coefficient (B;), thermal
conductivity of porous membrane (k,,), permeate flux
(N), thermal efficiency (n) and water productivity per
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module volume (P,) are calculated successively. Then,
these obtained results were used to build a series of
RSM models for the objectives as functions of the
operational and module configuration variables.
Subsequently, the interactions between the influencing
variables on the HMT behavior were analyzed based on
response surface plots. Then, the optimum conditions
for each objective were determined. Finally, the
theoretical values of the objectives were obtained by
imputing the optimum variables in the theoretical
models for comparison.

Inpuuting the membrane parameters (dy, (0.16 pm), & (0.85),
and & (150 pm) ), configuration parameters (D and &), and

experiment operating conditions (T, Xu, Vi Tipin and ¥5)
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Fig 3 Algorithm for simulation and optimization of heat and
mass transfer in DCMD by a RSM-theory coupling method
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4. RESULTS AND DISCUSSION

4.1 Verification and adaptability of theoretical models
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Fig 4 Comparison of simu]Iated water flux (N;) from the
Knudsen-molecular diffusion transition model to
experimental data (Ngxp)

The DCMD experimental flux were used for
verification of the theoretical model. The variables in
the experiment are within 40-80°C for T,;, 15-35°C
for Twp,in, 6=54 m/min for V;, 5-45% for D, and 3.3-16.7

for R,. The predicted water fluxes (N;) agree well with
the simulated ones (Ng,,) with a relative error of 11.7%
(Fig. 4.) The K, value of the membrane is 0.6-0.7 which
is within 0.01-1 range. The result conforms to the
Knudsen-molecular transition mechanism of water
vapor transport across the membrane.

4.2 Response surface modeling and optimization of
objective parameters

Figs. 5-7 show the response surfaces of hy, TPC, and
n. There is significant interaction effect of feed inlet
temperature (T,s,) and module length-diameter ratio
(Riw) on h¢ (Fig. 5). At various T, and D, hf shows a
decreasing trend along the flow direction. Vsand R, are
the important factors to improve hy. High h; will be
favorable for alleviating temperature polarization and
increasing water flux and thermal efficiency.
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Fig 5 Interaction effects of (a) Tygin and Ty in; (b) Tugin and Vg
(c) Twgin and Ryy; (d) D and Ry, on feed-side heat transfer
coefficient (hy).
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Fig 6 Interaction effects of (a) Tygin and Ty in; (b) Twgin and V5
(c) Twgin and Ryy; (d) D and R,y on temperature polarization
coefficient (TPC)

There exist significant coupling effects of the
variables on temperature polarization coefficient (TPC)
(Fig. 6). The cooperation of high T,s;, and low T,,, as
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well as the adoption of low Ry, high D and high V is
favorable for high TPC as well as high water flux and
thermal efficiency.

Twrin and Ry show most strong interaction effect on
n (Fig. 7). The negative impact of large Ry is related to
its adverse effect on h; as discussed above that
increasing Ry leads to the decline of hy along the fiber
length (Fig. 5 (c)).

As illustrated above, TPC and hy are greatly affected
by the interaction effects of operational and module
parameters and their level in turn determines N, n and
P, (Fig. 8). High hy with moderate TPC are beneficial for
high N and n, while high hsand TPC have positive effects
on P,. The increment in P, with TPC becomes small
when TPC is higher than 0.7. Therefore, high hf with
moderate TPC together is capable of leading to the
comprehensively high level of MD performance.
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Fig 7 Interaction effects of (a) Tygin and Ty in; (b) Tugin and Vg
() Twgin and Ryy; (d) D and Ry on thermal efficiency (n)
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Fig 8 Interaction effect of the temperature polarization coefficient (TPC) and heat transfer coefficient (hy) on permeate flux (N),
thermal efficiency (n), and water productivity (P,)

The optimum conditions for P, as well as N and n
were determined. Those for P, are shown in Table 1. The
predicted results with RSM models are in good
agreement with Knudsen-Molecular transition model (K-
M model) with 2.1%, 8.5%, 8.3%, 7.1%, and 12.7% of
relative errors, respectively.

Table 1 The predicted results of hy, h,, TPC, N, P,, and n as well
as the corresponding optimum conditions.

Optimum conditions for

Objective RSM KM objectives with *
model model
wa in Twp in Vf D R Id
P, 65684 75208
N 58.49 62.95
hy 5781 5905
h, 4963 5424 80 15 54 45 3.3
TPC 0.72 0.66
n ~1 0.83

It is found that when P, is at highest, hy, N and n all
approach to their own highest level (Fig. 9). The
mechanism on the concurrent optimization of the
objectives can be easily understood based on their
correlation shown in Fig. 8. High P, means high overall
water productivity of a module at small occupied space
and thus low equipment cost which is important for MD
commercialization.
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Fig 9 Comparison of the hy, N, TPC, and n under the
optimum conditions of P, and each index itself

5. Conclusions

The conventional modeling by Dusty gas model and
Nusselt equation were integrated with response surface
methodology to simulate and optimize heat and mass
transfer of hollow fiber membranes in DCMD for
desalination. Heat transfer coefficient was extremely
elevated based on the interaction effects of variables,
leading to a simultaneously improvement of high water
flux and thermal efficiency. With water productivity (P,)
as optimization objective, a global optimization of
DCMD performance is realized.
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