¢! Desalination and Water Treatment
www.deswater.com

O doi: 10.5004/dwt.2017.20744

90 (2017) 1-6
September

Experimental study on the thermal performance characteristics of
hollow-fiber vacuum membrane distillation module

Hong-Jin Joo, Hee-Youl Kwak*

Solar Energy Research Division, Korea Institute of Energy Research (KIER), 152 Gajeong-ro, Yuseong-Gu, Daejeon, Korea,
Tel. +82-42-860-3516; email: hykwak@kier.re.kr (H.-Y. Kwak), Tel. +82-42-860-3093; email: joo@kier.re.kr (H.-]. Joo)

Received 30 January 2017; Accepted 22 March 2017

ABSTRACT

In this study, a performance experiment was conducted on the feedwater conditions of a polyvinylidene
fluoride hollow-fiber vacuum membrane distillation (VMD) module prior to construction of a VMD
seawater desalination demonstration plant in South Korea that will have a capacity of 400 m*/d. The
VMD module, manufactured by Econity Co., Ltd., South Korea, has an effective area of 5.3 m> For
the performance test of the hollow-fiber VMD module, a laboratory-scale VMD system was built and
the tests were conducted under various feedwater conditions. The results showed that under feed
conditions of 75°C, 8 m*/h feedwater flow rate, and salinity of 35,000 ppm, permeate flux was up to

18 LMH and salt rejection was up to 99.99%.
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1. Introduction

While humanity’s demand for water has constantly
increased due to population growth and industrialization,
the volume of water available has rapidly decreased due to
desertification and changes in precipitation caused by climate
change. Due to the continuous increase in water demand, the
need for alternative water resources has emerged.

As a technology for securing an alternative water
resource to address the problem of water shortage,
seawater desalination is becoming increasingly important.
Seawater desalination is emerging as a powerful solution
to the water shortage problem, as seawater is an unlimited
source of water that can be used to produce freshwater [1].

The evaporative, the electrodialysis, and reverse osmosis
(RO) desalination methods are widely researched and in use,
particularly the RO method. Since the evaporative method
requires heating seawater beyond its boiling point, it is pri-
marily used in countries rich in chemical energy resources
such as oil and coal [1,2]. As a result, the RO method, which
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is gradually consuming less energy, is being intensively stud-
ied and employed. The RO method is a process that uses a
high-pressure pump to obtain freshwater by applying a
pressure greater than osmotic pressure after pretreatment.
However, it requires high power consumption and the use
of hydrophilic membranes, which is disadvantageous in that
the membranes are easily contaminated by floating particles
and organic substances [3,4].

Accordingly, reduced energy consumption and eco-
friendly desalination technologies have been continuously
studied in many countries around the world to solve such
desalination problems. Among those studies, membrane dis-
tillation (MD) is emerging as the next-generation freshwater
technology that can make up for the shortcomings of existing
distillation methods and the RO method [3].

The MD method is a process that uses a porous separation
membrane with a hydrophobic surface to separate water in
the pure vapor state from raw water. In MD treatment, when
raw water contacts a side of the separation membrane, it
won’t pass through the membrane’s pores due to the surface
tension generated by the hydrophobic property of its surface;
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only vapor passes through [3,4]. Mass transfer occurs in the
MD process because of the temperature difference between
the raw water at high temperature and the permeate water
at low temperature at the boundary of the separation mem-
brane. The difference in vapor pressure resulting from this
temperature difference acts as the driving force that transfers
vapor molecules from the raw water to the permeate water as
the water changes from the liquid state to the vapor state [5].
MD can be classified into direct contact membrane distilla-
tion (DCMD), air gap membrane distillation (AGMD), sweep
gas membrane distillation, and vacuum membrane distilla-
tion (VMD), according to the method applied on the perme-
ate water side to generate the gradient of vapor pressure (the
driving force) [3-6].

Among those methods, VMD uses pressure lower than
the atmospheric pressure. The fed seawater is capable of pro-
ducing more vapor at the same temperature than DCMD or
AGMD. It is advantageous because it is operable at a lower
temperature than other MDs; it is disadvantageous because
additional energy is needed to maintain the vacuum state [6].

Currently, no commercial product is available that uses
the VMD method, as it is still in the study stage. Therefore,
to investigate the performance of VMD under various feed-
water conditions before the commercialization of a VMD
module and implementation of a demonstration plant using
a VMD module at 400 m?/d, a VMD module with a capacity
of 2 m*/d was designed and built using a polyvinylidene flu-
oride (PVDF) hollow-fiber membrane, and flux changes and
thermal performance, the main operating conditions of the
VMD module, were analyzed with respect to changes in the
temperature and flow rate of the raw water.

2. Experimental setup and method
2.1. Experimental setup

Fig. 1 shows the schematic diagram of the lab-scale
experimental system implemented to derive the freshwater

production characteristics of the VMD module. The system
was designed and built to use electric heaters as heat sources
applied to the VMD module to heat the seawater. The heated
seawater was fed to the VMD module through a 0.2 pm micro
filter (MF). At that point, the temperature, pressure, and flow
rate of the fed seawater were measured by a temperature
sensor, a pressure transducer, and a flow meter, respectively
[7,8]. The equipment was designed to control flow rate and
pressure by a valve and a bypass line. Seawater that had
passed through the VMD module was re-heated by the elec-
tric heater and re-collected in the seawater tank. The vapor
generated in the VMD module was condensed by cold water
of 20°C into freshwater as it passed through the condenser
and stored in the freshwater tank. The experimental equip-
ment was designed to measure the weight and salinity of the
freshwater collected in the freshwater tank to maintain con-
stant salinity of the seawater fed into the VMD module and
then returns it to the seawater tank [7,8]. Fig. 2 shows the
system used for testing the thermal performance of the VMD
module in this study, and Table 1 lists its components.

Fig. 2. Image of the experimental setup.
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Fig. 1. The schematic diagram of experimental setup.
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Table 1
Configuration of the experimental setup
Contents Specifications
Seawater tank, m? 0.3
Electric heaters 4 sets of 10 kW and
2 sets of 12 kW
MF pretreatment filter, ym 0.2
Seawater pump, m*/h 13
Electromagnetic flow meter, m*h 1-45
Condenser, kcal/h 47,120
Vacuum pump 120 LPM, 690 mmHg
Pressure transducer, bar 1-20
Vacuum pressure transducer, kPa 0-100

Total membrane area of VMD 53
module, m? (inner diameter)

2.2. VMD module

The VMD module used in this study was produced by
Econity Co., Ltd., Korea for commercialization. Hollow-fiber
membranes made of hydrophobic porous PVDF were used in
the VMD module. Strands of these PVDF hollow-fiber mem-
branes were inserted into a chlorinated polyvinyl chloride
cylindrical container which is usable at high temperatures.
The vapor generated when seawater passed through the
membrane tube passed through the pores of the hollow-fiber
membranes and was discharged out of the membranes. The
discharged vapor was collected by the pressure difference into
a condenser, where it was condensed by heat exchange with
the cooling water. The total effective area of hollow-fiber mem-
branes installed in the VMD module used in this study was
5.3 m? based on the inner diameter of the hollow-fiber mem-
branes. The total strand number of membranes inserted in
the module was 6,030. The average pore size of a hollow-fiber
membrane was 0.1 um and its average porosity was 65%—70%.
Fig. 3 shows Econity’s VMD module, Fig. 4 shows its sche-
matic diagram, and Table 2 lists its specifications.

2.3. Experimental conditions and method

To analyze the freshwater production characteristics of
the VMD module with respect to seawater feed conditions,
each experiment was conducted under the same conditions
of the external environment. Since the VMD module gener-
ated vapor by feeding seawater at a higher temperature than
the external temperature, the heat loss effect had to be con-
sidered. Consequently, the same external temperature was
maintained for each experiment to evaluate the performance.
In addition, to minimize experimental errors, the error mar-
gins of salinity, temperature, flow rate, and pressure of the
seawater fed into the VMD module were maintained within
*1% [7,8].

Bay salt was used to achieve salinity similar to seawater
for the feedwater fed to the VMD module and it was main-
tained at 35,000 ppm based on TDS. The salinity of the feed-
water was measured before and after the experiment and
kept unchanged so as to provide the same salinity condition
for each experiment. The feedwater was fed at temperatures
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Fig. 4. Schematic diagram of the Econity’s VMD module.

Table 2
Specifications of the VMD module in this study

Item Contents Material
Membrane Material PVDF
Type Hollow fiber
Pore structure Asymmetric
Average porosity (%) 65-70
Average pore size (um) 0.1
Diameter (outside/inside) (mm) 1.2/0.7
Module Material Acrylonitrile
Butadiene
Styrene
Potting material Polyurethane
Length/diameter (mm) 914/260
Membrane surface (m?) 5.3
Number of membranes 6,030
Packing density (%) 15
Membrane length (mm) 450
Type VMD
Filtration flow In—out
Temperature (°C) 10-75

of 55°C, 65°C, and 75°C and at flow rates of 4, 6, and 8 m®/h,
respectively. In addition, due to the characteristic of the
VMD module operating in a vacuum state, each experiment
was conducted under the same condition of 15 kPa or lower
based on the absolute pressure for the vacuum pressure in
the module.

3. Experimental results and considerations
3.1. Processing method of experimental results

In designing the VMD seawater desalination plant, the
most important design point was to predict the thermal
energy consumption required for the VMD process [6].
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As with conventional thermally driven seawater desalination
systems, the performance ratio (PR) value in the dimension-
less unit was used to evaluate the thermal performance of
the VMD module. The PR value could be expressed with the
latent heat energy necessary to evaporate the feedwater and
the thermal energy consumption used to produce the fresh-
water, as shown in Eq. (1) [7-12]:

PR = w (1)
Qheat

where 71, is the permeate flux, i.e., the produced freshwater
quantity, Ak is the evaporative latent heat required to evap-
orate 1 kg of water and Q,, is the thermal energy supplied
when producing the freshwater. It was possible to calculate

Queat with the temperature difference and the flow rate of
seawater fed into the VMD module as shown in Eq. (2):

Qheat = mfeede(T;n - Tout) (2)

where 7,4 is the flow rate of the seawater fed into the VMD
module, Cp is the specific heat of the seawater, T, is the tem-
perature of the seawater at the inlet of the VMD module, and
T, is the temperature of the seawater at the outlet of the
VMD module.

In addition, the LMH (permeate flux) value which, along
with the PR value, is used as one of the indicators of the
membrane in the VMD process was calculated in the fresh-
water quantity produced per membrane area, as shown in
Eq. (3) [7-10]:

LMH = % 3)

m

where 71y, is the freshwater quantity produced by the VMD
module per hour and A, is the total area of the hollow-fiber
membranes installed in the VMD module.

In addition, the recovery ratio (RR) value, which is the
ratio of feedwater fed to the VMD module and freshwater
produced is as shown in Eq. (4) [8-11]:

RR — mdist (4)

mfeed

3.2. Freshwater production characteristics

Fig. 5 shows LMH values with respect to the thermal energy
of the feedwater fed to the VMD module. The thermal energy
increased as the temperature and flow rate of the feedwater
increased. Consequently, it appeared that the LMH value of the
permeate flux increased as well. The results of the experiments
showed that the LMH value of the permeate flux of the VMD
module was 18.25 when the heat input to the fed seawater was
about 70 kW, and LMH was the lowest at 7.92 LMH at the low-
est heat input, 30.6 kW, among the experimental conditions.
Thus, it was analyzed that the permeate flux value varies by

approximately twice or more depending on the heat input to
the feedwater fed to the VMD module [10,13-15].

Fig. 6 shows LMH values with respect to the feedwater
temperature difference between the inlet and outlet of
the VMD module. For Econity’'s VMD module used in
this study, a maximum temperature difference of 13°C
appeared at the inlet and outlet of the VMD module under
the experimental conditions of 75°C for the seawater feed
temperature and 4 m*h for the flow rate. The tempera-
ture difference at the inlet and outlet was 3.8°C under the
experimental conditions of 55°C and 8 m?/h. The higher the
flow rate of the feedwater was, the smaller the temperature
difference was at the inlet and outlet at identical feed tem-
perature. The permeate flux increased as the flow rate of
feedwater increased because the difference in the effective
vapor pressure increased due to reduced temperature and
concentration polarization [16,17].

Fig. 7 shows RR values with respect to the salinity, tem-
perature, and flow rate of the feedwater. The RR value is gen-
erally the ratio of the quantity of feedwater to the quantity
of freshwater produced by the VMD module. For the VMD
module used in this study, the maximum RR value was
2.349% under experimental conditions of feedwater salinity
of 35,000 ppm, feedwater temperature of 75°C, and feedwater
flow rate of 8 m%h, and the minimum RR value was 1.03%
under experimental conditions of feedwater salinity of
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Fig. 5. Permeate flux according to heat input.
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Fig. 8. Salinity of permeate flux.

35,000 ppm, feedwater temperature of 55°C, and feedwater
flow rate of 4 m*h. Under a constant temperature of the feed-
water fed to the VMD module, it appeared that the RR value
slightly increased as the flow rate of feedwater increased.
As previously described, this was because the permeate flux
increased due to reduced temperature and concentration
polarization of the membrane, as the flow rate of feedwater
increased under the same conditions as well as the high per-
meate flux increase rate compared with the increase rate of
the feedwater flow rate [17].

Fig. 8 shows salinity and LMH values of the permeate
flux produced under each set of experimental conditions. For
Econity’s VMD module used in this study, the salinity of the
permeate flux produced under each set of experimental con-
ditions was measured within 5 ppm under all experimental
conditions regardless of each feedwater condition.

Fig. 9 illustrates LMH values and PR values (i.e., coef-
ficients of thermal performance of the VMD module with
respect to the temperature condition of feedwater fed to the
VMD module). For Econity’s VMD module used in this study,
it appeared that the permeate flux increased in proportion to
the increase of feedwater fed to the VMD module. It appeared
that the LMH value of the permeate flux increased up to 55%
or more if the temperature of the feedwater was increased
by 10°C with the flow rate kept the same. In addition, the PR
value, which is the coefficient of thermal performance of the
VMD module, was up to 0.904 under the conditions of 8 m*/h
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Fig. 9. Permeate flux and performance ratio according to
feedwater conditions.

for the feedwater flow rate and 75°C for the temperature, and
the minimum was 0.82 at a feedwater flow rate of 4 m*/h and
temperature of 55°C. From the results of these experiments,
it was considered that setting a high temperature and flow
rate of feedwater fed to the VMD module would be relatively
advantageous for efficient operation of the desalination sys-
tem using the VMD in terms of thermal energy consumption
[18].

4, Conclusion

To study the characteristics of freshwater production
by VMD module with respect to the feed conditions of
the fed seawater prior to construction of a VMD desalina-
tion demonstration plant with a capacity of 400 m*/d and
commercialization of a VMD module, a laboratory-scale
experimental VMD module was constructed. PVDF
hollow-fiber membranes were used to design and build the
VMD module with a capacity of 2 m*d, and the module’s
thermal performance and permeate flux were analyzed with
respect to the feed conditions of the fed seawater.

e Inthe case of the VMD module designed and built for this
study, it appeared that the LMH value of the permeate
flux increased up to 55% or more if the temperature of the
feedwater was increased by 10°C with the same feedwater
flow rate. In addition, it appeared that the desalination
rate of the permeate flux produced under each set of
experimental conditions was consistently maintained at
99.99% or more.

e In the case of the VMD module used in this study, it
appeared that the RR value slightly increased as the flow
rate increased with the temperature of the feedwater kept
constant, and the RR value increased as the temperature
of the feedwater increased.

e For the VMD module used in this study, it appeared
that the PR value (coefficient of thermal performance
of the VMD module) reached a maximum of 0.904
with feedwater at 75°C and a flow rate of 8 m®h, and
a minimum of 0.82 with feedwater at 55°C and a flow
rate of 4 m*/h. As the temperature and flow rate of the
feedwater increased, the PR value of the VMD module
increased. It was therefore considered advantageous for
the efficiency of the VMD system to set a high tempera-
ture and flow rate of the feedwater.
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Symbols

A — Area, m?

Cp — Specific heat, kJ/kg °C

LMH — Litter per meter square hour,
Permeate flux, kg/m*h

Ah, — Latent heat, kJ/kg

M — Flow rate, kg/s

PR — Performance ratio

Q — Heating capacity, kW

RR — Recovery ratio

T — Temperature, °C

Subscript

dist — Distillate

feed — Feed seawater

m — Membrane

in — Inlet

out — Outlet
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