ISES Solar World Congress 2017 IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Sustainable Seawater Desalination by Permeate Gap Membrane
Distillation Technology

Farzaneh Mahmoudi', Mohammad E. Pishbin, Saeed Dehghani', Abhijit Date’,
Aliakbar Akbarzadeh'

1Energy CARE Group, School of Aerospace, Manufacturing and Mechanical Engineering, RMIT
University, Melbourne (Australia)

Abstract

Membrane distillation (MD) as a thermally driven process with moderate operating temperatures is a known effective
technology for salt-water desalination. In this research, the permeate gap membrane distillation configuration (PGMD), as a
novel sustainable MD design having internal heat recovery characteristics, is introduced, designed and the system performance
investigated in terms of permeate water flux rate and specific thermal energy consumption (STEC). The experimental results
show that, increasing the feed flow rate from 0.1 to 1.1 L/min for the feed salinity in a range of (0—30) ppt, led to increasing the
fresh water flux from 2 to 12 kg/m*h, however STEC of the system also showed an increase and varied in a range of 1000 and
2500 kWh/m’.

Furthermore, a single node theoretical model is developed and the modeling results validated with experimental values. It is
concluded, optimization of the MD module performance to improve internal heat recovery and produce higher fresh water rate
would be achievable by adjusting the effective membrane surface area and feed flow rate.

Keywords: Sustainable desalination, permeate gap membrane distillation, specific thermal energy consumption,
permeate flux rate

1. Introduction

According to the World Water Council, 17% of the world population will be living in short of the fresh water
supply by 2020 (Charcosset, 2009). Therefore, the demand for alternative sustainable water sources including

ground water, desalinated water and recycled water increased in recent years and thus, the implementation of
desalination plants is growing on a large scale. Fresh water can be derived from sea water by evaporation processes
e.g., multi-stage flash (MSF), multi- effect distillation (MED) or by membrane based processes, including reverse
osmosis (RO), electro dialysis (ED) and membrane distillation (MD).

Membrane distillation is a separation process which involves phase change (liquid-vapour equilibrium) across a
hydrophobic, highly porous membrane. In contrast to most membrane separation processes, which are isothermal
and have driving forces as trans membrane hydrostatic pressures, concentrations, electrical or chemical potentials,
MD is a non-isothermal process.

The commercially developed RO technology consumes high electrical energy normally ranging from 6 to 12
kwh/m® that is presently being generated from non-renewable and polluting fossil fuels (Bai et al.). In contrast, MD
is a thermal desalination process using lower top temperature (80 °C or less) with respect to the traditional thermal
desalination processes.

However, the MD process is still under study and the lack of experimental data has indicated that there is a need
for more comprehensive research in this field. The central issues are the external energy source for MD units, lack
of MD membranes and fabrication of modules for each MD configuration. Overall, optimization of MD plants is
required in order to reach higher MD performance and to decrease energy consumption (Meindersma et al., 2006),
an appropriate redesign of the MD module is demanded in order to achieve mass transfer improvement and to
increase the membrane surface area per module volume. Moreover, the energy source of the MD process is an

© 2017. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientific Committee
doi:10.18086/swc.2017.32.02 Available at http://proceedings.ises.org



F. Mahmoudi / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

important issue for commercialization of this technology as a sustainable process. Membrane distillation associated
with renewable energy is considered to be a highly promising process, especially for situations where low-
temperature solar, waste or other heat is available. The STEC of MD systems varies based on the module
configuration, setup scale and operating condition. A wide dispersion of reported values is observed in literatures
for STEC, which the ranges from 1 to 9000 kWh/m? (Khayet, 2013).

Generally direct contact membrane distillation (DCMD) as depicted in Fig. 1-left is the most studied MD
configuration (Alkhudhiri et al., 2012). In DCMD the membrane is in direct contact with the feed solution on one
side and the permeate on the other side with the temperature difference across the two sides of the membrane as the

process driving force. A novel introduced configuration of MD, is called PGMD which by creating a third channel
for produced fresh water via an impermeable film on the permeate side, the cold fluid in the condenser side
separates from the permeate and therefore it could be any other liquid like saline feed water. The permeate is
extracted from the highest module position, so that the gap between the membrane and the impermeable film fills
with permeate during the operation (Fig. 1- right).
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Fig. 1. Left: DCMD configuration; Right: PGMD module arrangement with internal heat recovery

In recent years, some commercial MD modules in different configurations have been developed. (Zaragoza et al.,
2014) made a comparison among the most advanced commercial MD prototype technologies with different
configurations (air gap, permeate gap and vacuum) and different structures including plate-and-frame and spiral
wound. Concerning comparing different MD configuration, Cipollina et al.(Cipollina et al., 2012) also developed a
lab scale plate-and-frame membrane distillation module for solar energy seawater desalination and investigated
three different channel configurations during this research, including free air gap, permeate-gap and partial vacuum
air gap. Winter et al. also developed and optimized MD setup with lowest STEC to reduce the external energy
demand of the system, with a 10 m> spiral wound PGMD configuration (Winter et al., 2012).

In this paper, by considering the result of comprehensive literature review regarding recent projects in MD field, an
experimental approach by designing and developing a lab scale PGMD system configuration is followed to provide
a good estimation of the most important characteristic value of a MD setup, including permeate flux, STEC, GOR
and its dependency to the modular design and particularly operating conditions. Furthermore the numerical
modeling of the heat and mass transfer phenomena in this configuration is studied and a single node theoretical
model is developed using some simplifying assumption and the modeling results validated with comparing to the
experimental data

2. Laboratory scale PGMD system experimental rig

A novel optimized experimental approach was based on a lab scale plate-and-frame PGMD module with 0.12 m’
effective membrane area. The hydrophobic PTFE membrane, with 0.22 pm nominal pore size and (140 - 200) um
thickness, with an effective surface area (760 * 160) mm® was applied. This plastic PP film had a thermal
conductivity similar to that of the PTFE membrane. The permeate channel was separated from the condenser
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channel by an impermeable 100 um clear polypropylene film, which filled with plastic net spacers both as
mechanical support between membrane and condensing polymeric films and also as turbulence promoters. The gap
width in condenser and evaporator channels was adjusted to 1.5 mm and the gap width in the permeate channel was
3 mm and rubber gasket frames were used for sealing purpose.

A schematic diagram of the lab scale experimental setup is shown in Fig. 2-left. The feed water was pumped from
a 100 L storage tank using a small 12 V DC water pump, the feed flow rate to the module controlled either by
adjusting the DC pump voltage or by an in-line control valve. A 100 pm pore size mechanical filter was installed
before the pump to protect the module and pump from unwanted solids. To adjust the inlet feed temperature to the
condenser channel, the lab cooling circuit was used.
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Fig. 2. Left: Schematic diagram of the MD experimental setup; Right: Actual indoor lab scale PGMD experimental setup

The feed water gradually preheats whilst flowing through the condenser channel and using the latent heat of
condensation and conduction via the PP condensing film. The condenser outlet temperature was increased by using
an external electrical heat source immersed in an insulated electric water tank (2.4 KW), to provide the required
evaporator channel inlet temperature for the PGMD module. In the evaporator channel the hot water vaporizes at
the membrane surface, diffuses through the hydrophobic PTFE membrane pores and condenses on the permeate
channel film. The evaporator channel outlet feed, with higher salinity than the inlet feed to the condenser channel,
returns to the feed tank. In order to maintain the feed tank salinity at a constant level, the fresh water pumped from
permeate tank by applying a floating ball valve and electronic scale. The produced fresh water exited from the top
manifold of the permeate gap. Each experiment ran for at least 90 min to reach a steady state condition and the
average values of the recorded data in the steady state condition were used for analysis. Fig. 2-right, shows the
indoor lab scale MD setup.

3. Mathematical Model Development in PGMD

To predict the PGMD module performance, a single node theoretical model is developed using some simplifying
assumption. The following assumptions are considered:

Steady state condition; stagnant air inside the membrane pores; permeate channels fully filled with pure water; no
total pressure difference across the membrane, so no mass transfer by viscous flow; no heat loss by conduction to
the environment; stagnant permeate in the permeate channel and so no heat transfer by convection in the permeate

£ap.
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Fig. 3. Single node approach for mathematical modeling of PGMD module

To model the PGMD system, the above assumptions, heat and mass conservation laws in all channels and the five
main thermal resistances between evaporator and condenser channels, as shown in Fig. 3 are considered. In
addition, by defining the known variables including: Tc;, Tgi, e, Mg, Sci and Sg; which are respectively
temperature (°C), mass flow rate (kg/s) and salinity (g/kg) at the condenser and evaporator channels inlets,
governing equations are developed. It is also required to specify the membrane properties, bulk conditions and
module geometry in order to carry out numerical modeling.

The convective heat flux from the evaporator channel to the membrane surface is expressed in Eq. 1:

TEi+TE0 _T (1)

q.E = hE 2 Me

Where, q is the evaporator channel heat flux (W/m?), hg, is the heat transfer coefficient at the evaporator channel
(W/mzK). Tg;i and Tg, are respectively the temperatures at the evaporator channel inlet and outlet and Ty is the
temperature at the evaporator side of the membrane surface.

The heat transfer rate from the membrane surface qy arises from the latent heat of the produced vapour flux and the
heat transferred by conduction across both the membrane matrix and the gas-filled membrane pores (Khayet,
2011).

Also

b K}'ﬂ
g, = 6—(TM6 T, )+J,h, )

m

In this equation Typ is the membrane surface temperature at the permeate gap side, hg, is the water vaporization
enthalpy (kJ/kg), K., and d,, are the membrane thermal conductivity (W/mK) and thickness (m) respectively. J, (Kg
/m’s) (based on Eq. 3) is defined as a function of partial vapour pressure on the two sides of the membrane and of
the membrane mass transfer coefficient (Cy,).
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JP = Cm (Pv,swe _PVsSWP) (3)

For the applied membrane samples with specified structure and under the system operating condition, the dominant
mass transfer mechanism is defined as a combination of Knudsen and molecular diffusion (0.01 < Kn <I)
(Schofield et al., 1987, Alklaibi and Lior, 2006, Alkhudhiri et al., 2012, Nakoa et al., 2014) . Figures for membrane

mass transfer coefficient (Cm) also was in a range of 3X1077 < C,, < 5X1077 kg/Pa m’s for (30 - 80) °C

temperature range and assuming atmospheric pressure in the membrane pores, which was in close agreement with
some reported values(Winter, 2014, Swaminathan et al., 2016, Dow et al., 2016, Kullab, 2011).

Based on the assumptions made, the produced permeate is considered stagnant in the permeate channel, so that the
heat transfer from the gap takes place only in the form of conduction calculable by Eq. 5.

1

qPG = 6—(TMp - PG) “4)

PG

2K

PG

In this equation, Tpg is the permeate temperature at the permeate gap, Kpg (W/mK) and dpg (m) are the permeate
gap thermal conductivity and thickness, respectively.

Moreover, the heat is transferred from the permeate gap to condenser channel by a series combination of thermal
resistances including permeate channel and impermeable polymeric film and condenser side thermal resistances.
Therefore, the condenser channel heat flux (qc) is defined as below:

1 T.+T
q. — (T __Ci Co) (5)
C 5PG 671: i PG 2
2KPG KF hC

Similarly, in this equation hc (W/mzK) is the heat transfer coefficients at the impermeable polymeric film and
condenser channel, K¢ (W/mK) and 8 (m) are the impermeable polymeric film thermal conductivity and thickness,
respectively, T¢; and Tc, are the temperatures at the condenser channel inlet and outlet, respectively.

Considering the energy balance correlations for both evaporator and condenser channels and the total membrane
surface area (A, Eq. 6 and 7 could be assumed respectively for the evaporator channel and condenser channel
heat fluxes (Qnor and geolq)-

(6)

(N
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Given the assumption of a steady state condition, it may be concluded that:

q.E = qM = q.PG = q.C = qcold = q.hot (8)

Solving the 7 main equations (1 to 7) using the Matlab Equation solver, the 7 unknown variables (Tye, Tmp, Tro,
Tco> Tro» Jp, q), as depicted in the mathematical modelling schematic, may be calculated. Furthermore, to be able
describe the performance of a MD system, permeate flux (Jp), STEC and GOR parameters are investigated as the
most important characteristic values which are defined as:

The permeate flux Jp could be defined by dividing the permeate output rate mpg (kg/s) to the total membrane area
(Am):

J — PG (9)

The quantity gsrec is the amount of total energy input (E;) to produce 1 m® of fresh water (Sanmartino et al., 2016).
In this equation Vyp is the produced distillate rate (m?/s).

q =£: mEiCp(TEi_TCa) (10)
STEC ™~ 7 %

p p

The GOR is an indication of how well the total energy input to the system is utilized to produce fresh water:

1t h
GOR=—-&
B (11

i

4. Results and discussion

In this section, the effect of different feed water flow rates and salinities on internal heat recovery through the
system, besides the most important characteristic values including permeate flux, STEC, and GOR are presented.

The effect of feed water salinity on internal heat recovery is depicted in Fig. 4-left. As seen in this figure, the
amount of internal heat recovery inside the cold flow channel, decreased by increasing the feed flow rate within the
system operating condition. Increasing of feed flow rate, lead to the lower feed residence time in the flow channels,
so there was less time for heat transfer between hot and cold channels, so the temperature rises in condenser
channel was less significant (Xu et al., 2016, Khayet, 2011, Guillén-Burrieza et al., 2015). In addition, as seen in
this figure, by increasing the feed water salinity from fresh water feed (nearly 0% salinity) to seawater salinity
(around 30 ppt) and then up to a higher value to 130 ppt, the temperature rise in the condenser channel (internal
heat recovery rate) decreased. This pattern could be explained by the negative effect of salinity on permeate flux
rate, which leads to a lower amount of released latent heat of condensation at the higher salinity.
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Fig.4. Left: Fresh water temperature rise (Tc,-Tc;) by internal heat recovery through the membrane, Right; Permeate flux at different
feed flow rates and salinities, test condition: TCi=15°C, TEi=82°C

The effect of the feed flow rate on permeate flux is also shown in Fig. 4-right. As it is seen in this graph by
increasing the feed flow rate, the permeate flux increases. For fresh water feed (assuming zero percent salinity),
increasing feed flow rate from 0.14 to 1.03 L/min, led to approximately 400 per cent increase in the permeate flux.
For a feed sample with 130 ppt (nearly four times seawater salinity), doubling the feed flow rate led to a similar
upward trend on produced distillate rate. That is the, I, increases from approximately 3 to 5 kg/mzh (nearly 70 per
cent increase). This effects may be explained by the higher turbulence in the flow channel at the higher feed flow
rate, associated with higher value for the Reynolds number, which improved the heat transfer rate in flow channels
and reduced the temperature polarization effect on the two sides of the membrane surface. As a result, the
temperature difference across the membrane surface increased, leading to higher permeate flux.

Fig. 4-left also presents the effect of salinity on permeate flux, which shows a decrease in permeate water flux for
saline water compared to the fresh water feed case. The produced distillate rate decreased significantly for high salt
concentration (200-300) ppt, which is near the saturated state of saline feed water. As seen in this graph, for a feed
sample with 20 ppt salinity and at nearly 1 L/min flow rate, the distillate flux decreased to less than 2 kg/m?h.
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Fig.5. Left: STEC Right; GOR at different feed flow rates and salinities, test condition: TCi=15°C, TEi=82°C

The effect of feed flow rates on STEC of the system is shown in Fig. 5-left. The results show that by increasing the
feed flow rate, the required amount of thermal energy will increase. High feed flow rate leads to shorter feed
residence time in the flow channel, therefore a less efficient sensible heat recovery in condenser channel is
possible. As a result, for a similar operating condition, T¢, decreases and the amount of external heat demand
(STEC) to reach the designed value for Tg;, increases. On the other hand, as seen in Fig. 4, right by increasing the
feed flow rate, the permeate flux rate increases (higher value of Vpin Eq. 10). However, the overall the effect of
higher energy demand is not completely compensated by higher permeate flux, so the STEC values increase at the
higher feed flow rate. As is seen from this figure, at higher feed salinities, the STEC is also increases because of
the lower permeate output at higher salinities which is also confirmed by previous studies (Winter et al., 2011
Cipollina et al., 2012).

Gained output ratio is an alternative representation of the STEC and for analyzing the thermal efficiency of the
desalination systems may be used to quantify the module’s capability for internal heat recovery. As is explained by
Winter et al. (Winter et al., 2012), in MD desalination systems because of heat loss by conduction through the MD
module, all the thermal energy input can not be applied to the evaporation process and the GOR must be less than

1. However, in ideal MD systems with optimum internal heat recovery with high surface area for heat transfer
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between hot and cold fluids, a higher value of GOR would be possible.

As investigated in this study and illustrated in Fig. 5-right, by increasing feed flow rate and feed water salinity,
GOR values show a downward trend. The maximum value achieved for GOR was approximately one, which
confirmed the high heat loss rate through the lab scale module and insufficient internal heat recovery by the
developed PGMD module with the geometry described. A longer module flow channel with higher membrane
surface area will provide more efficient sensible heat recovery leading to a higher GOR value and so develop a
more thermally efficient MD system (Winter et al., 2012).

Based on the developed theoretical model described in section 3, the influences of feed flow rate and salinity on
two important desalination system characteristic of permeate flux (J;) and internal heat recovery rate (Tc,-Tc;) are
plotted and the results are compared with the measured values. Figs. 6 shows a good comparison between
experimental results and theoretical values for produced fresh water rate and for internal heat parameters.
Comparison is made for feed flow rate in the range 0.1 to 1.1 L/min and with three inlet feed salinities of
approximately (0, 30 and 130) ppt. As is evident from these graphs, values obtained from numerical modeling
using heat and mass balance equations and using the Matlab Equation solver for a single node model, as explained
in the mathematical model development section, are in good agreement with experimental measured values. The
developed theoretical model could be applied as a reliable tool, to design the geometrical configuration of an
optimized PGMD system based on simulation of the system performance.

The theoretical study also provides a basis for developing a more efficient PGMD module by estimating the effect
of system parameters including module length, feed flow rate and temperature on the main output parameters
including permeate flux rate and STEC .
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Fig. 6 Theoretical and experimental value comparison for influence of feed flow rate and salinity on: Left: permeate flux; Right:
internal heat recovery at condenser channel(Bai et al.)

5. Conclusion

A lab scale plate-and- frame PGMD module with 0.12 m” effective membrane area has been developed and tested.
A set of experimental test has been performed to investigate the designed MD module's main characteristics in
different operating condition including feed flow rate and salinity. Under the designed system conditions, T¢;=15
°C, Tg=82 °C, feed flow rate in range of 0.1 to 1.1 L/min and feed salinity in a range of (0 - 30) ppt the permeate
flux varied from (2-12) kg/m’h, specific thermal energy consumption was between 1000 and 2500 kWh/m® and
GOR was below 1.

The experimental results show that lower feed flow rate provides higher residence time and lower STEC (higher
GOR). Operation at lower STEC is also achievable by increasing flow channel length and providing more contact
time between feed stream and membrane surface leading to higher heat recovery and lower external energy
demand of the system. However, working at low feed flow rate and high membrane surface area results in lower
permeate flux and higher investment cost respectively. Therefore, to develop a sustainable PGMD configuration
design, from the design point of view, the module length and effective membrane surface area need to be optimized
in order to improve internal heat recovery rate in the system and so reduce the external energy demand, especially
in the situation where the external energy source derives from non-renewable fossil fuels. In conclusion, the
research results provides an reliable technical data for a scaled up PGMD module characterization to design a more
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efficient and sustainable desalination system via minimizing the thermal energy demand of the system and also
producing higher distillate rate.
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7. Appendix: Nomenclature

Quantity Symbol Unit
Membrane surface area AL m’
Membrane mass transfer coefficient Cn
Condenser channel specific heat capacity Cpc J kg'1 K!
Evaporator channel specific heat capacity Coe J kg'1 K
Hydraulic diameter Dy m
Total energy input E; w
Gained output ratio GOR
Specific heat of vaporization hg, Jkg!
Heat transfer coefficient at the condenser channel hc Wm?2K!
Heat transfer coefficient at the evaporator channel hg Wm2K!
Heat transfer coefficient at the impermeable polymeric film hg Wm?K"'
Heat transfer coefficient at the permeate gap hpg Wm™ K
Heat transfer coefficient at the membrane hy Wm2K!
Permeate flux I, Kg m”s
Evaporator channel thermal conductivity Kg Wm'K!
Membrane thermal conductivity K Wm' K
Permeate gap thermal conductivity Kopg Wm' K
Module length L m
Feed flow rate me kg s!
Inlet mass flow rate at the condenser channels Mg kg s
Inlet mass flow rate at the evaporator channels mg; kg s
Outlet mass flow rate at the evaporator channels Mg, kg s
Permeate output rate hpg kg s
Pure water vapour pressure Pyw Pa
Saltwater vapour pressure Py ow Pa
Specific thermal energy consumption qSTEC kWh m”
Convective heat flux from the condenser channel qc Wm™
Condenser channel heat flux Jeold Wm?
Convective heat flux from the evaporator channel qe Wm™
Evaporator channel heat flux Ghot Wm
Heat transfer rate from the membrane surface qm Wm™
Specific conductive heat flux qm.c Wm?
Specific latent heat flux qML Wm™
Salinity S gkg!

Feed water salinity in the input of the condenser channel Sci gkg
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Feed water salinity in the input of the evaporator channel Ski g kg
Feed water salinity in the output of the evaporator channel Sk g kg'1
Temperature at condenser inlet Tq °C
Temperature at condenser outlet Teo °C
Temperature at evaporator inlet Tg; °C
Temperature at evaporator outlet Tk °C
Temperature at the membrane surface on the evaporator side Twe °C
Temperature at the membrane surface on the permeate gap Twmp °C
side
Temperature in permeate gap channel Tpg °C
Permeate flow rate Vi m’s’
Impermeable film thickness SF m
Membrane thickness Om m
Permeate gap thickness dpG m




