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A STUDY ON SOME TYPES OF SOLAR ENERGY
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Abstract

The main purpose of this study is to develop a sustainable
membrane distillation desalination (SMDD) system. Direct
contact membrane distillation (DCMD) unit is connected directly
to salinity gradient solar pond (SGSP). The used system contains
0.1047 m? of hydrophobic hydroporos PTFE membrane module
and a cooling pipe running all over the pond water surface. This
system uses hot and high concentrated saline water that is
extracted from non-convictive zone (NCZ) as a feed solution.
Then, the brine discharges at the lower convictive zone (LCZ) of
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the solar pond. Therefore, if the saturated brine can be used to
produce salts, there will not be any brine left over which may lead
to low liquid discharge desalination. Furthermore, the cooling
system pipe of permeate water is used as a wave suppression
system where it is floating over the pond water surface. These
waves are caused by wind driven currents which is responsible for
undesirable pond surface mixing. The results are analysed and the
system performance is being evaluated and will be presented in
this project.
Key wards: zero liquid discharge desalination, membrane
distillation, solar desalination, and solar pond.
Introduction

Since the beginning of life on the earth, the amount of fresh
water remained almost the same while the population is in a rapid
growing. This has put a huge stress on the available fresh water
sources. Also, the severity of the water crisis has indirect effect
which is water might not be sufficient for increased food demand.
For instant, the United Nations has concluded that the major
constraint to increase food production is not the lack of agriculture
land, but it will be the water scarcity over the next few decades.
Only 3% of available water is fresh water that can be accessed and
easily utilized to become potable water which is obviously
insufficient considering the rate of its consumption in basis of
daily life. Also, 59% of saline water comes from seawater and 22%
from brackish ground water sources, and the remaining from
surface water and saline waste water. Recently, nearly 20% of the
population is potentially in a need for fresh water, for this reason
desalination of saline water is considered to be the practical
solution for this crisis.
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In fact, many desalination technologies have been
developed over last few decades on the basis of thermal phase
change, membrane separation, freezing, electro-dialysis, etc. But,
the main technologies are based on the thermal and membrane
processes. The thermal desalination usually includes phase
changing; this technique contains different methods such as
multistage flash MSF. The second method is the membrane
desalination which includes reverse osmosis (RO), electro-dialysis
(ED), and membrane distillation (MD). In RO process, fresh water
under high pressure passes through semi-permeable membranes.
The other type of membrane desalination is done by the difference
in electric potential.

In this process, the salt ions are transported through ion-
exchange membranes to another solution. It has been known that
MSF, MED and RO will be dominant and competitive in the
future. Recently, the total global desalination capacity has reached
an 81 million m3/day. It is predicted to produce over a 100 million
m3/day by 2015. Furthermore, for a global scale, 68% of the
desalinated water is produced by membrane technology processes
and 30% by thermal technology processes. However, there has
been a dramatic increase in RO seawater desalination market
basically due to its lower cost and simplicity. The third process is
the MD, which is a thermally separation process resulted by a
liquid phase changes.

Methodology
. Experiment and procedures:

The experiments were performed using a PTFE membrane
manufactured by Membrane Solution (80 % porosity, 210 pm
thickness, 0.22 um nominal pore size). As it can be seen from
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figure (3 a,b), the 0.1074 m? (0.235m W* 0.475 m L) flat
membrane module has inlet and out let permeate and hot saline
water. Both are flowing in counter directions and figure (3a, 3b)
shows the used setup and the schematic diagram of the experiment.

Feed water

P m—]

Permeate water

Fig. (1) the schematic diagram of experimental set-up

To conduct the distillation process, high concentrated (16
%) saline water is pumped from the NCZ layer of the SGSP at high
temperature and inters the DCMD module after passing through
water filter unit. The permeate water at cold side of the membrane
Is pumped from the distillate tank to the MD module at then
circulating in a long pipe on the pond surface. This pipe is working
as a cooling system to remove the heat gained by the permeate
water through the distillation process. Also, it is used as wave
suppressor to reduce the effect of wind on the SGSP water surface.
Furthermore, temperature measurements are made at inlet and
outlet of the MD module and 3 different thermocouples used
through the set-up. In order to ensure that there is no penetration
of the feed solution through the membrane, the conductivity of the
permeate water is periodically measured. Finally, the discharged
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saline water is injected at the LCZ of the SGSP. The temperatures
of the bulk liquid phases are measured at the hot entrance (T+), the
cold entrance (Tp1), the hot exit (Tr,) and the cold exit (T2), of the
membrane module. These temperatures will be different from the
temperatures at the hot and cold membrane surfaces Tms and T,
respectively
Materials

Researchers studied many MD modules and factors
affecting MD distilled water production associated with some
applications of enhancement techniques. It has been applied for
water desalination, a chemical solution treatment, environmental
waste clean-up, water reuse and food processing. Moreover, it has
been used for separation of zeotropic aqueous mixtures such as
alcohol—water mixtures, concentration of radioactive solutions and
application for nuclear desalination. It can be used for treatment of
humic acid solutions, pharmaceutical waste water and in areas
where high-temperature applications lead to degradation of
process fluids.
Different membrane distillation configurations have been studied.
The membrane configuration is defined as to the method of
recovering the vapour after it has immigrated through membrane
pores. The oldest membrane configuration is the direct contact
membrane distillation (DCMD) where liquid phases are in direct
contact with both surfaces of the membrane as shown in figure ().
The other methods are air gap membrane distillation (AGMD),
vacuum membrane distillation (VMD) and sweeping gas
membrane distillation (SGMD) [10].
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Fig.2. DCMD and AGMD configuration sketch and thermal layers
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It should be known that DCMD is the most known
desalination application as nearly 99 % rejection of non-volatile
molecules solutions is usually achieved.

Fig.1. DCMD and AGMD configuration sketch and thermal
layers

It should be known that DCMD is the most known desalination
application as nearly 99 % rejection of non-volatile molecules
solutions is usually achieved.

Moreover, normal desalination processes have a very high
concentrated disposal with salinity of 70,000 PPM . Such rejection
IS a serious threat to the environment. It is expected that the
installed capacity of water desalination plants and its brine
discharge and energy consumption will increase to a significant
level. This will cause a serious damage associated with the
ecosystems. According to previous studies thermal desalination
consumes approximately 1.3 KWh electricity and 48.5 KWh heat
per each m3of desalinated water . Therefore, environmental
friendly solution should be investigated to reduce the energy
consumption and the brine discharge which eventually lead to
reduce the carbon footprint and its environment effects.

2. Salinity-gradient solar pond (SGSP):

Salinity gradient solar ponds are large pool of salt water that has
the ability of collecting and storing heat energy. Such a system is
low in terms of cost and simple to design. This system can be used
as a source of heat in different applications such as agriculture for
aquaculture of fish breeding in winter. Also, it can be used for
electricity power generation. Furthermore, solar ponds can be a
great source of heat for desalination processes .A typical solar
pond has three distinct zones. The top zone is called the Upper
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Convective Zone (UCZ). It is located on the top of the solar pond
and is the responsible zone of absorbing and transmitting the solar
energy. In this zone the density is uniform and nearly equal to fresh
water density. Then, the Non Convective Zone (NCZ), in this layer
the saline water density increases linearly along the depth until the
next layer. It acts as suppressor to avoid any heat loss; the
convection currents are supressed as a result of the increase in the
salinity. Also the temperature in this region gradually increases
with the depth. The third zone called the Lower Convective Zone
(LCZ) or storage zone. It is characterized of having uniform high
temperature and density. As study has shown up to 40 % of the
total received solar energy can be collected. Furthermore,
temperatures up to 80°C can be reached in this region. A typical
solar pond, density and temperature profile .

3. MD theoretical approach:

In MD, the driving force for water vapour transfer through the
membrane pores is the temperature difference between the
feed/membrane interface temperature (T_mf) and the
permeate/membrane interface temperature (T_mp). This generates
a vapour pressure difference between both membrane sides which
forces the vapour molecules to travel through the membrane pores
and condensate at cold membrane side.

3.1 Flow Mechanisms:

There are three basic mechanisms of mass flow inside the
membrane wall, which are Knudsen diffusion, Poiseuille flow and
molecular diffusion. In Knudsen diffusion, the pore size is too
small, and the collision between molecules can be neglected.
Furthermore, the collision between sphere molecules and the
internal walls of the membrane is the dominant mass transport

151



JKC Knowledge Crown Journal

form. Molecular diffusion occurs if the pore size is big comparing
to the mean free path of molecules and they move corresponding
to each other. The flow is considered Poiseuille (viscous flow) if
the molecules act as continuous fluid inside the membrane pores.
In general, different mechanisms occur simultaneously (Knudsen,
Poiseuille and Molecular diffusion) inside the membrane if the
pore size is less than 0.5 um.
3.2 Knudsen number:
It is a governing quantity of the flow mechanism inside the
membrane pores which is the ratio between the mean free path of
the transported molecules and the pore size of the membrane. It is
as follow:
kn=S/d.......... (1)

S is the mean free path of the transferred gas molecule and d is
the mean pore diameter of the membrane.
S is calculated from:

S=(k B T)Y(N2 aPde2 ).
(2)
The pore sizes of the most membranes are in the range of 0.2 -1.0
pum. The mean free path of water vapour is 0.11 um at feed
temperature of 60°c. Therefor kn is the range of 0.11-0.55 [20].
The different flow mechanisms inside the membrane pores can be
identified by Knudsen number (kn):

kn <0.01 Molecular diffusion

0.01<kn<1 Knudsen-molecular diffusion transition
mechanism

kn>1 Knudsen mechanism

3.3 Mass Flux (J):
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As shown in figure (2 ), vapour is transferred from feed side of the
membrane to the permeate side by pressure difference force which
Is resulted from the temperature difference between two sides. The
mass transfer may be written as a linear function of the vapour
pressure difference across the membrane, given by:

J=C m(P_1-P 2) kg/m"2/sec ........ (3)

Where J is the mass flux, C_m is the membrane distillation
coefficient, and P_1,P_2 are the partial pressure of water vapour
evaluated at the membrane surface temperatures T 1 |, T 2.
C_m for Knudsen flow mechanisms:

[C] m k=2er/31t5 (SM/TRT)N(1/2) (4)
C_m for molecular diffusion
C m"D=¢/t5 PD/P_ a M/RT (5)

C_m for Knudsen-molecular diffusion transition mechanism:

C_m"C=[3/2 16/ed (mRT/8M)\(12)+1d/e Pa/PD RT/M]*(-1)

(6)

D is the diffusion coefficient of the vapour in the air. P is the

pressure at T and can be found using Antoine equation:

PAv=expiil [[(23.238-3841/(T-45) )] (7a)

(T) is the average membrane temperature.

The vapour pressure decreases with increasing of feed water

salinity according to Raoult’s law as follow [21]:
P_cMv=(1-x_c)P*v (7b)

Where xc is the weight fraction of salt in water.

3.4 Heat Flux (q):

The heat transfer models of MD can be summarized as follows:

Convective heat transfer from the feed side to the membrane

surface boundary layer:

q_f=h_f(T_f-T_mf) (8)
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Where qgf is the feed heat flux (W/m2) and h_f is the heat transfer
coefficient (W/m2.K).

Heat flux through the membrane which includes conduction heat
flux through the solid material of the membrane k_m dt/dx , and
the latent heat transfer as a conviction by water vapour through the
pores JH_v:

g_m=JH_v+k m dT/dx 9)

H_v is the vaporisation enthalpy of water evaluated at the mean
temperature (T_mf+T_mp)/2 , and the second term is the
conduction heat loss through the membrane material.

Finally, heat is transferred through the permeate boundary layer to
the permeate water by convection.

q_p=h_p (T_mp-T_p) (10)
At steady state:
q_f=q_m=q_p (11)

The overall heat transfer coefficient can be determined by:
U=[1/h_f +1/(k m/6 m +(JH v)(T mf-T_mp ))+1/h_p JM-1)
(12)

The rate of total heat transferred through the membrane is:

[ al t=U(T_(f)_T_p) (13)
The feed flow energy balance is:
q f=m’ (f)c p (T (f,in)-T_(f,out)) (14)

The thermal efficiency of the MD system is:

E t (%)= (JH_vA)/Q_t*100 (15)

The thermal efficiency is the ratio between the water thermal
energy consumption to generate vapour and the total energy
supplied to the system. Whereas, heat conduction through solid
portion of membrane is considered as heat loss and it should be
minimised to improve the thermal efficiency.
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To be more accurate, the efficiency should include both thermal
and electrical energy flow rate (pumps) thus GOR (Gained Output
Ratio) can define it as:

GOR=(JH vA)/(E" T+E" E) (16)

To determine heat transfer coefficients of the boundary layers at
both membrane sides the average bulk temperature of feed side
(T_f+T_mf)/2 , and at permeate side (T_mp+T_p)/2 of the
membrane should be used. Graetz-Leveque recommends [22]:

N u=1.86 (R eP_r d h/L)"0.33 d h=(4A ¢c)/P_e
(17)

This correlation can be used for laminar flow (Re < 2100).

In contrast, next correlation can be applied for turbulent
flow(2500<R_e<1.25* [10] ~5 and 0.6<P_r<100).

N u=0.023 [Re] 70.8 [Pr] ”n (18)

Where n is equal to 0.4 for heating, and 0.3 for cooling .

The dimensionless groups, Nusselt number (Nu), Reynolds
number (Re) and Prandtl number (P_r) can be calculated using the
available physical data of feed and permeate fluid.

At both sides of the membrane where the vapour-liquid interface
takes place; there is a thermal boundary layer with temperature
different from the bulk stream. This difference is described by
temperature polarisation coefficient (TPC).
TPC=(T_mf-T_mp)/(T_f-T_p) (19)
Analytical model is an iterative method to predict T_mfand T_mp.
Then by entering the geometry and fluid properties in the model,
the boundary heat transfer coefficients are calculated and they can
be used. Then it uses the values of T_mfand T_(mp ) which are
initially assumed equal to the bulk temperature T _f and T_p
respectively, to determine the new values of T_mf and T_mp by
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a number of iterations. Equations (21) and (22) are used to predict
both temperatures. Once the surface temperatures T_mf and
T (mp ) are determined, the software calculates the rest of
required parameters. See appendix (A).
To determine the evaporation latent heat:
H visevaluatedat T

T=(T_mf+T_mp)/2
(20)
From heat balance through the membrane and boundary layers:
Tmf=(h m (Tp+th th p ) Tf )+thf  Tf-JH_v)/(h_m+h_f

(1+h_ m/h p)) (21)

Tmp=(hm (Tf+(hph_f) Tp )+hp Tp+JHV)/(hm+hp (1+h m/h_f))
(22)

hm=km/6 m ........ (23)

4. Fresh water production:

DCMD operational parameters are selected (e.g., membrane type,
feed and permeate velocity, partial pressure of air entrapped in the
pores) and the SGSP specifications (e.g., surface area, thickness of
each zone) are determined, the performance of SZLDD system is
evaluated. Moreover, saline water and heat extracted from the
SGSP, mass flux and energy required for permeate water
production through the membrane are determined. The necessary
membrane surface area to use all the energy collected in the SGSP
Is also determined. In addition, the required membrane area
ADCMD (m2) for the DCMD module, when the brine extracted
from the SGSP is used without losses, can be found by equating
the energy stored in the SGSP with the energy consumed by the
DCMD module. Thus:

(A] _SP*q_useful)*e_sp=A_DCMD*gm (29)
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ASP (m2) is the surface area of the SGSP.

The water flow produced by DCMD module, gm (m3/s), is given
by:

gm= (J*A_DCMD)/p (30)

Fig (3) shows the DCMD module and the SGSP coupling. The
feed solution to the membrane module is the hot saline water that
Is extracted from the lowest layer of NCZ of the solar pond. The
concentration of supplied brine is about 16 % (160 g/l) at average
of 45°C. It is transferred to the DCMD module through the feed
channel then it is discharged in the LCZ layer through the pile salt
charger. On the other side, the permeate water in circulated
through the long cooling pipe that is located on the top of the solar
pond surface. Actually, it is working as wave suppressor to prevent
pond mixing. Also, since the permeate water gains some mass and
heat after exiting the DCMD module, the cooling pipe maintain its
temperature at lowest value then eventually keeping higher
temperature difference.

The feed water is gradually heated from ambient to LCZ
temperature which reduces irreversibility. It is assumed that there
are no heat losses in the coupled system. Therefore, the average
feed temperature is assumed to be equal to the temperature in the
LCZ which is considered as Tsp, i.e., Tfinlet = Tsp = TL, where
TL is the LCZ temperature. Also, a stainless steel cross flow heat
exchanger (fig.3 HE1) is connected to the DCMD module and the
evaporation pond to exchange heat between the outlet fresh water
that is slightly hot and cold inlet feed water. In this way, the
average permeate temperature is consistency kept stable at
temperature ranging from 20°C to 23°C. Furthermore, for energy
conservative purpose, second heat exchanger (HE2) is installed to
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recover heat from the hot feed water exiting the MD module and
preheat the feed water that inters the in-pond heat exchanger pipe
in the solar pond.

5. SGSP heat extraction:

A salinity gradient solar pond of 50 m2 located at RMIT Bundoora
east campus, Australia, in renewable energy laboratory is used to
supply hot saline water to DCMD module. The RMIT solar pond
Is 2.05 m deep, and the bottom storage zone is 0.56 m thick. Also,
the gradient zone is 1.34 m thick and the top convective zone is
0.15 m thick.

The rate of extracted thermal energy is given by:

Q= (mf) *Cp* (Tpo-Tpi) (24)
Where mis the mass flow rate (in kg/s) and Cp (in J/kg °C) is the
specific heat of the extracting hot saline water from the SGSP.
The solar pond efficiency can then be calculated by [24]:

[ e] sp=(m" [*C] p*(Tpo-Tpi ))/(G*Asp )
(25)
Where G is the solar radiation at the surface of the pond (in W/m2)
and Asp is the area of solar pond.

Results and Discussion:

In order to optimise the DCMD system, a mathematical
module is used to predict the related parameters of the MD such
as type and the thickness of the membrane sheet. Fig.5 shows the
variation of the mass flux and energy consumption with the
membrane active layer thickness. It can be seen that as the
thickness increases, the mass flux decreases as well as the energy
consumption. On the other hand, as the thickness decreased, they
increase to a high value. As a result, the mass and thermal energy
consumption is associated and they relay partially on the
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membrane thickness. Therefore, the membrane thickness between
40 and 80 pm is selected to be used with the DCMD module.
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Fig(3) Heat and mass transfer variation with membrane thickness, the
temperature difference is 20° and the mass flow at both sides is 5 I/min

7.1 MD performance:

Fig. 3. Shows an example of the variation of the temperature
during the distillation process at different points in the set-up.
These temperatures are used along with mathematical model to
predict the permeate water mass flux, heat flux across the
membrane and the thermal energy consumption. Also, they are
used to evaluate the thermal performance of the sustainable
membrane distillation system. The inlet feed temperature is about
49.5 °C and the average permeate temperature is about 26.5 °C.
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Fig (4). inlet and outlet temperatures at different locations of the Set-up
with day and night time duration
Fig. 4 shows the predicted and experimental mass flux of
permeate water at various feed water flow rates when the system
Is in study state condition. The experimental data corresponded
well to the mass flux estimated by the Knudsen diffusion model
and it increase from 1.4 kg/mz/hr to 2.2 kg/m?/hr. Accordingly, the
trans-membrane coefficient is 0.001 kg/m?#/Pa/hr. However, it can
be seen that the experimental data is in reasonable agreement with
the mathematical model limits since the estimated result is higher
by 20 % in average. Hence, the Knudsen diffusion is the dominant
mechanism in mass transfer across the membrane; it has been
found that a Knudsen number value is about 8.8.

Issue One - September 2023 160



ASTUDY ON SOME TYPES OF SOLAR ENERGY

25

15 ==

Mass Flux kg/m?/hour
Ne
N
\
\

0.5
=e=Theoretical Mass Flux =~ x Experimental Mass Flux

4 5 6 7 8 9 10 11
Feed and Permeate Flow I/min

Fig(5) . Membrane mass flux (J) across the membrane variation with
feed and permeate mass flow rate

The tortuosity factor (1) plays a vital role in determining the
mass transport mechanism. In this work, the tortuosity of 1.5 is
employed and it is derived from the correlation proposed by
Khayet. Furthermore, TPCs ranged between 30% and 36%
depending on feed water flow rate which is varying from 5 I/min
to 10 I/min. This contributed to the large difference in temperature
between the bulk feed stream and the membrane surface, and the
pronounced effect of temperature polarization. The increase in
heat transfer coefficient in boundary layer might be induced by the
high cross flow velocity which will result in the decrease in
temperature difference between bulk streams and membrane
surfaces.

7.2 Energy consumption:

The membrane permeate mass flux considerably increases

with the increase of the mass flow rates at both sides of the
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membrane which result in an increase in thermal energy

consumption.
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Fig.(6) . the energy consumption of this system varies with feed and

permeate mass flow rate

The increase of the total thermal energy entering the
channels, results in the decrease of the bulk temperature difference
across the membrane. According to eqn. this effect leads to a
higher driving force. Also, the temperature polarisation is reduced
by an enhanced heat transfer in the thermal boundary layers, thus
a higher interfacial temperature difference needs to be used. Fig
(6) shows how the energy consumption rate of this system varies
with mass flow rates theoretically and experimentally. It ranges
from around 9000 W/m2 to less than 11000 W/m2. This energy rate
consists of evaporation, conduction and lost thermal energy. It has
been observed that the difference between the experimental and
prediction value is at the average of 16% depends on the mass flow
rate at both sides. The higher total energy demand is not
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completely compensated by higher inlet temperatures from an
energetic point of view. Also, the high thermal energy input and
the heat transfer are not sufficient to raise the vapour driving force
accordingly. Also, the pipe that is positioned on the top surface of
the pond works perfectly and kept the output permeate water at
exactly the temperature of the pond water surface. Also it is
successful with keeping the pond water surface stable by breaking
the waves that is caused by wind turbulent currents. A short video
Is provided to watch this pipe in action in this reference.
7.3 Water production by SGSP:

The coupled DCMD/SGSP through the NCZ and
discharging brine water in the pond at LCZ layer and operating
system with T = 29.5 °C and T, = 45 °C, is shown in figure 3.
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Fig(7). day and night temperature at NCZ and DCMD feed inlet

temperature

The actual NCZ temperature which represents the SGSP
temperature in presented along with inlet feed temperature in
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figure (7) for comparison aspect. Furthermore, it can be noticed
that the night performance of the experiment is not steady where
the temperature of saline water slightly decreases. It may occur
due to the effect of heat loss through the pond water surface and
DCMD system components. On the day time, the feed inlet
temperature to the DCMD approaches LCZ temperature which
means the heat transfer and heat loss is very small. Moreover,
during the winter season the LCZ temperature decreases gradually
and this affects the feed water temperature. Eventually, the vapour
pressure on the feed side and the permeate mass flux decrease.
Thus, as shown in figure 5 and 7, the highest water mass flux
obtained in the DCMD module occurs when the feed side is at
49.5°C and the mass flow rate is 10 I/min. At these conditions,
when treating a feed solution with a salinity of 16 %, the coupled
system delivers 52 l/day of fresh water per m? of membrane or
I/day per m? of membrane and m? of SGSP. If LCZ temperatures
are higher, the coupled system will produce larger water permeate
flux. However, lower temperature in the LCZ would decrease the
temperature of the feed saline water flowing to the DCMD
module. It is also worthy to mention that this system almost
terminates the liquid discharge by using the brine to feed the LCZ
of SGSP. It is delivered at slightly less temperature but at higher
density. In certain cases with saturated concentration brine, it can
be used to feed an evaporation pond to produce row salts.

Conclusion

Direct contact membrane distillation (DCMD) unit has been
connected directly to salinity gradient solar pond (SGSP) through
to achieve sustainability. The feed brine of DCMD is 16%
concentrated water at 49.5 °C with different mass flow rates at both
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sides of the membrane. The mass flux model prediction is at an
80% agreement with the experimental data value.

In agreement with different studies, the trans-membrane
coefficient of the used PTFE membrane is proved to be 0.001 kg/
m2/Pa/ hour. Also, the system can deliver 52 I/day of fresh water
for m2 of membrane coupled with SGSP consuming around 11
kW/ m2 as an instant thermal energy.

Furthermore, the cooling system pipe of the permeate water
Is used as suppression system on the top of the SGSP water surface
and from the observation it works and successfully stabilizes the
water surface under rough conditions.

Finally, this study is an essential work to understand the
performance of the direct coupled DCMD with SGSP which may
lead to sustainable membrane distillation system. Further
investigation is required to improve the system which may include
an economic assessment study to determine the ability of this
system to be introduced to the market.
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