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Abstract: Membrane desalination (MD) is preferred over other desalination techniques since it
requires a lower temperature gradient. Its performance can be further enhanced by preheating the
intake of saline water. In this context, a novel solar-assisted air gap membrane desalination (AGMD)
system was hypothesized. The motivation was derived from the fact that the use of solar energy
to provide power and a pre-heating source for the intake of saline water can offer a sustainable
alternative that can further enhance the acceptance of MD systems. Since solar panels suffer from a
loss of efficiency as they heat up during operation, a solar-assisted air gap membrane desalination
(AGMD) system can help to improve the overall system performance by (1) providing the necessary
pumping power to operate the system and (2) improving solar panel performance by exchanging heat
using water that is (3) used to pre-heat the saline water necessary for increased performance of the
AGMD system. To verify the hypothesis, a solar-assisted AGMD system for freshwater production
was theoretically designed, fabricated locally, and then tested experimentally. The effect of the
process operating parameters and the ambient conditions on the overall performance of the proposed
solar-assisted AGMD desalination unit is presented in detail, both theoretically and experimentally.
The results indicated a direct correlation between the permeate flux, saline hot feed temperature, and
hot feed flow rate. In addition, an inverse relationship between the cold feed temperature, cold feed
flow rate, and the air gap thickness of the module was also observed and reported, thus, validating
the hypothesis that a solar-assisted air gap membrane desalination (AGMD) system can help to
boost performance.

Keywords: membrane desalination; renewable energy; solar-assisted desalination; permeate flux; air
gap membrane desalination

1. Introduction

The continuing increase in the global human population has led to a continuous
decline in access to fresh water [1]. The problem is further compounded by climate change
due to the uneven redistribution of freshwater resources around the globe [2]. Well over a
billion people around the world do not have access to safe drinking water [3]. It is estimated
that by 2025, more than 2.8 billion people worldwide will face water shortages [4]. The
urgency of increasing access to fresh water and providing alternatives is a major concern
for humanity, in general, and the scientific community. Distillation has the potential to
address this concern and it has been acknowledged and duly recognized as a practical
approach to overcoming the problem of freshwater scarcity [5,6]. Distillation techniques
employing various methods, such as reverse osmosis, multi-effects, multistage flashes, and
membranes, are some of the possible ways to desalinate seawater [7,8].

In various regions of the world, large-scale reverse osmosis (RO) has been used to
provide drinkable water from seawater [9]. The reverse osmosis and multistage flash
techniques share the credit for producing the highest volume of fresh water in the world
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(43.5%) [10,11]. Reverse osmosis, which is a pressure-driven membrane separation process,
is highly effective for desalinating seawater along the coastal areas, such as those around
the Arabian peninsula [12]. Although this method has a lower maintenance cost, the
installation and operating cost, along with susceptibility to fouling, which is an undesirable
phenomenon, make this process unsuitable for small-scale desalination [13-15]. In the
search for distillation techniques that are independent of conventional fuel resources,
membrane distillation (MD) stands out since it has the ability to directly utilize solar
thermal energy [16,17]. Membrane distillation relies on the difference in temperature
between both sides of the hydrophobic membrane. The membrane used in this process
prevents the liquid phase from being present but allows for the transfer of the vapor
phase [18,19]. The temperature difference between both sides of the membrane results
in a vapor pressure difference, which is the main driving force behind the transfer of
vapors from the hot saline feed side of the membrane to the cold feed side [20]. The
MD process has several distinguishable attributes, making it a better choice over other
desalination techniques [21], such as lower resistance to mass transfer, lower operating
hydrostatic pressure, and lower operating temperature [22,23]. In the MD process, low-
grade thermal energy can be used as a heat source [24]. Four widely used MD configurations
are (i) air gap membrane distillation (AGMD), (ii) vacuum membrane distillation (VMD),
(iii) direct contact membrane distillation (DCMD), and (iv) sweep gas membrane distillation
(SGMD) [25,26].

In comparison to these processes, AGMD has relatively low energy consumption. In
addition, compared to DCMD and VMD, AGMD can operate at lower operating tempera-
tures and lower operating hydrostatic pressures [27,28]. AGMD's ability to attain extremely
high salt rejection factors adds to its appeal. Membrane fouling is also less of an issue than
with AGMD as compared to other pressure-driven desalination techniques, such as RO.
There is no need for substantial pre-treatment, which is required in the RO procedure [29].
Desalination necessitates a large amount of energy, which comes at a considerable expense.
It is reported in [30] that the desalination technique necessitates a 9-to-22-fold increase in
energy expenditure over typical surface water treatment methods. Huyen et al. [31] pro-
vided a thorough overview of the energy requirements of different desalination processes.
The comparison is made in terms of total equivalent electric consumption (kWh/ m3),
which is the sum of electric and thermal energy usage (kWh/m3). Multi-stage flash (MSF),
thermal-vapor compression (TVC), electrodialysis (ED), multi-effect distillation (MED), and
reverse osmosis (RO) have electrical energy consumption needs of 5 kWh/m3, 1.8 kWh/m?,
3.2 kWh/m?, 2.2 kWh/m?3, and 7 kWh/m3, respectively [32,33].

In AGMD, a condensing surface is placed between the membrane and the cold flow
channel. Compared to other MD configurations, the presence of the air gap significantly
reduces the conduction losses, thus increasing the thermal efficiency [34,35]. Additionally,
the air gap layer allows for direct collection of the permeate [36]. An optimized AGMD
model was developed for seawater desalination in [37]. An innovative AGMD module
with improved efficiency was presented by Tian et al. [38]. The proposed AGMD design
significantly improved productivity. The primary performance index was estimated using
the regression model. The thermal efficiency of the AGMD module was evaluated for a
particular flow rate in [39]. The effect of the material and type of membrane used in an
AGMD module on its performance was experimentally studied in [40]. It was reported
in [41] that a larger membrane pore size results in higher permeate flux. It was shown that
replacing the flat condensing plate with a channeled plate improved the process efficiency
by 50% [42]. For household applications in UAE, a novel AGMD system was designed and
developed to co-produce hot and fresh water [43]. The efficiency of a solar panel is directly
linked to its surface temperature. Usually, up to 80% of the solar radiation is transformed
into heat [44]. It has been shown that for a single degree increase in temperature, the
effectiveness of a PV solar cell is reduced by 0.45% [45]. The electrical efficiency of the solar
panels requires constant cooling to extract the excessive heat from its surface [46]. Thus, in
the proposed design, by extracting thermal energy from the panel, it will act as a passive
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cooling agent to reduce the panel surface temperature. The proposed system was tested
experimentally. Operation and control-related issues of an AGMD system were discussed
by Change et al. [47,48].

A thorough review of the literature revealed that there have been only a limited
number of studies on the performance analysis of solar-assisted AGMD desalination
systems. In the quest for further improvements, the current paper presents a novel design
of a solar-assisted AGMD desalination system for freshwater production. The salient
feature of this new design is that the saline water is pre-heated as it is passed through a
liquid container integrated at the back of a solar PV panel. It is postulated that the pre-
heated saline water will result in improved performance of an AGMD desalination system.
In this regard, the current paper presents the design of the proposed system along with a
detailed theoretical thermodynamic and heat and mass transfer analysis accompanied by
experiment observations and measurements to help validate the improved performance of
the proposed system. The effect of various process operating parameters is also presented
in detail.

In the sections that follow, the first details of the design of the proposed model, includ-
ing the in-house designed and built AGMD module, are presented. Next, the theoretical
model of the complete process is described, along with its numerical implementation. Then,
the experimental setup is described, along with different instrumentations for different
measurements. The numerical and experimental results are then used to present the effect
of various process operating parameters on the AGMD system performance. Finally, the
study ends with important conclusions and some recommendations for future work.

2. Model Development

As shown in Figure 1, the saline solution is heated by passing it through the hot water
at the back of the solar panel. The main components of the experimental setup are the
air gap membrane module, water chiller, and solar panel integrated with a passive water-
cooling system. The rear of the panel is filled with water, as the surface temperature of the
solar panel rises, the temperature of the water at the rear of the panel also increases. A pipe
(main pipe) carrying the saline solution, supplied from a tank via a pump, is passed through
the heated water and given as an input to the AGMD module through a connecting pipe,
Figure 2. Desalinated water is collected in a container placed below the AGMD module.

AGMD module

Pressure gauge
Flow meter

Chiller

Figure 1. Proposed system.
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Figure 2. (a) Main pipe (mp) passing through the hot water and (b) connecting pipe (cp) that connects
the main pipe with the AGMD module.

The temperature of the hot water surrounding the main pipe is “Ty,” and temperature
of the ambient air surrounding the connecting pipe is “T,”. The mean inlet temperatures
for main and connecting pipes are “Tmpmi” and “Tep mi”, respectively. Similarly, the
mean outlet temperatures for the main and connecting pipes are “Tmpmo” and “Tep mo”,
respectively, Figure 3. The temperature differences for the main and connecting pipes are
defined as

ATmp,o = Tw - Tmp,mo (1)
ATmp,i =Tw— Tmp,mi (2)
ATcp,o =Tw — Tcp,mo (3)

ATcp,i =Tw— Tcp,mi (4)
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T, (temp of water at the back of solar panel)
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T, (ambient temp)
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——
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Figure 3. Inlet, outlet, and surrounding temperatures at the (a) main pipe (surrounded by hot water)
and (b) connecting pipe (surrounded by ambient air).

The log-mean temperature differences for the main and connecting pipes are

ATmp,o — ATmp,i

ATmp,lm = ATmm (5)
ln( AT P’f’)
mp,i
ATepo — AT i
ATepim = — <0 (6)
In ( s )
cp,i
The rates of heat transfer in the main and connecting pipes are given as
qmp = UmpAmp,SATmp,lm 7)

qcp = UCpACp,SATCp,hn (8)
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since we can write

= 1
UmpAmp,s = Ri 9)
mp
= 1
UcpAcp,s = ch (10)
where the corresponding thermal resistances are
i fo02)
1 Timp,i 1
Rmp = + S 11
" hmp12mmpilmp  27KmpLmp  hmp 227mp,oLmp 1
In (22
1 opi 1
Rep = (%) + (12)

hep12mrpilep  27kepLep  hep227rep oLcp

The surface heat transfer coefficients for the main pipe in the above equations can be
found from the associated Nusselt number correlations:

p
hmp,l = TNump,l

mp,i

Here,
4
Nupmp,1 = 0.023Remp 5 P

Ntmp2 = 0.36

Similarly, for the connecting pipes, the associated heat transfer coefficients and corre-
sponding Nusselt number correlations are

Ko —
hep1 = =Nt 1
1 DCp,i 1
Kop —
hepp = 7pNuc 2
P, DCp,O yop

Nup = 0.023Recp s Pr™
Nugp o = 0.40

The rates of heat transfer in the main and connecting pipes in terms of the flow rates
and heat capacities are

qmp = mCp (Tmp,rni - Tmp,mo) (13)

qCp = mCp (Tcp,mi - Tcp,mo) (14)

Substituting Equations (5) and (6) into Equations (7) and (8) and equating the re-
sultant with Equations (13) and (14), respectively, and then rearranging the resulting
equations gives

— UmpA
Tmp,mo =Tw — (Tw - Tmp,mi) exp % (15)
P
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Cooling
Plate
|

- UcpAcp,s

mCp 16)

Tcp,mo =T, — (Ta - Tcp,mi) exp

Thus, for given main and connecting pipe mean inlet temperatures, pipe geometry,
and flow rates, the Nusselt number correlations were used to determine the surface heat
transfer coefficients and the thermal resistance. Then, the overall heat transfer coefficients
(U) were determined, and finally, the mean outlet temperatures were calculated. Since the
fluid properties were evaluated at an initial guess temperature, an iterative procedure was
adopted to ensure that the fluid properties corresponded to the film temperature based on
the mean inlet and converged outlet temperatures.

Different sections of the proposed AGMD module are shown in Figure 4, which are
the (i) hot flow chamber, (ii) membrane layer, (iii) air gap, (iv) cooling plate, and (v) cold
flow chamber.

Cold Flow

/ Chamber

Hot Flow
Chamber

\

Membrane

Air Gap

Figure 4. Proposed AGMD module.

The mass transferred along the material of the membrane relies on the difference in
vapor pressure between the membrane sides. The correlation is described between mass
transferred Jwvp) and vapor pressure difference (AP) along the membrane and it can be
written as follows [49]:

]va =M. (th - Pcm) (17)

where Mc is the mass transfer coefficient, Py, is the vapor pressure on the feeding side
of the membrane, and Py, is the vapor pressure on the condensing side of the membrane.
Substituting the overall mass transfer coefficient (Mc) into Equation (17), a simplified
equation of the water vapor permeate flux is given as

_ £ProtalDwater—air (Phm — Pem) (18)
RT M
m ln(m)

Pacm

J wvp

where Dyyater—air is the diffusion of the mass in the water vapor and the air, ¢ is the mem-
brane porosity, and Tm is the mean temperature. Antoine equations [49] are applied to
obtain the values of Py, and Pcy,. In the case of salt dissolved in the hot fluid, Raoult’s law
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is used to express the vapor pressure, where Py, is replaced with Py, to include the salt
concentrate effect in the hot feed as follows:

Phhm = (1 — CMnact)Phm (19)
where

NaCl concentration (£)
58.44 (-£)

CMNac1 = (20)
Heat transfer analysis over the membrane is performed to calculate Ty, and Tem.
Through the hot saline solution, the heat transferred is presented as

Qn = (hn +JwpCe ) (Tepmo — Thm) @y

where hy, is the heat transfer coefficient at the hot feed side, C is the coefficient of specific
heat, and Ty, is the temperature at the hot side of the membrane.

Applying the methodology adopted in [49], the heat transfer from the membrane
to the cold solution passing through the air gap and cooling plate is given as (i) heat
transferred from the hot side of the membrane to the condensation liquid interface Q;,
(ii) heat transferred via convection through the condensate layer Q,, (iii) heat transfer via
conduction into the cooling plate Q3, and (iv) heat transferred via convection between the
coolant solution and the cold plate Q4, which are expressed as

Ql = hl (Thm - Tcp) + ]vava (22)
QZ = hy (Tcp - Tp) (23)
Q3 = ke (Tp - ch) (24)
Q4 = h3 (ch - Tc) (25)

Here, h; is the coefficient of heat transfer, T}, is the temperature of the condensate side
of the cooling plate, T, is the temperature of the cooling plate, T is the temperature of
the cold fluid side of the plate, T, is the temperature of the cold fluid, k. is the thermal
conductivity per unit thickness of the plate, and Q,,, is the enthalpy of vaporization. The
overall heat moved from the condensate layer to the cold solution can be written as

Q.= hr (Tcp - Tc) (26)

where hr is the heat transfer coefficient from membrane to the cold solution and is given as

1 1  1\7!

Therefore, the temperature of the hot side of the membrane and cold side of the cooling
plate is obtained in the following form:

H JavpQ
Thm = Tcp,mo - h*: ((Tcp,mo - TC) + wv}p;lvp) (28)
and
I_IT ]WVPQUP
Tcp =T+ E ((Tcp,mo - Tc) + T (29)
with

1 1 1\ !
Hr=( — 4+ — 4+ —
B (hh * hy * hT) (30)
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The solution of Equation (18), along with Equations (28) and (29), will yield the
permeate flux through the membrane under given setup conditions.

3. Experimental Setup

The designed and developed experimental setup used in the study is shown in Figure 5.
The key components of the experimental setup were the (i) air gap membrane module,
(ii) water chiller, and (iii) solar PV panel integrated with a passive water-cooling system.

Figure 5. Experimental setup.

A commercial-scale PV panel with a 330 W peak output and size of 1990 x 995 x 35 mm,
as shown in Figure 5, was used in the experimental setup. The rear of the PV panel was
enclosed in a tin sheet to form a closed container to hold the water (57 L) such that the
water was in direct contact with the backside of the solar panel to absorb the heat from the
solar panel. As the surface temperature of the solar panel rose, it heated the water at the
back of the panel.

A pipe carrying the saline solution was passed through the heated water. The tem-
perature of the saline solution increased as a result of heat transfer between water at the
back of the panel and the pipe. The AGMD unit was manufactured from acrylic with
the dimensions of 100 mm x 100 mm to accommodate a membrane with dimensions of
60 mm x 60 mm to desalinate the saline water with a high enough availability of resources.
Each chamber was machined from the inside to allow for a thickness of 15 mm for water. A
Thermo Scientific Arctic A40/AC200 (Chiller) with a built-in pump (Figure 6a) was used
to pump the cold water through the coolant chamber of the AGMD module through the
condensation plate that was located between the air gap and the coolant channel, and the
coolant water went back to the chiller. The inlet of the AGMD module was connected to
the pipe’s exit containing the saline solution and passed through the back of the solar panel.
The AGMD module consisted of two identical flow chambers, namely, hot and cold flow. A
membrane was placed adjacent to the hot flow chamber. At the same time, an aluminum
plate (condensation surface) was placed adjacent to the cold flow chamber. Rubber spacers
were used within the module components to create the air gap. The pressure difference
between the sections was the main driving force causing a permeate flux to flow from the
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hot solution to the condensation section. Other components of the setup included (i) two
flow meters (Omega FL 50000; Figure 6b) to measure and control the flow of hot saline
solution and cold-water solution, (ii) two Baumer pressure gauges (Figure 6¢) at the inlet of
the cold and hot flow chambers, and (iii) thermocouples to measure temperatures at both
sides of the AGMD module.

kglem?
psi

SHEE Baumer

(b) (c)

Figure 6. (a) Chiller with a built-in pump, (b) flow meters (Omega FL 50,000), and (c) Baumer
pressure gauges.

As per the product’s technical specification, k-type thermocouples have a precision
of £2.5 percent. The calibration of these inserted thermocouples was further tested by
utilizing a standard calibration process for more accurate results. These thermocouples
provide a linear relationship across a wide temperature range of up to 250 °C. The permeate
flux was measured using a beaker (10 cm diameter) with a calibrated scale with an accuracy
of £1 mm. This translated into a measurement accuracy of the permeate flux to within
+0.785 kg/ m?/h. For the flow measurement, the Omega FL 50000A was used, and for pres-
sure measurement, the Baumer pressure gauge was used, with the accuracies of 5% and
£1.6%, respectively. The FL 50000A has a robust, one-piece acrylic shell, metal associated
components, panel-mountable backside suction, and discharge ports with high accuracy.

4. Results and Discussions

The results of the numerical and experimental investigations of the process parameters
are presented in this section. One of the critical process parameters was the temperature
of the hot feed, which depends on the PV panel surface temperature and the ambient
temperature. The ambient temperature and solar panel surface temperature were recorded,
as shown in Figures 7 and 8.
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Figure 7. Measured solar irradiance and ambient temperature.
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Figure 8. The surface temperature of the solar panel.

The hourly global solar radiation and ambient temperature on 12 April 2021, in the
city of Dammam are shown in Figure 7. The ambient temperature was observed to remain
above 30 °C during the period of 10 am to 3 pm. The measured surface temperature of the
solar panel crossed the 75 °C mark during the same period (Figure 8).

The mean temperatures of the hot saline at the outlet of the main and connecting pipes
are shown in Figure 9. The temperature of the water (Tw) at the back of the solar panel
surrounding the main pipe was 70 °C. To account for the heat losses from the connecting
pipe, the ambient temperature (Ta) in the numerical solution was kept at 35 °C. The effect
of the heat losses from the connecting pipe was quite obvious in terms of the time taken to
reach the steady temperature.
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Figure 9. Mean outlet temperatures of the main pipe (Tmp,mo) and connecting pipe (Tcp,mo)-

The effects of the feed rate of the hot saline (through the hot flow chamber) and cold
fluid (through the cold flow chamber) on the permeate are shown in Figures 10 and 11.

l 4 T T T T T T T ju )

—8— AG=5mm & FR= 2 L/min
12 D= Al =5mm & FR= 4 L/min yy

['] i i i i i i i
40 45 50 55 60 65 70 75 80

T, o)

Figure 10. Effect of the hot feed (FR = 2 and 4 L/min) on the permeate (]va) at different hot feed
temperatures (T},) (air gap thickness (AG) of 5 mm).
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L---....__. ——AG=5mm & FR =2 L/min
15t ""--.n,_“ —@=AG=5mm & FR=4 L/min |

10 15 20
T (°C)

[
Ln
Lt
=

Figure 11. Effect of the hot feed (FR = 2 and 4 L/min) on the Juyy at different cold feed temperatures
(Te) (air gap thickness (AG) of 5 mm).

The effect of the hot feed temperature on the Jwvp at a constant cold feed temperature
(20 °C) and fixed air gap thickness (5 mm) is presented in Figure 10. It is evident that when
the hot feed temperature increased, the permeate increased. Increasing the feed of the hot
solution from 2 L/min to 4 L/min produce a slim increase in the permeate corresponding
to the hot feed temperature above 60 °C. Similarly, the effect of the cold feed temperature
on the permeate at a constant hot feed temperature (55 °C) and fixed air gap thickness
(5 mm) is presented in Figure 11. As expected, when the cold feed temperature increased,
the permeate decreased. A visible rise in the permeate was obtained by boosting the hot

feed rate from 2 L/min to 4 L/min.
The effect of the cold feed on the permeate flux is presented in Figures 12 and 13.

14 T . : : .
= AG=5mm & FR= 1 L/min
=@ AG=5mm & FR= 3 L/min

12

10

(kg/(mthr))

]

wWYp

b2

40 45 50 55 60 65 70 75 80
0
T, (C)

Figure 12. Effect of the cold feed (FR = 1 and 3 L/min) on the Jyp at different hot feed temperatures
(Th) (air gap thickness (AG) of 5 mm).
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Figure 13. Effect of the cold feed (FR = 1 and 3 L/min) on the Jvp at different cold feed temperatures
(Te) (air gap thickness (AG) of 5 mm).

While keeping the cold feed at a constant temperature (20 °C), the permeate cor-
responding to the cold feed of 1 L/min and 3 L/min at varying hot feed temperatures
remained unchanged, as shown in Figure 12. In contrast, when keeping the hot feed
temperature constant (55 °C), a drop in the flux was observed with the increase in the cold
feed from 1 L/min to 3 L/min at different cold feed temperatures (Figure 13).

The effect of the air gap thickness (AG) on the permeate is presented in Figures 14 and 15.

25 T T T T T T T

—— AG=3mm
—— A G = 5mm

20
—
,:.
=
o 15
E
=
=11
-
e -
a 10
-
=
o

0
40

Figure 14. Effect of the air gap thickness (AG = 3 and 5 mm) on the Jwyp at different hot feed
temperatures (Ty,) (hot feed of 2 L/min and cold feed of 1 L/min).
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Figure 15. Effect of the air gap thickness (AG = 3 and 5 mm) on the Jyyp at different cold feed
temperatures (T.) (hot feed of 2 L/min and cold feed of 1 L/min).

The effect of the air gap thickness on the permeate is shown in Figure 14 at different
hot feed temperatures. Increasing the air gap thickness had an adverse impact on the
permeate, as it tended to decrease when the air gap thickness was raised from 3 mm to
5 mm. A similar effect, i.e., higher air gap thickness corresponded to lower permeate flux,
was also observed in the case of varying cold feed temperature (Figure 15).

An analysis of the airgap membrane desalination parameters was also undertaken
experimentally. The permeate flux was measured under different operating conditions. The
effects of hot and cold temperatures on the permeate at a constant cold feed temperature
(20 °C) are presented in Figures 16 and 17.

10 T T T T T T

g
-—

=

,-\E 6 r
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Figure 16. Jyvp at different hot feed temperatures (Tp).



Energies 2022, 15, 7417 16 of 20

6 T T T T
55F i
5 L a
=
= 45} ]
L]
=
=
=35+ ]
h=:
3 L a
25F i
2 L L L L
5 10 15 20 25 30

T (0
Figure 17. Jyyp at different cold feed temperatures (T¢).

The hot feed was kept at 4 L/min, while the cold feed was kept at 1 L/min. The
experimental results were found to be in accord with the numerical results presented in the
earlier section. Increasing the hot feed temperature resulted in an increase in the permeate
(Figure 16) and increasing the cold feed temperature resulted in a decrease in the permeate
(Figure 17). The permeate fluxes obtained from the experimental tests (EV) were compared
with those obtained from the numerical simulations (NV) (Figure 18).
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Figure 18. Permeate flux (Jwvp) comparison, experimental vs. numerical.
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It is evident from the caparison that the experimental results (EV) and numerical values
were quite comparable. The numerical results were well within the expected accuracy
range (£0.785 kg/m? /h) of the experimental setup.

Figure 19 shows the energy consumption comparison as a result of photovoltaic
thermal integration. The results showed that a 39% saving in energy consumption was
afforded by the use of a photovoltaic thermal integrated membrane desalination system
since the system provided electrical power to run the pump and the chiller, in addition to
providing the thermal energy to heat the saline water, thus eliminating the use of a heater.

500
450

Power (Wait)
!-J
é

B Without Thermal Integration of PV-AGMD
B With Thermal Integration of PV-AGMD

Figure 19. Energy consumption comparison.

5. Conclusions

A novel solar-assisted AGMD system was proposed that utilized solar energy as a
heating source for the intake saline solution. A prototype of the proposed design was
built and experimentally tested to validate the concept and the numerical model. Detailed
thermodynamic, heat, and mass transfer analyses are presented. In the analysis, the
temperature of water at the back of the solar panel that surrounded the main pipe was
observed to reach above 70 °C. To account for the heat losses from the connecting pipe, the
ambient temperature in the numerical solution was kept at 35 °C. The effect of the heat
losses from the connecting pipe was noted in terms of the time taken to reach the steady
temperature. It was observed that increasing the hot feed temperature on the permeate flux
at a constant cold feed temperature (20 °C) and fixed air gap thickness (5 mm) increased the
permeate flux. In addition, increasing the feed rate of hot solution from 2 L /min to 4 L/min
resulted in a slight rise in the permeate flux corresponding to the hot feed temperature
above 60 °C. In contrast, by increasing the cold feed temperature on the permeate flux at a
constant hot feed temperature (55 °C) and fixed air gap thickness (5 mm), the permeate
flux tended to decrease. Furthermore, it was observed that keeping a constant cold feed
temperature (20 °C) at different cold feed flow rates did not have an effect on the permeate
flux. On the other hand, when keeping the hot feed temperature constant (55 °C), a decrease
in the permeate flux was observed with an increase in the cold feed rate from 1 L/min to
3 L/min at different cold feed temperatures. Increasing the air gap thickness resulted in a
decrease in the permeate flux. The permeate fluxes obtained from the experimental tests
were compared with those obtained from the numerical simulations. It was observed from
the caparison that the experimental results and numerical values were quite comparable.
The numerical results were well within the expected accuracy range (+0.785 kg/m? /h) of
the experimental setup.
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List of Symbols

Amp,s Main pipe surface area

Cp Specific heat capacity

Dcp,o Outer diameter of connecting pipe
Dmp,0 Outer diameter of main pipe

Twvp Mass transferred

Kmp Thermal conductivity of main pipe
Lmp Length of main pipe

m Mass flow rate

Phm Vapor pressure on the feeding side
dep Rate of heat transfer (connecting pipe)
Rep Thermal resistance of connecting pipe
Tep)i Inner radius of connecting pipe

I'mp,0 Outer radius of main pipe

Ta Ambient air temperature

Tep,mo Mean outlet temperature (connecting pipe)

Tmpmo  Mean outlet temperature (main pipe)

Uep Overall heat transfer coefficient for connecting pipe
ATmpim  Log-mean temperature differences

Acp,s Connecting pipe surface area

Depi Inner diameter of connecting pipe

Dip,i Inner diameter of main pipe

ht Overall convection heat transfer coefficient
Kep Thermal conductivity of connecting pipe

Lep Length of connecting pipe

Mc Mass transfer coefficient

Pem Vapor pressure on the condensing side

Qvp Enthalpy of vaporization

Imp Rate of heat transfer (main pipe)

Rmp Thermal resistance of main pipe

Tep,o Outer radius of connecting pipe

Tmp,i Inner radius of main pipe

Tep,mi Mean inlet temperature (connecting pipe)
Tmp,mi Mean inlet temperature (main pipe)

Tw Water temperature at the back of panel

Ump Overall heat transfer coefficient for main pipe

AP Vapor pressure difference
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