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ABSTRACT

Solar-based desalination systems face problems such as interruptions in the supply of solar energy or insufficient
levels of available solar energy due to geographical or weather conditions, which results in a drop in system
performance. To overcome this issue, this study proposes a novel concentrating solar-powered flash desalination
system with pressure modulation. The objective of this research is to investigate the influence of flow rate and
perform energy and exergy analyses for the proposed novel device. The feed flow rate varied in the range of
0.2-1 L/min. The results revealed that the distillate production increases to an optimum as the flow rate is
augmented. The highest product water output of 8880 ml/h was observed at a turbulent flow of 0.8 L/min. The
brine heater exhibited an average energetic efficiency of 32 %. Additionally, the flash chamber, brine heater, and
condenser exhibited average exergy efficiencies of 32.8 %, 4.1 %, and 89.2 %, respectively. The device achieved
the lowest energy consumption of 100.8 kWh/m®, the highest gain output ratio of 15.5, and the highest energy
utilization factor of 4.8. The present findings will assist engineers and researchers in analyzing the impact of feed

rate on renewable energy-based desalination devices.

1. Introduction

Freshwater scarcity has become a serious concern as the global
population continues to grow along with increased industrial and agri-
cultural production. To tackle this global issue, it is imperative to devise
efficient water desalination systems. Currently, membrane-type desali-
nation and thermal-type desalination are two primary methods that are
being extensively studied for water purification. Recently, many scien-
tists have focused on membrane desalination, which has shown that new
membranes can be developed for desalinating water, such as nano-
filtration membranes (Dong et al., 2022). Several researchers are
exploring methods for coupling and positioning membranes in
conjunction with photothermal materials (Ibrahim et al., 2021) in an
attempt to optimize these systems. Utilizing thermal energy to desali-
nate water is another method, with flash distillation being a typical
example. Desalination systems employing flashing techniques vaporize
a liquid beneath its saturation pressure (Risse et al., 2012). Due to their
remarkable evaporation rates, the desalination industry has widely
adopted flash desalination systems. Alongside reducing water wastage,
flash desalination systems recover significant amounts of feed water.
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Another advantage of flashing systems is their efficiency, especially
when waste heat is used to heat the feed water. These devices contribute
significantly to reducing the carbon footprint of the desalination pro-
cess. Despite the existence of contaminants and chemicals in ocean
water, these devices have drawbacks such as scaling and corrosion.
Subsequently, there may be some operational issues, which may lead to
an increase in maintenance activities. Some techniques, such as filtra-
tion and the addition of chemicals, assist in reducing such issues. Re-
searchers are exploring alternative energy sources for these devices
since they depend on non-renewable energy sources (Gandhidasan,
2005). Integrating renewable energy sources will contribute to devel-
oping sustainable and efficient desalination systems. The most prom-
ising option is solar energy, which is plentiful in nature, available
year-round, and easy to convert (Ahmed et al., 2022). However,
several problems exist when employing renewable energy in desali-
nating units. These include inconsistent energy supply or low energy
availability levels during operation (Chen et al., 2019).

Various initiatives are being taken to tackle the problems that impact
the evaporation rate of desalination systems since the evaporation rate
directly influences efficiency. One way to address this issue is through

Received 4 March 2024; Received in revised form 5 July 2024; Accepted 16 July 2024

Available online 17 July 2024

0263-8762/© 2024 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.


mailto:msharizal@usm.my
www.sciencedirect.com/science/journal/02638762
https://www.elsevier.com/locate/cherd
https://doi.org/10.1016/j.cherd.2024.07.043
https://doi.org/10.1016/j.cherd.2024.07.043
https://doi.org/10.1016/j.cherd.2024.07.043
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cherd.2024.07.043&domain=pdf

F. Ahmed et al.

the storage of energy. To this extent, one study explored storing latent
heat in flashing-type desalination units and found that this technique
increased performance by 94 % (Miyatake et al., 2001). Another similar
research investigated energy storage in desalination devices (Lai et al.,
2021) and reported a 9 % overall improvement in efficiency. For energy
storage, phase-changing material was used, which significantly
increased heat-storing capability. Some scientists (Tareemi and Shar-
shir, 2023) examined multi-staged flashing desalination units and
discovered that the hybridization of systems leads to more
energy-efficient systems. Other scientists (Barba and Capocelli, 2023)
conducted an investigation of a novel process that integrated
multi-effect desalination and flashing-type desalination systems. The
new arrangement was 27 % more productive than the previous tech-
nique. Even though desalination devices continue to be supported by
non-renewable energy input, some scholars are investigating the effect
of design alterations to the flashing vessels so that there can be more
effective heat transfer inside the flash chamber. In this context, the
boiling characteristics of water droplets inside the flashing vessel were
investigated upon applying a certain degree of vacuum (Gao et al.,
2019). Similarly, another study on the effect of vacuum level (Ahmed
et al., 2024) in flashing-type desalination systems was performed, and it
was observed that the vacuum level positively impacts distillate pro-
duction. A different investigation was conducted (Ji et al., 2019), during
which flashing was performed at high temperatures and pressure. Their
findings suggested that the flashing scenario substantially impacted the
bubble development and growth process. In one interesting study
(Darawsheh et al.,, 2019), a double-stage renewable energy-based
desalinating unit was examined. The scholars reported that a drop in
the air pressure by about 19 % inside the flash vessel contributes to a rise
in the distillate by around 53 % while lowering the specific energy
consumption (SEC) by approximately 35 %. An optimal distillate pro-
duction ratio of 0.42 was found, corresponding to 0.5 L/min. Similarly,
one simulation study (Kaheal et al., 2023) assessed the efficiency of a
unique double-tank unit-based desalinating unit functioning with solar
energy. A performance ratio of 15 was reported for this device.

A separate study (Muthunayagam et al., 2005) investigated the
temperature shift in water drops during spraying. A vapor model was
developed based on the results obtained. The outcomes of their research
point out that the superheat temperature and the operational pressure
are the most critical parameters affecting the spray process and system
performance. It is essential to optimize these systems to establish
optimal settings. To this extent, an optimization study (Ahmed et al.,
2023) on the flashing-type desalination device was done using response
surface methodology. An optimum distillate of 7010 ml/h was reported.
Similarly, it was found that upward-traveling feed water resulted in
better system performance in comparison to downward-traveling feed
water (Ikegami et al., 2006). Nonetheless, a different study (Fathinia
etal., 2019) reported that augmenting the flow rate enhances the system
efficiency irrespective of fluid direction. However, the flash efficiency
decreased with an increase in the flow rate. The impact of salinity
(Ahmed et al., 2024) on flashing-type desalination systems was also
investigated, and it was reported that the salinity has a negative effect on
the distillate production. A review (Vaithilingam et al., 2021) was per-
formed on different desalination systems that were combined with solar
energy, considering the energy efficiency, exergy efficiency, and the
economic factors. According to this review, desalination systems that
use solar energy are more economical and efficient than those that use
alternative energy sources. A new desalinating unit relying on solar and
geothermal energy was examined in another investigation (Li et al.,
2023). This system’s energy efficiency was reported to be 22 %. In
another study, a comparison of solar stills and flash evaporation systems
was done. The output of flash evaporation systems was three times that
of solar stills (Thakkar et al., 2022). In a similar vein, the impacts of
solar-powered desalination systems on the environment were examined
(Elsaid et al., 2020). This study revealed that the main elements
impacting the environment are energy consumption, chemical reagents,
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exhaust emissions, brine disposal, and salt content of feed water.
Nonetheless, it was found that the energy consumed and the brine
disposition had a more significant overall impact on the environment. As
a result, more studies in this direction were suggested to improve the
environmental friendliness of such systems. A few other scientists
(Gnaifaid and Ozcan, 2020) recently investigated whether concentrated
solar power could be used simultaneously for electricity production and
desalination. These scientists recommended that future research should
focus on the concentration of solar energy in desalination devices to
augment their efficiency and ensure sustainability. They also reported
that adding thermal energy storage can enhance the system’s perfor-
mance. To this extent, in one recent study (Ahmed et al., 2024), process
intensification of flashing-type desalination devices was carried out by
employment of concentrated solar energy. Other techniques for
enhancing efficiency include the use of photocatalysts (Pattnaik et al.,
2023), nanofiltration technology (Samavati et al., 2023), protein crys-
tallization (Mitchell et al., 2023), integration of renewable ammonia for
sustainable energy (Palys et al., 2021), waste heat recovery and its
integration with the primary process (Naeimi et al., 2020), employment
of advanced oxidation techniques such as thermal activation of persul-
fates (Li et al., 2022), utilization of algorithms for system optimization
(Yang et al., 2023), and dry powder coatings for minimizing energy
losses (Khala et al., 2023).

Specific conditions could likely disrupt the incoming solar energy. In
some cases, the amount of energy accessible through the sun might be
inadequate. This condition results in a dip in the operating fluid tem-
perature, which subsequently lowers system performance. This study
introduces a unique concentrating solar-powered distillation device to
address such difficulties. This concept is envisaged to foster additional
advancement and enhancement of desalinating units. The setup pro-
posed in this research employs a direct heating mechanism instead of the
indirect heating method used in traditional systems. In addition, the
system exhibits pressure alteration capability, which enables it to
function effectively even in situations with little solar radiation. An
innovative aspect of the suggested setup is the combination of multiplex
characteristics: alteration of the flash compartment’s pressure depend-
ing on the temperatures of brine to achieve distilled water even under
challenging ambient circumstances, focusing solar irradiation onto a
disc affixed to the brine heat exchanger to augment energy exchange and
feed water heating through direct and concentrating solar irradiation by
utilizing a parabolic concentrating unit. The impact of flow rate on three
system outputs, namely, distillate production, condenser temperature,
and brine heater temperature, is experimentally examined. Additionally,
correlations are developed between various system responses and flow
rates using Design Expert software. Currently, no such relationships are
available in the literature on flash desalination systems. The energetic
and exergetic performance of the flash vessel, brine heater, and
condenser is evaluated. The proposed new configuration of the system is
assessed by employing a variety of performance indices like specific
energy consumption, energy utilization factor, and gain output ratio.
This research is related to developments in process enhancement since it
proposes an innovative desalination setup linked to concentrated solar
power, enabling the device to maintain or increase the amount of
distillate production while also reducing the size of the apparatus.
Specifically, when employing concentrated solar energy instead of
alternative methods, such as flat plate collectors, the area and size of the
brine heat exchanger can be significantly decreased. Overall, this
research presents a novel strategy to address issues with solar energy
availability and proposes a unique desalination unit driven by concen-
trated solar energy that incorporates multiple features to excel in chal-
lenging circumstances.

2. Experimentation setup

The front and back views of the experimentation setup are exhibited
in Fig. 1. This configuration incorporates a number of tanks, like the
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Fig. 1. Frontal view (a) and rear sight (b) of the experimental arrangement.

supply tank and distilled water collecting tank. The vacuum pump,
concentrator plate, flow controller, centrifugal pump, brine heater,
condenser, nozzle, flash chamber, and measuring sensors and gauges are
some of the other parts. The complete setup was designed to be a
tabletop device with geometrical constraints of 1.5 m as length, 0.5 m as
breadth, and 1.5 m as height. Since a larger setup would lead to diffi-
culties in the control and operation of the device, hence the experi-
mental setup was designed to the specifications listed in Table 1. A
hardwood baseboard supports the complete setup, and in order to pre-
vent erosion, stainless steel was utilized in the construction of the brine
heater, flashing vessel, connecting tubes, and condenser. All of the tanks
were constructed with glass. Copper was used to fabricate the concen-
trator plate because of its strong heat conductivity. Reflecting mirrors on
the steel parabolic dish will direct the incoming solar energy toward the
absorbing material. The spacing between different parts is exhibited in
Table 2, whereas the measurement capabilities and uncertainties of used
instruments are detailed in Table 3.

Fig. 2 depicts the schematic and process representation for the
experimentation unit. Initially, raw samples of feeding water were ac-
quired from the shores of the eastern part of Saudi Arabia and analyzed.
Experiments were carried out under the sun during the month of sum-
mer (June). A centrifugal pump transmits the feeding liquid forward to
the condenser. The flow rate throughout the transport process is gauged
by a flow meter, and a variable frequency motor controls the flow.
Through heat exchange within the condenser, raw water enters at a
lesser temperature and subsequently picks up the heat during its
movement inside the condenser. The temperatures are recorded by
virtue of the thermocouple sensor affixed next to the condenser’s
outflow region. Next, the feed water is sent to the brine heater, which is

Table 1
Parts and their specifications.
S. No Part Specification
(Length x Breadth x Height)
1 Platform 1.5 x 0.5 x 1.5m
2 Brine heater 0.05 x 0.05 x 0.1 m
3 Condenser 0.05 x 0.05 x 0.10 m
4 Flash chamber 0.1 x0.1 x0.2m
5 Concentrator plate Diameter = 0.05 m
6 Spray nozzle 0.002 m
7 Centrifugal pump 368 W
8 Hoses 0.006 m
9 Fluid tanks 0.005 m®

=
(=]

Parabolic dish Radius = 0.28 m

Table 2
Component spacing.

S. No Component Distance (m)
1 Condenser to distillate tank 0.4
2 Flash chamber to the brine tank 0.3
3 Brine heater to flash chamber 0.3
4 Flow meter to condenser 1.8
5 Feed pump to flow meter 0.3
6 Feeding tank to the feeding pump 0.35
7 Condenser to brine heater 1.3
Table 3
Instrument uncertainty.
S. Property Tool Measuring Uncertainty
No range level
1 Flow rate Flow meter 0.1till1.6 L/ +1.25 %
min
2 Temperature Thermocouples  -40 till 950 °C +1.25 %
3 Solar Solar meter 200 till +1.5%
radiation 1300 W/m?

heated by incoming radiation on the absorber plate that acts as a solar
energy concentrator. In this concentrating plate, solar energy is reflected
by a parabolic dish and focused by its focal point. By passing through the
brine heat exchanger, the raw water gains heat and exits the brine heater
at a higher temperature. High-temperature water is blasted into the
flashing container, causing flashes to be produced by pressure variations
and the generation of vapors. Hot vapors condense inside the condenser
region. The obtained pure water is collected separately. The concen-
trated brine from the flash vessel is disposed of in a brine disposal tank.
By means of creating a pressure gradient in the condenser and flash unit,
a vacuum pump provides a sucking action within the condenser to assist
in the quicker movement of vapors between the two components. The
vacuuming degree in the condenser is altered via a controlling lever
affixed to the vacuuming pump. The technique and procedures of the
experimentation are illustrated in Fig. 3. In this experiment, the vac-
uuming degree was kept at 0.5 bar, and the feed temperature was 50 °C.
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Fig. 2. Schematical representation of the experimentation facility.
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Fig. 3. Flowchart for the experimentation procedure.

3. Methods
3.1. Brine Heater’s Energetic Analysis

Egs. (1-8) are employed as per the analysis shown in a recent study
(Malik et al., 2020). Eq. (1) calculates the heat transmitted to the feed

supply.

Qﬂbs = mfwcp(To - Tl) (1)

where:
T; represents inward temperatures, K
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T, represents outward temperatures, K

Cp represents heat capacity, J/kg K

Qups represents heat transmisison, W

my, represents flow rate, kg/s

The density of the supply water was taken as 1014 kg/m®. Similarly,
the specific heat of the supply water was taken as 4010 J/kgK, which
again depends on the salt levels and temperature.

The brine heater experiences heat losses, and Eq. (2) is used to ex-
press this loss.

QL = ULA(TC - Te) (2)
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where:

Qg represents heat losses, W

T, represents ambience temperature, K

A represents the exchanger area, m>

T, represents wall temperature, K

Uy, represents losses coefficient, W/m? K

The area of heat transfer is a calculated value and is 0.028 m?. The
ambient temperature during the analysis was recorded as 35 °C.

The incoming renewable heat supply to the equipment is expressed
by the relationship shown in Eq. (3).

Qin = L(1a)A 3)

where:
I, represents cumulative intensity, W/m?
ta represents the coefficient of transmittivity-absorptivity
Qin represents input energy, W
The heat absorption of feed water is estimated by Eq. (4).

Qups = L(ta)A — U A(T, — T,) 4)

A transmittance-absorptance coefficient of 0.9 was assumed, while
the coefficient of heat loss was taken as 3 W/m?K. Afterwards, calcu-
lations were done to estimate the total radiation.

The brine heat exchanger’s energetic efficiency is estimated by
means of Eq. (5).

Qabs

5
Qin ( )

Nen-—Err =

3.2. Brine Heater’s Exergetic Analysis

The exergetic destruction is computed by means of Eq. (6) and Eq.

).

Xc‘ies = XT - XU (6)
. T, T,
Xies = IA (1 - %) — Nen—cpreQab (1 - T—e> 7)
s fm
where:
T represents the sun’s temperature, K
Tj, represents the fluid’s temperature, K
To determine the exergetic efficiency, Eq. (8) is utilized.
X,
Nex—err = Nen-cpHE <_U> (8)
Xr

3.3. Flash Chamber’s Energetic Analysis

The method introduced in recent research (Malik et al., 2020) is
employed in conducting energy and exergy calculations for the flash
chamber and is represented by Eqs. (9-24).

Eq. (9) describes the conservation of mass in the flash vessel.

m; = m, +ny, (©)]
The flow rate of generated vapors can be computed as represented by
Eq. (10).

. Cy(Tu— Ty)

= mf hfg (1 0)

mV
where:
T, represents the feed’s temperature (upstream conditions), K
T4 represents the feed’s temperature (saturation, downstream con-
ditions), K
m, represents vapor flow, kg/s
hy, represents enthalpy, kJ/kg
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For vaporizing m, kg of supply water, the needed heat is determined
using Eq. (11).

Qv = mvhfg an

The above heat is taken from brine n, and subsequently, Eq. (12) can
be utilized for the computation of brine temperature.

Q, =Gy (T, — Tp) (12)
3.4. Flash Chamber’s Exergetic Analysis

Eq. (13) describes the exergy balance of the flash vessel.
Ef=E—E,—F (13)

where:

E; represents inward exergy of flashing vessel, kW

E; represents flash chamber exergy, kW

E;, represents exergy losses, kW

E, represents outward exergy of flashing vessel, kW

Eq. (14) describes the exergy loss, comprising three elements:
diffusion, heat, and pressure.

E, =E p—ELa—Epn (14)
where:

Ej p represents exergetic loss corresponding to pressure loss, kW

Ej 4 represents diffusion exergy loss, kW

E, , represents exergetic losses corresponding to heat, kW

The losses of exergy by diffusion are generally regarded as non-
significant. Thus, it is not taken into account in this analysis. Instead,
the exergetic losses due to heat and drop in pressure are computed by
means of Eq. (15) and Eq. (16).

. T.AT?
Bur =M oo T, + 0.5AT) s
Eup = G, T {ln? + I Tv} a6)
s v

where:

T, represents the temperature of vapor, K

AT represents the flashing vessel gradient temperature, K

Eq. (17) and Eq. (18) are employed for the determination of exergy of
the flashing unit.

E; = m[(hi — ho) — To(S: — So) ] a7

E, =1y [(hy — ho) — To(Sp — So) | (18)
where:

h; represents feed’s enthalpy (inward to the vessel), kJ/kg

S; represents feed’s entropy (inward to vessel), kJ/kgK

hy, represents brine’s enthalpy (outward from vessel), kJ/kg

Sp represents brine’s entropy (outward from the chamber), kJ/kgK

The flash chamber’s exergetic efficiency is written as shown in Eq.
(19).

E,

Nex—r = Ff

i

19

3.5. Condenser’s Energetic Analysis

Due to a brief contact period between the vapors and condenser, a
high flow rate is necessary to condense the vapors effectively.

The heat transfer inside the condenser is estimated by means of Eq.
(20).

Q = mcpr.cw (Tc,out - Tc.in) (20)
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3.6. Condenser’s Exergetic Analysis

Eq. (21) shows the representation of the condenser’s exergy balance.

Eci = Eco +ECL (21)

Exergetic losses in the condenser are estimated by means of Eq. (22).

T2

. Ta — T
EqL = mcheCp In—+ S —
di

T (22)

T

where:

T4 represents the feed’s entering temperature, K

T; represents the distilled water temperature, K

T4 represents the feed’s exiting temperature, K

It is worth noting that the exergy going into the condenser equals the
exergy of vapor generated in the flashing vessel. Thus, Eq. (23) and Eq.
(24) are utilized to estimate the exergetic efficiency of the condenser.

E. =E (23)

(24)

3.7. Coefficient of Heat Transfer

A model developed by Jacimovic is employed here in Egs. (25-29) to
find the heat transfer coefficient (Jacimovic et al., 2018). The Nusselt
number correlation is shown in Eq. (25).

0.14
(: )
w
where:

Nugy represents the fully developed flow value (taken to be 4.364)
u,, represents the wall’s viscosity, Pa.s

u represents brine’s viscosity, Pa.s

Gz represents Graetz number

Nu represents Nusselt number

The Graetz number is computed by means of Eq. (26).

0.01Gz'7

Nu = 13 0001G3
1+40.001Gz™

Nug + (25)

Gz = %*Re*Pr (26)
where:

Pr represents Prandtl number

Re represents Reynolds number

D represents the hydraulic diameter of brine heat exchanger, m

L represents the brine heater’s longitudinal dimension, m

Eq. (27) is utilized to compute the Reynolds number.

pVD
u

Re 27)

where:

V represents feed velocity, m/s

p represents feed density, kg/m®

Utilizing Eq. (28), the Prandtl number is estimated, which represents
the momentum diffusivity of a fluid with respect to the thermal
diffusivity.

p*Cp

Pr =
r K

(28)
where:

k represents feed water conductivity, W/mK

Eq. (29) assists in the computation of the coefficient for heat transfer.

__k*Nu

h="F

(29)

688

Chemical Engineering Research and Design 208 (2024) 683-694

where:
h represents heat transfer coefficient, W/m2.K

3.8. System’s Evaporating Rate

During the flash desalination process, the quantity of water evapo-
rated is called the evaporation rate. Eq. (30) assists in the computation of
the evaporation rate (Araghi et al., 2017).
g
Tty

ER = (30)

where:
my represents the flow of make-up water, L/min
ER represents the rate for evaporation of water

3.9. System’s Output Ratio

This ratio (GOR) is an evaluation of the efficiency of a desalination
unit. It is computed (Zheng, 2017) by means of Eq. (31).

mghy

GOR = (31D

in
where:
Qin represents the thermal energy input, kW
Eq. (32) is employed to find the latent heat (Hamed et al., 2015).

hg = 2500.79 — 2.36418 * T + 0.00158927 * T> — 0.000061432 « T
(32)

3.10. Proposed System’s Specific Energy Consumption

Eq. (33) is utilized for calculating specific energy consumption
(Lawal et al., 2018).
E.

SEC= =2

33
Va (33)

where:

V4 represents distilled water flow, m3/h

E;, represents cumulative inward energy, kW

SEC represents the specific energy consumption, kWh/m®

Eq. (34) describes the cumulative energy in the system (Lawal et al.,
2018).

Ein = ered + anc + Qin (34)
where:
Wy represents the vacuuming power, kW

ered represents the feeding power, kW

3.11. Proposed System’s Utilization Factor

Desalination devices are also assessed by their energy utilization
factor (EUF). Eq. (35) is employed (Chiranjeevi and Srinivas, 2015) to
compute the energy utilization factor.

fiahy

EUF = 5 - -
Qin + ered + ancuum

(35)

4. Analysis of uncertainty

There are uncertainties in many different elements (wp1, @p2,--.-
wpn) that contribute to the uncertainties in the calculation of outcome
(R). This uncertainty in the computed result is listed as follows
(Shargawy et al., 2009).
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ﬁa) ’ + ﬁcu ’ + + ﬁa) )
sM; ™ M, ™ T\ eM, M
where:

Mj, My,....M, are factors, and R is the computed result. The uncer-
tainty of individual parameters are (wp11, @p2---- @nn)- The uncertainties
in any result can be estimated by means of Eq. (36). The uncertainties in
EUF, SEC, GOR, Ngx-grr, and INgn.grr are computed by application of the
above equation to each of the individual equations governing these
parameters. Table 4 illustrates the computed uncertainties in these
parameters.

wR = (36)

5. Results and discussion

One of the crucial factors affecting flash desalination systems’ per-
formance is the flow rate (Alrowais et al., 2020). Our evaluation in-
vestigates the dependency of distillate with flow rate in flash
desalination devices. A key component of optimizing distillate is eval-
uating how flow rate affects the overall process.

Fig. 4 depicts the quantity of heat transferred to the feed liquid. The
heat gain of feed liquid is augmented, corresponding to augmentation in
flow from 0.2 L/min onwards. For 0.6 L/min, there is a maximum heat
transfer of 201.72 W to the feed water, while further incrementation in
flow rate leads to a decline of heat transfer. This result indicates that the
heat transfer varies as the flow rate varies. For flow rates greater than
0.6 L/min, the contact time for heat exchange between the feed water
and the flashed vapors decreases, thus reducing the heat gained by feed
water at higher flow rates. Further, based on the design of the apparatus,
the available heat transfer area of the condenser also contributes to the
sudden drop in the heat gain of feed water for flow rates greater than
0.6 L/min.

Using the methodology described in Section 3, the condenser’s
exergetic analysis was conducted. Fig. 5 exhibits the condenser’s exer-
getic efficiency at different flow rates. Accordingly, the exergetic effi-
ciency of the condenser does not vary as much as the flow rate. For all
the tested flow rates, the average exergy efficiency was 89 %. For the
highest tested flow rate of 1 L/min, a small jump in the exergy efficiency
is observed. Considering the full range of tested flow rates, the exergy
efficiency of the condenser was found to be high. This is attributed to
many factors, such as the small size of the condenser, less heat transfer
area between the flashed vapors and feed water, and the geometric
configuration (shell with inner tube) of the condenser.

The energy efficiency of the brine heater is illustrated in Fig. 6, while
the exergy efficiency is exhibited in Fig. 7, corresponding to various flow
rates. The energy efficiency of the brine heater was found to augment
with augmentation in flow rate from 0.2 L/min to 0.4 L/min. However,
with a further increase in flow rate until 1 L/min, the energy efficiency
was observed to decrease. For a flow rate of 0.4 L/min, an optimum
energy efficiency of 40.6 % is achieved. At lower flow rates, the brine
heater is observed to exhibit efficient heat transfer. The brine heater
exhibited an average energy efficiency of 32 %, which corresponded to
the tested flow rates. Similarly, a maximum exergy efficiency of 6.4 % is
observed, corresponding to the flow rate of 0.4 L/min. The brine
heater’s average exergy efficiency was determined to be 4 %, which
corresponds to the tested flow rates.

Table 4

Results and their uncertainty levels.
Factor Uncertainty
Energy Utilization Factor (EUF) 4.1 %
Specific Energy Consumption (SEC) 2.76 %
Exergy efficiency (I)gx-grr) 3.8%
Gain Output Ratio (GOR) 3.6 %
Energy efficiency (I]gn-grr) 3.38%
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Fig. 6. Energy efficiency of brine heater.

Fig. 8 illustrates how the brine temperature altered with a change in
flow rate. As can be seen, these brine temperatures decreased for higher
flow rates. This is attributed to less heating of feed in the heater. This
relatively less heated water flashes in the flash vessel, which leads to
lower temperatures when departing the flashing unit. This brine exiting
the flashing unit has an average exit temperature of 30.5 °C. Fig. 9 ex-
hibits the exergetic performance of the flashing unit at a variety of flow
rates. The energy efficiency of feed liquid is negatively affected by a rise
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Fig. 9. Flash chamber’s exergetic efficiency.

in flow rate. Also, the exergetic performance is reported to decline with
an increased flow rate. The highest exergetic efficiency of 37 % is
observed, corresponding to 0.6 L/min. An average exergetic efficiency
of 32.8 % is reported for the range of flow rates tested.

Fig. 10 depicts the variation of distilled water corresponding to
various flow conditions. The distillate was observed to rise with a rise in
flow rate to 0.8 L/min. Further increase in flow rate leads to a drop in
the volume of product water. The highest quantity of produced water is
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8880 ml/h, corresponding to a flow of 0.8 L/min. Higher flow rates
reduce residence time, while lower flow rates allow for increased resi-
dence time. The feed water’s flow rate directly affects the water’s resi-
dence time in the system. Residence time refers to the duration of water
remains in the desalination chamber. At very high flow rates, the resi-
dence time decreases, and the water may not have sufficient time to fully
vaporize before exiting the chamber. This can result in reduced distillate
production as some water exits the system without being completely
converted into vapor. Alternately, at very low flow rates, the residence
time increases, which can lead to water overheating. Excessive residence
time can cause thermal degradation of the distillate quality. It may also
result in scaling problems inside the desalination device. Therefore,
finding an optimal flow rate is crucial for maximizing distillation in
flashing-type desalination devices. The optimal flow rate balances the
residence time required for efficient vaporization and the throughput
needed to maintain high productivity. However, it is critical to observe
that the relation between flow rate and distillate production is not
linear, as an optimal flow rate is specific to each system. Other param-
eters such as operating pressure, feed temperature, heat transfer effi-
ciency, and proper design and operation of the equipment also have a
crucial role in determining the device’s overall performance. Hence, it is
essential to consider these factors holistically while evaluating the
impact of flow rate on distillate production.

Efficient heat transfer is necessary for optimal vaporization and
subsequent condensation. Higher flow rates can decrease the contact
time between the heated surfaces and the feedwater, reducing the
overall heat transfer. This reduction in heat transfer can negatively
impact distillate production. Increasing the flow rate can cause a higher
pressure drop across the system, affecting the stability and performance
of the flash desalination process. Several considerations should be
considered when determining the flow rate to optimize distillate pro-
duction in flash desalination systems. The flash chamber, brine heater,
and condenser design should be well-matched to handle the desired flow
rate. Adequate surface area for heat transfer and appropriate residence
time must be ensured to enhance distillate production. Higher flow rates
generally need more energy to maintain the required temperatures and
pressures. Balancing the flow rate with energy consumption is crucial for
achieving the required amount of distillated water.

The system’s coefficient of heat transfer is plotted in Fig. 11 at
various Reynolds numbers. At 1 L/min, a maximum heat transfer coef-
ficient was obtained and is reported to be 3897.9 W/m2K. The average
coefficient of heat transfer is reported to be 3063.9 W/m?K. The coef-
ficient of heat transfer rose with incrementation in flow rate. Therefore,
it is noted that the novel system exhibits a greater coefficient of heat
transfer under turbulent flow conditions.

The evaporation rate is depicted in Fig. 12. The highest evaporation
rate is determined to be 24 % for 0.4 L/min. The average evaporation
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rate is calculated to be 20 %. It is seen that although the rate of evap-
oration increased initially, it later declined continuously for all the
tested flow conditions. This is attributed to lesser evaporation taking
place at higher flow rates. Henceforth, it is appropriate to report that the
flow rate in the proposed system negatively influences the vaporization.

The proposed system exhibited higher evaporation rates in laminar flow
conditions.
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Fig. 13. Proposed system’s gain output ratio.
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As illustrated in Fig. 13, the novel system exhibited the highest ratio
of 15.5 at 0.8 L/min. A mean gain output ratio of 11.7 was achieved. The
gain output ratio was found to augment starting with 0.2 L/min till
0.8 L/min, after which a slight decrease in gain output ratio occurred at
the flow of 1 L/min. Therefore, the output ratio of the novel unit is found
to be directly and positively influenced by the flow rate. The proposed
system exhibited higher gain output ratios in turbulent flow conditions.

Fig. 14 exhibits the energy consumption of the proposed system for
different flow patterns. The lowest energy consumed is reported to be
100.8 kWh/m? at 0.8 L/min, whereas the highest energy consumption
was 339 kWh/m® at 0.2 L/min. According to the results of this study,
163.3 kWh/m? is the average energy requirement of this apparatus.
When the flow was incremented, the specific energy consumption
declined. Therefore, it is concluded that higher flow rates lead to
reduced energy consumption for the novel unit. For turbulent flow
conditions, the proposed system consumes less energy. The average
energy consumption observed here is considered a reasonable level of
energy consumption. Table 5 presents the competitiveness of the energy
consumption of this novel device.

The variation of the energy utilization factor is exhibited in Fig. 15.
At 0.2 L/min, the lowest energy utilization factor of 1.4 was found,
while at 0.8 L/min, the highest energy utilization factor of 4.8 was
found. Based on these results, an average energy utilization factor of
3.62 is reported for the proposed device. In this study, the energy uti-
lization factor augmented with incrementation starting at 0.2 L /min till
0.8 L /min and then decreased slightly afterward. As a result, the pro-
posed system exhibited a higher energy utilization factor for turbulent
flow conditions, indicating that the flow rate is directly proportional to
the energy utilization factor. While this device exhibits optimal perfor-
mance at higher flow rates, the average energy utilization factor is
regarded as a reasonable level of energy utilization. According to this
study, the device is energy efficient and assists towards the advancement
and integration of sustainable energy into desalination devices.

Fig. 16 exhibits the performance ratio of the proposed system. A
comparison was established between the proposed device and other
similar configured devices (Wessley and Mathews, 2015). The applica-
tion of traditional collectors (Siddique et al., 2018) in desalinating units
was the subject of earlier studies (Maroo and Goswami, 2009). In the
current study, using concentrated solar energy resulted in a significant
augmentation in the performance ratio. The ratio was found to reach
4.8. Furthermore, by utilizing concentrated solar power, this novel
system outperforms earlier flat plate collector-based systems in terms of
performance, indicating the possibility for more effective and sustain-
able desalination procedures.

Furthermore, in this study, mathematical equations are established
using Design Expert software to express the relation between flow rate
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Fig. 14. Proposed system’s specific energy consumption.
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Table 5
Competitiveness of the proposed device.
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Metric Traditional flashing desalination unit

Flashing desalination unit-solar-based

Flashing system proposed in this research

(Darawsheh et al., 2019)
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Fig. 16. Comparative analysis of the novel device.
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and system responses. As described by Egs. (37), (38) and (39), the flow
rate is represented by the letter A, and hence the system responses can be
predicted based on these equations.

Condenser temperature = +55.6 — (16.4)*(A) + (20.9)%(A%) - (9.3)*(A%)
37)

Brine heater temperature = +60.8 — (6.7)*(A) (38)

Distillate = -1404 + (22791.4)*(A) - (12642.8) *(A?) (39)

A cubical model resulted in the best fit with the experimental data for
condenser temperature. Model-generated values and real-time
condenser results are shown in Fig. 17. For this cubical model, the
standard deviation was 0.012. Further, the value of R? was found to be
0.99. On the other hand, the best R? value for the brine heater is reported
for a linear model. Fig. 18 exhibits the model-generated results and real-
time results for the brine heater. For this linear model, the standard
deviation was 0.47. Further, the value of R? is found to be 0.9. A
quadratic model produced the best R? value in the distillate production
scenario. The data produced from the model and the real-time distilla-
tion values are exhibited in Fig. 19. For this quadratic model, the
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Fig. 18. Brine heater temperature as per developed model.

standard deviation is 162.27. The R value is found to be 0.97.

For any desalination system to be effective and sustainable, routine
maintenance and operational care will be needed. The anticipated life-
span of the proposed desalination device is 20-30 years. System sizing,
the acquisition procedure, and other finance-related conditions influ-
ence this lifespan. Less than 20 % of the overall cost is devoted to
operation and maintenance charges (Kabeel et al., 2019). The planned
system’s regular operation and maintenance expenses are listed in
Table 6. Less carbon footprints and more environmentally friendly
desalination are two key benefits of the proposed technology.

6. Conclusion

The main conclusions and findings from this research are listed
below.
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Table 6
Maintenance and operation expenses.

Expense Factor Percentage contribution towards the
total expenses
Maintenance Associated cleaning 6 %
Minor device
replacements
Pipelines
Pumps
Instruments
Legal/ Permit compliances 2%
permitting Environmental
monitoring
Operational Chemicals 6 %
Power (energy) 60 %
Brine disposal 4%
Labour 12 %
Other related 10 %

e This study revealed that distillation rises with an augmentation in the
flow rate to an optimal level.

e An optimum distillation rate of 8880 ml/h can be achieved at 0.8 L/

min for the tested range of flow rates.

The mean energy efficiency of the brine heater was found to be 32 %.

e The mean exergy efficiencies of the brine heater, condenser and
flashing chamber were 4.1 %, 89.2 % and 32.8 %, respectively.

e The proposed system has a maximum gain output ratio of 15.5, a
maximum energy utilization factor of 4.8, and a minimum specific
energy consumption of 100.8 kWh/m?>.
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