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Abstract: The main problem with existing desalination technologies is that they consume high input
energy to generate fresh water. Secondly, this energy demand is usually met by conventional sources
of energy such as fossil fuels. With limited conventional energy reserves predicted for the future, the
focus is on the utilization of renewable sources of energy such as solar, wind, and geothermal energy
for powering desalination systems. Such a transformation would make the desalination systems
more energy efficient, sustainable, and economical. In this paper, a novel concentrated solar powered
(CSP) flash desalination system with direct heating and pressure modulation is presented. A lab-scale
prototype was designed, manufactured, and tested for feed water collected from the Arabian Sea
and in climatic conditions of Al-Khobar city in Saudi Arabia. The effect of three process parameters,
namely, feed water temperature (30–40 ◦C), feed water flow rate (0.003–0.006 kg/s), and vacuum
pressure (0.1–0.3 bar) on distillate production, was investigated. System modelling and optimization
were done using Design Expert software and Response Surface Methodology (RSM). The central
composite design technique was employed for the optimization of process parameters. The adequacy
of the developed distillate production model was verified by ANOVA. The optimum values of feed
water temperature, flow rate, and vacuum pressure are reported to be 40 ◦C, 0.005 kg/s, and 0.1 bar,
respectively, resulting in distillate production of 0.001 kg/s.

Keywords: concentrated solar power; single stage; flash desalination; response surface
methodology; optimization

1. Introduction

Solar desalination systems based on the flashing technique operate on the principle
of quick vaporization resulting from the condition when a liquid is brought under its
saturation pressure [1]. These systems have been extensively utilized for desalination due
to their high evaporation rates [2]. They have also been used for other applications related
to refrigeration [3] and dehumidification [4]. As such, these systems involve the use of the
non-renewable source of energy for their operation. Hence, researchers’ focus has shifted

Sustainability 2022, 14, 11558. https://doi.org/10.3390/su141811558 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su141811558
https://doi.org/10.3390/su141811558
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3271-9242
https://orcid.org/0000-0002-4831-7416
https://orcid.org/0000-0003-0224-8029
https://orcid.org/0000-0003-3962-9837
https://doi.org/10.3390/su141811558
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su141811558?type=check_update&version=1


Sustainability 2022, 14, 11558 2 of 14

towards integrating renewable energy sources such as solar energy in these systems [5,6].
However, some problems are associated with using solar energy for these systems. These
issues include low radiation conditions and intermittent supply of radiation which affects
the evaporation rate and subsequently the system’s output. This leads to difficulties in
practically implementing these renewable energy-based systems [7].

One approach to overcome such issues is combining the system with a thermal energy
storage facility. To this extent, Miyatake et al. [8] investigated the performance of a flash
evaporation system integrated with a latent heat storage facility. They reported an enhance-
ment in efficiency by 95% for the system with a thermal heat storage feature. Similarly,
Lai et al. [9] experimented with a reverse osmosis system based on solar energy with a
thermal energy storage feature. They tested the setup for moderate working conditions and
concluded that the system’s efficiency augments by 9%. Another design configuration was
explored by Ghorbani et al. [10]. They tested a multi-stage flashing system integrated with
a solar collector. Further, a phase change material was also employed for thermal energy
storage. It was reported that the phase change material could substantially enhance the
heat storage capability of the system.

Another approach to enhancing the system performance when operated with non-
renewable energy sources is by improving the design of the flash vaporization segments.
In this aspect, the scholars are focusing on improvements in heat transfer and designing
simple systems such as single-stage flash evaporation systems. For example, Gao et al. [11]
investigated the performance of a flashing system using a visualization unit. They studied
the effect of vacuum on the boiling characteristics inside a water droplet. Another study
was conducted by Ji et al. [12], wherein the spray flashing was done at high pressure and
high temperature. They concluded that the flashing condition significantly affects the
bubble formation process and its growth. In another study, Muthunayagam et al. [13]
investigated the temperature changes of water droplets during and after the spraying and
developed a vapor model. From these studies, it can be interpreted that the main factors
affecting the spraying process and the system performance are heat flux, operating pressure,
and superheat temperature of the spray liquid. Furthermore, optimizing the design and
operation of such a system is also essential for enhanced performance.

To this extent, Ikegami et al. [14] reported that an upward jet produces higher efficiency
than a downward jet due to an increase in the water droplet flash path. However, in another
study [15], it was reported that irrespective of whether the water jet flow is in the upward or
downward stream, the system’s efficiency increases with an increase in flow rate. However,
at the same time, a decrease in flash efficiency was also observed.

The recent focus by many scholars has been on the utilization of nanoparticles in
spray liquid. The main aim of suspending nanoparticles in spraying liquid is to increase
the heat and mass transfer capabilities of the working fluid. Peng et al. [16] carried out
an experimental investigation with Al2O3 nanofluid. The system’s flash efficiency was
enhanced due to the higher heat transfer capability of Al2O3 nanofluid. In another study,
Guo et al. [17] numerically investigated the idea of micro encapsulating the water droplet
with phase change material. It was reported that the microencapsulated water droplet
significantly increased the evaporation rate. Numerous research studies were performed on
this microencapsulation concept [18–20], and it was observed that the microencapsulated
water droplet had higher thermal energy transfer. The use of the microencapsulated phase
change material also resulted in performance improvement, as reported by Chen et al. [21].
In recent studies by Moharram et al. [22] and Gnaifaid et al. [23], the concept of simultaneous
desalination and power generation using concentrated solar power was explored. The
concentrated solar power technique was reported to be the future research direction.

In the previous studies, it has been observed that the enhancement in spray-type
solar desalination systems is mainly by adding a thermal energy storage facility and im-
provement in the design of the flash chamber. Some studies also report the utilization
of nanofluids, phase change material, and microencapsulation of water droplets for effi-
ciency augmentation. However, in cases where the solar energy supply is intermittent
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or inadequate, the temperature of the spraying liquid is dropped, resulting in a drop in
system performance. Hence, this paper proposes a novel concentrating solar power-based
flash desalination system with direct heating and pressure modulation. The effect of pro-
cess parameters such as feed water temperature, flow rate, and vacuum pressure was
investigated experimentally. Further, system modelling and optimization were done by Re-
sponse Surface Methodology using Design Expert software. Figure 1 presents a schematic
representation of modelling and optimization patterns for distillate production.

Figure 1. Schematic illustration of design, modelling, and optimization paradigm of the
proposed system.

2. Experiments
2.1. Materials and Method

The front view of the experimental apparatus is shown in Figure 2, whereas Figure 3
shows the back side view of the setup. Figure 4 presents the schematic of the apparatus
along with the process flow directions. As seen in these figures, the main components
of the setup include a feed water tank, pump with variable frequency drive, rotameter,
pressure gauges, condenser, heat exchanger, concentrator plate, temperature sensors, flash
chamber, nozzle, brine disposal tank, distillate tank, vacuum pump, and parabolic dish.
The dimensions of these components are listed in Table 1. The material used for the base
board was wood, whereas stainless steel was used for the condenser, heat exchanger, flash
chamber, and connecting pipes. The feed water tank, brine disposal tank, and distillate
collection tank were made of glass. The parabolic dish was of steel with an inner surface
fitted with reflective mirrors to reflect solar radiation. Although the experimental runs
were carried out with the most care, some uncertainty in measurements resulting from the
measuring tools always exists. The various tools used for measurement, along with their
range and uncertainties, are listed in Table 2.

Table 1. Components and their dimensions.

S. No Component Dimensions/Specifications
(L = Length, B = Breadth, H = Height)

1 Base board 1.5 × 0.5 × 1.5 m (L × B × H)
2 Heat exchanger 0.05 × 0.05 × 0.1 m (L × B × H)
3 Flash chamber 0.1 × 0.1 × 0.2 m (L × B × H)
4 Condenser 0.05 × 0.05 × 0.10 m (L × B × H)

colo5 Pipes 0.006 m
6 Nozzle 0.002 m
7 Water tanks 0.005 m3

8 Water pump 368 W
9 Parabolic dish Radius = 0.28 m, depth = 0.04 m
10 Copper plate Diameter = 0.05 m

Table 2. Measuring tools and their uncertainty.

S. No Parameter Instrument Range Uncertainty

1 Flow rate Rotameter 0.003 to 0.06 kg/s ±1.25%
2 Temperature Type-K thermocouple −50 to 1000 ◦C ±1.25%
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Figure 2. Front view of experimental apparatus.

Figure 3. Back view of experimental apparatus.
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Figure 4. Schematic of the experimental setup.

Feed water was collected from the coastal sea of Al Khobar city in the eastern province
of Saudi Arabia. It was then loaded into the feed water tank of the experimental setup.
Each experiment was carried out for one hour to measure the distillate output per hour.
The pump moves the feed water through the condenser coil and into the heat exchanger.
The water picks up the heat while moving through the condenser coil and enters the heat
exchanger. A copper plate is attached to the wall of this heat exchanger. In addition,
a parabolic dish is used to reflect and concentrate the solar radiation onto this copper
plate. As the feed water moves into and through this heat exchanger, it gets further heated
due to the concentrated radiation falling on the heat exchanger wall. The heated feed
water is then sprayed into a flash chamber utilizing a nozzle. The vapors generated in the
flashing chamber are forced to move towards the condenser by applying vacuum pressure
in the condenser. The vapors are then condensed onto the condenser coil and are collected
separately in the distillate tank as the output. Brine solution accumulated at the bottom of
the flash chamber is also collected in a separate brine collection tank.

2.2. Experiment Design Using RSM

The Response Surface Methodology approach has been preferred and utilized by
many scientists [24–28] to optimise various systems. Hence, in this study, Response Surface
Methodology was utilized for designing the experiments and developing a model to
evaluate the influence of three independent process parameters (A: feed water temperature,
B: flow rate, C: vacuum pressure) on the response (R: distillate). These three process
parameters can significantly affect the output of the system. They can influence the heating
and cooling processes in the boiler and the condenser heat exchanger, ultimately affecting
the system’s output. Hence, they are chosen for this study. Additionally, the main objective
of this experimental setup is to obtain distilled water. Hence, the amount of distillate
collected is chosen as the response. A central composite design (CCD) technique was
employed. This technique was based on eight factorial points, six axial points, and six
replicate points at the center. The process parameters were varied at three levels (−1, 0, 1).
The number of experimental tests was calculated using Equation (1).

N = 2K + 2K + C (1)

where N is the experimental trials to be conducted, K is the number of independent variables
to be examined, and C is the number of tests to be done for the central points. The limits
for each factor are shown in Table 3. The limits for these parameters are chosen based on
experimental capability and existing weather conditions. For example, the vacuum pump
could provide the above ranges of vacuum pressure. Similarly, for most of the year in this
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region, the average ambient temperature is in the range of 30–40 ◦C. Hence, the feed water
temperature is tested for this condition. The matrix for experimental data was determined
using Design Expert software version 13.0.5, Statease, Minneapolis. The subsequent model
obtained was analyzed using ANOVA.

Table 3. Independent variables and their range with coded levels.

Independent
Variable

Coded Levels (Range)

−1 0 +1

Flow rate (kg/s) 0.003 0.0045 0.006
Feed water

temperature (◦C) 30 35 40

Vacuum pressure (Pa) 0.1 0.2 0.3

3. Results and Discussion
3.1. Model Development for Distillate Production

Response Surface Methodology was used to investigate the interactivity of three
parameters, namely, feed water temperature, flow rate, and vacuum pressure on distillate
production. The design of the experiments and obtained responses are shown in Table 4.
A maximum response of 0.001 kg/s was obtained at a feed water temperature of 40 ◦C, a
flow rate of 0.005 kg/s, and a vacuum pressure of 0.1 bar. Likewise, a minimum response
of 0.0004 kg/s was obtained at a feed water temperature of 30 ◦C, a flow rate of 0.003 kg/s,
and a vacuum pressure of 0.3 bar. The results show that an increase in vacuum pressure
resulted in a decrease in distillate production. Vacuum pressure across the condenser
enables the movement of vapors from the flash chamber into the condenser. However,
some vapor molecules are thrown out into the atmosphere with higher vacuum pressures
even before being condensed. This situation results in a drop in distillate production.
This behavior is synchronous with Mohammadi et al. [29], where the distillate production
decreases with an increase in vacuum pressure. The following model (Equation (2)) in
terms of coded levels is developed based on the results obtained:

Distillate = 3010 + 550A + 240B − 210C + 62.5AB + 62.5AC − 450B2 (2)

where in A, B, and C are coded values for three selected parameters, namely, feed water
temperature, flow rate, and vacuum pressure, respectively. The ANOVA for the polynomial
equation and the corresponding regression coefficients for distillate production is listed
in Table 5. The significance of the developed model can be established from the F-value,
p-value, correlation of determination (R2) value, and results from the lack of fit test. The
model was identified to be significant as the model F-value is 150.84. A specific model term
is insignificant if that factor has a p-value greater than 0.05. In the present analysis, the
significant model terms are identified as A, B, C, AB, AC, and B2. The model terms are
considered insignificant for p-values higher than 0.05. The F-value of 0.75 for the lack of fit
test means that this lack of fit is non-significant compared to the pure error. It is preferred to
have non-significance in lack of fit as this will lead to a good fit of the model. The predicted
R2 value of 0.96 agrees with the adjusted R2 value of 0.97. The ratio of standard deviation
to mean is referred to as the Coefficient of Variance (CV). The obtained CV value is 2.7%. A
model is considered reproducible if the CV value is less than 10. The signal-to-noise ratio is
called Adequate Precision (AP). It is desirable to have an AP ratio bigger than 4. In this
analysis, an AP ratio of 44.95 was attained, indicating an adequate signal; hence, the model
can be utilized for navigation of design space.
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Table 4. Experiment design for distillate production.

Run

Independent Variables Responses

CCD PositionFeed-Water
Temperature, A Flow Rate, B Vacuum

Pressure, C
Distillate

Production
kg/s

1 35 0.006 0.2 0.00077 Axial
2 30 0.0045 0.2 0.00069 Axial
3 35 0.0045 0.2 0.00080 Center
4 30 0.003 0.1 0.00058 Factorial
5 35 0.0045 0.2 0.00081 Center
6 30 0.006 0.3 0.00052 Factorial
7 35 0.003 0.2 0.00063 Axial
8 40 0.006 0.1 0.00097 Factorial
9 35 0.0045 0.2 0.00080 Center

10 35 0.0045 0.3 0.00077 Axial
11 35 0.0045 0.1 0.00088 Axial
12 35 0.0045 0.2 0.00086 Center
13 35 0.0045 0.2 0.00083 Center
14 35 0.0045 0.2 0.00084 Center
15 30 0.003 0.3 0.00044 Factorial
16 40 0.006 0.3 0.00091 Factorial
17 40 0.005 0.2 0.001 Axial
18 40 0.003 0.3 0.00072 Factorial
19 40 0.003 0.1 0.00083 Factorial
20 30 0.006 0.1 0.00069 Factorial

Table 5. Analysis of variance for the distillate production model.

Response Source Sum of
Squares df Mean

Square F-Value p-Value Remarks

Distillate

Model 5.117 × 106 6 8.528 × 105 150.84 <0.0001

SD = 75.19
Mean = 2785

CV = 2.7
R2 = 0.98

R2
(adj) = 0.97

R2
(pred) = 0.96

AP = 44.95

A: Feed-water
temperature 3.025 × 106 1 3.025 × 106 535.03 <0.0001

B: Flow rate 5.760 × 105 1 5.760 × 105 101.88 <0.0001
C: Vacuum pressure 4.410 × 105 1 4.410 × 105 78 <0.0001

AB 31,250.00 1 31,250.00 5.53 0.0352
AC 31,250.00 1 31,250.00 5.53 0.0352
B2 6.264 × 105 1 6.264 × 105 108.56 <0.0001

Residual 73,500 13 5653.85 - -
Lack of Fit 40,166.67 8 5020.83 0.7531 0.6571
Pure Error 33,333.33 5 6666.67 - -

3.2. Effect of Independent Variables on Distillate Production

A perturbation plot is typically used to examine the sensitivity of the factors (A, B,
and C) to the response (distillate) in response surface methodology. The most significant
factors are determined according to the most considerable changes in factors from low
(−1) to high (1) levels. The perturbation plot between the inputs and the response is
illustrated in Figure 5. The perturbation plot indicated that the two most significant factors
contributing to the response were feed water temperature and flow rate. The response
(distillate production) increased linearly with feed water temperature augmentation for
the tested limits. In the case of flow rate, the distillate production increased with the
flow rate up to a certain level, after which a drop in distillate collection was noticed. In
the case of vacuum pressure, the distillate production decreased with an increment in
vacuum pressure. From ANOVA, it was observed that the term BC is insignificant due to
the high p-value. Hence, the combined effect of BC is not included in subsequent analysis
and discussion.
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Figure 5. Perturbation plot between the inputs and response for specified limits.

The interaction and effect of independent variables, namely feed water temperature,
flow rate, and vacuum pressure on distillate as the response is illustrated below in three-
dimensional surface plots. The interaction between feed water temperature and flow rate is
shown in Figure 6 and is found to be significant in distillate production. It is observed that
an increase in feed water temperature increased distillate production. This is because for
higher feed water temperatures, the fluid gets further heated in the boiler heat exchanger
to greater temperatures before spraying into the flashing chamber. Higher feed water
temperatures while spraying are always desirable as they lead to proper and effective
fluid vaporization after spraying. These vapors move into the condenser to condense,
ultimately increasing the distillate production. It can also be observed that as the feed
water flow rate increased from 0.003 to 0.0045 kg/s, the distillate production also increased.
However, a further increase in flow rate resulted in a decrease in output. This is due to
the reason that for higher flow rates, the feed water travels quicker through the boiler heat
exchanger, leading to a smaller temperature gradient across the boiler heat exchanger. This
low temperature gradient impacts the spraying process and vaporization and leads to more
brine collection compared to the distillate. This behavior is synchronous with the findings
of Alrowais et al. [30], where the distillate production is found to increase up to a certain
maximum with an increase in flow rate, after which there is some drop in the output.

Figure 6. 3-D surface plot of the combined effect of feed water temperature and flow rate.

The interaction between feed water temperature and vacuum pressure is shown in
Figure 7 and is significant for distillate production. It is observed that an increase in
feed water temperature increased distillate production. However, an increase in vacuum
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pressure resulted in a decrease in the output. This behavior is synchronous with Lovineh
et al. [31], where the distillate production decreases with an increase in vacuum pressure.

Figure 7. 3-D surface plot of the combined effect of feed water temperature and vacuum pressure.

Figure 8 shows the cube with distillate production at each factorial point. The cube plot
indicates the reaction of feed water temperature (A), flow rate (B), and vacuum pressure
(C) interact to affect the response. Because the model (Equation (2)) has the interaction
term of AB and AC, the effects on the response are different when the variables are at their
high levels. The diagnostic plot of the Box-Cox power transform is shown in Figure 9. The
Box-Cox power transform is used to determine the requirement of model transformation.
The curve’s minimum point shows that the lambda value falls within 0 and 1, and no
transformation was needed in the present condition. The diagnostic plot of actual versus
predicted values of distillate production is illustrated in Figure 10. The points are closed
to the diagonal line. It can be observed that there is a good fit between the experimental
and model predicted values. This result also indicated that the model could predict well,
and the predicted value is close to the actual value. The optimum experimental values
and model predicted values are shown in Table 6. The maximum distillate production was
predicted to be 0.00104 kg/s. Verification experiments were performed at the optimum
values of process parameters, and the distillate production was found to be 0.00102 kg/s.
The findings were in good agreement with the predicted values, indicating the developed
model’s accuracy.

Figure 8. Cube plot of distillate production at each factorial point.
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Figure 9. The diagnostic plot of Box-Cox for power transforms.

Figure 10. The diagnostic plot of actual versus predicted values for distillate production.

Table 6. Optimum experimental and model predicted values of distillate production.

Feed-Water
Temperature

(◦C)

Flow Rate
(kg/s)

Vacuum
Pressure

(Bar)

Distillate Production
(kg/s × 10−3/3600) Desirability Error %

Experimental Predicted

40 0.005 0.1 3700 3758 0.95 1.5

4. Energy and Exergy Analysis

For analyzing the performance of a system, modelling is done by means of carrying out
energy and exergy analysis. The energy and exergy analysis of the concentrator plate heat
exchanger is done for the optimal conditions and illustrated in the following sub-sections.
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4.1. Energy Analysis

Some general assumptions are made in this analysis, considering steady flow condi-
tions, the reflector and concentrator plate surfaces to be free of dirt, and clear
weather conditions.

The amount of heat absorbed by the feed water across the concentrator plate heat
exchanger can be computed from the general Equation:

Qab = mCp(To − Ti) (3)

where:
m is mass flow rate, kg/sCp is specific heat, J/kg K
To is fluid exit temperature, K
Ti is fluid inlet temperature, K

The amount of solar radiation incident on the concentrator plate heat exchanger can
be written as described by Malik et al. [32]:

Qi = It A (4)

where:
Qi is the amount of heat incident on concentrator plate heat exchanger, W
It is the total solar intensity incident on the heat exchanger, W/m2

A is the effective surface area of concentrator plate heat exchanger, m2

There will also be some heat loss taking place from the surface of the concentrator plate
heat exchanger to the surroundings resulting from the temperature difference between the
heat exchanger surface and surroundings. This heat loss is computed as:

QL = UL A(Tc − Ta) (5)

where:
QL is heat loss from heat exchanger surface to surroundings, W
UL is the overall loss coefficient for heat exchanger, W/m2·K
Tc is the average temperature of heat exchange surface, K
Ta is ambient air temperature, K

The net heat absorbed that is available on the concentrator plate heat exchanger is
calculated as the difference between the incident heat and the heat loss to the surroundings.

Qnet = It A − UL A(Tc − Ta) (6)

where:
Qnet is the net heat input on the concentrator plate heat exchanger, W

The energy efficiency of the concentrator plate heat exchanger (EN-CPHE) is the ratio
of useful energy to the total energy.

ηEN − CPHE =
Qab
Qnet

(7)

4.2. Exergy Analysis of Concentrator Plate Heat Exchanger

Exergy is destroyed as the solar energy is converted to thermal energy inside the
concentrator plate heat exchanger. The exergy is computed as described by Gomri [33].

Exergy destroyed = Total exergy−exergy transferred to the fluid
.

Xdes =
.

XT −
.

XU (8)

.
Xdes = IA

(
1 − Te

Ts

)
− ηEN − CPHEQab

(
1 − Te

Tf m

)
(9)
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where:
Te is environment temperature, K
Ts is sun temperature, 5800 K
Tfm is the mean fluid temperature for the heat exchanger

The exergy efficiency of the concentrator plate heat exchanger (EX-CPHE) is the ratio
of useful exergy to total exergy.

ηEX − CPHE =

.
XU

.
XT

(10)

From the above analysis, the energy efficiency was found to be 58%, and the exergy
efficiency was 1.03%. A similar analysis is reported in the work of Sutanto et al. [34] and
Mirmanto et al. [35], which are referred while carrying out this analysis.

5. Conclusions

In the present study, experiments were performed to obtain distilled water using the
coastal seawater of Al-Khobar city in Saudi Arabia as a feed water source. The effect of three
process parameters, namely feed water temperature, flow rate, and vacuum pressure, was
studied. Additionally, RSM was applied to determine the optimum feed water temperature,
flow rate, and vacuum pressure values for maximizing the response. The system exhibited
optimum performance at a feed water temperature of 40 ◦C, a flow rate of 0.005 kg/s, and
a vacuum pressure of 0.1 bar. For these conditions, an optimum distillate production of
0.001 kg/s was achieved. The developed distillate model predicted the system performance
reasonably well, with an error of less than 5%. The current findings help the researcher
identify the most significant factor and optimize distillate production.
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