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10 Abstract: To improve the water production capacity of solar still (SS), realize the
11 theoretical prediction of the enhanced SS performance, and enrich the theoretical
12 research basis of the desalination technology of SS, this paper sets up three kinds of
13 enhancement measures, namely, rock, corrugated plate and membrane distillation, tests
14  the enhanced water production effect, and reveals the enhanced operation mechanism.
15 At the same time, a performance prediction model of rock enhanced was established
16  based on the body-centered cubic stacking rock technology, and the influence of rock
17  parameters on the distillation effect was studied. The study found that the water
18  production increment of the three enhancement measures was concentrated in the rising
19  period of the water production of the SS, and the total water production was 6.38%,
20  12.30% and 11.63% higher than that of the traditional basin SS, respectively. The rock
21  or corrugated plate enhances the distillation effect by elevating the seawater
22 temperature and its temperature difference with the cover plate, and the membrane
23  distillation increases the total water production through the additional water production
24 of the membrane. Moreover, the constructed model can effectively predict the
25  characteristics of rock enhanced SS. The increase in the rock layer thickness and the
26  decrease in the rock particle size and material heat capacity both enhance the total daily
27  water production, but the effect of rock particle size and material is weak. Although the
28 increase of thickness increases the water production obviously, it aggravates the
29  fluctuation of water production.
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SW
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Greek Symbols

S|SSE X "S> QR M Q9

Dimensionless number
Nu

area, m’

specific heat, J/(kg-K)

gravitational acceleration, 9.8 m/s?

solar irradiance, W/m?

convective heat transfer coefficient, W/(m*K)
evaporation heat transfer coefficient, W/(m*K)
radiation heat transfer coefficient, W/(m?*-K)
mass per unit area, kg/m? or hourly water production
pressure, Pa

heat flux, W/(m*K)

radius, m or correlation coefficient
temperature, K

velocity, m/s

ambience

air

bottom plate

glass cover
insulation layer

sky

heat storage surface
heat storage
seawater

ambient wind

Boltzmann constant, 5.67 X 10 W/(m?-K*)
emissivity

absorptivity

transmissivity or time

thermal conductivity, W/(m-K)
thickness, m

density, kg/m’

dynamic viscosity, kg/(m-s)
kinematic viscosity, m*/s
porosity

efficiency, %

Nusselt number
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Ra Rayleigh number
Re Reynolds number
Pr Prandtl Number

1. Introduction

Solar energy is the only heat source for traditional solar still (SS). Although solar
energy is a resourceful, clean and safe energy, it is an intermittent and unstable energy
source. SS for seawater desalination requires a large evaporation area, with low water
production per unit area and low efficiency. Therefore, how to increase the water
production of SS has become the focus of scholars' research.

There are some scholars who have improved the absorption rate and water
production of SS by improving the material [1], geometry [2] and internal structure [3]
of SS. Some scholars innovatively combined membrane distillation modules with SS
to produce water by utilizing membrane distillation principle and SS principle together.
Shirsath et al. [4] explored the water production performance of SS with surface-
mounted hydrophobic membrane. The results showed that the water production of SS
could be increased by 40-70% with the addition of membrane modules. Zuo et al. [5]
proposed a novel membrane distillation enhanced disc solar still by installing an air-
gap membrane module vertically in the SS. The membrane module, which is less than
one-seventh of the evaporation area of the disc evaporation area, can increase the daily
water production of SS by 7.6%.

Many other scholars have chosen to add heat storage materials to the SS. This is
because heat storage materials can store energy during sunlight and act as a heat source
to release energy to increase freshwater production during the sunless period.
According to the heat storage mode, heat storage materials can be divided into three
types: latent heat storage, sensible heat storage and thermochemical heat storage [6].
Among them, phase change materials are a good latent heat storage material used to
increase the water production of SS [7], while sensible heat storage materials are widely
used in SSs due to their relatively simple storage and release processes, convenient use
and low cost. There are many studies in this area.

Karthick et al. [8] used Omani rock as a heat storage medium in a SS. A
comparative analysis with the conventional SS operation test experiment showed that
the water production of the SS was increased by 18.6% after laying the rock stone bed.
Abdel-Rehim et al. [9] laid a heat storage layer consisting of glass balls with a diameter

of 13.5 mm in a conventional SS. Experimental study showed that the efficiency of the
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modified SS increased by 5%, 6% and 7.5% in the months of May, June and July,
respectively. Nafey et al. [10] tested using 10 mm thick black rubber material and 20-
30 mm particle size black gravel in a conventional SS and found that the water
production of the SS increased by 20% and 19% respectively. In addition, the black
gravel absorbed and released solar radiant energy faster than that of black rubber.
Murugavel et al. [11] tested the performance of the system after using different sizes of
quartzite rock, red brick pieces, cement concrete pieces, washed stones, iron scraps, and
other sensible heat storage materials in a double slope SS. The results showed that 3/4-
inch quartzite had the best enhanced of water production in SS. Gnanaraj et al. [12]
divided the bottom plate of SS into 25 sections and scattered five types of heat storage
materials in them simultaneously with black granite blocks, red brick blocks, pebbles,
charcoal and sand. The experimental results showed that the water production of the SS
with heat storage materials increased by 23.08% compared to that of the conventional
SS, and at the same time, the SS with heat storage materials was able to maintain a
higher water temperature and water production in the case of reduced sunlight hours.
Sakthivel et al. [13] used 6 mm grain size black granite as a thermal storage material to
experimentally investigate the effect of rock heat storage material on the performance
of SS at different rock layer thicknesses. In addition, a mathematical model was
developed to simulate the actual experimental results and it was found that the
simulated and actual values were in good agreement. Abdallah et al. [14] added black
volcanic rock to SS to improve the thermal performance and increase the freshwater
yield of a conventional SS. The experimental results showed that the freshwater gain
from the addition of black volcanic rock was about 60% and there was no corrosion
problem. Arjunan et al. [15] used various heat storage materials such as black granite
gravels, pebbles, and blue metal stones in their experiments, and the results showed that
the water production in SS at night increased significantly with the use of heat storage
materials, and that the heat storage properties of black granite gravels were better than
those of pebbles and blue metal stones. Rajaseenivasan et al. [16] placed charcoal, sand
and metal scrap as heat storage materials in the spaces between rectangular glass fins
on the bottom plate of SS and water production increased by 33.7%, 26.74% and 29.3%,
respectively. Gnanaraj et al. [17] laid black granite of 10-15 mm particle size at the
bottom of a conventional double slope SS, which significantly increased the water
production in the afternoon and at night in the distillation tank, with a 69.84%

improvement in daily water production at the same water level. Madhu et al. [18]



98  experimental study found that the use of rubber mat and polyester mat in SS increased

99  the water production of the SS by 57.1% and 59.5% respectively. Bilal et al. [19] tested
100  the use of pumice stones as heat storage material under the same water quantity
101  conditions and found that the daytime water production of SS decreased by 10.35% and
102 17.02% and nighttime water production increased by 1.32% and 3.62% when 5 kg and
103 10 kg of pumice stones were used, respectively, and the daily water production
104  decreased with the increase in the mass of the stones. Patel et al. [20] used Thermic
105  fluids HP-500 as a heat storage material in a conventional SS and it was found that at a
106  water depth of 2 cm, there was an increase of 11.24% in the water production of the SS.
107  Kabeel et al. [21] used jute cloth knitted with sand as heat storage material. The sand
108  continuously releases the stored heat and evaporates the moisture absorbed by the jute
109  cloth. Also due to the capillary action and water absorption of the jute cloth, the
110  evaporation of water can be accelerated. It was found that the water production of SS
111 increased from 5.5 kg/m? to 5.9 kg/m?. Kabeel et al. [22] investigated the performance
112 of SS with high thermal conductivity graphite as absorber plate and heat storage
113 material at the same water level. The experimental results showed that the daily water
114  production was enhanced by 74.89% to 80.05% by using graphite. Omara et al. [23]
115  experimentally investigated the effect of yellow and black sand beds on the thermal
116  performance of SS. The results showed that the daily water production increased by 42%
117  and 17% with the use of black and yellow sand beds, respectively. Samuel et al. [24]
118  encapsulated 127 g of rock salt in spheres made of plastic with a diameter of about 6
119 cm and arranged several such spheres on the bottom plate of a SS as heat storage
120 material. It was found that the daily water production of SS increased from 2.6 kg/m?
121 to 3.7 kg/m?. Kumaravel et al. [25] used blue metal stones and pebbles to store heat in
122 SS. The experimental results showed that the enhanced of water production in the SS
123 by metal stones was better than that of pebbles; and the freshwater production increased
124 by 18% in the SS using both metal stones and pebbles as compared to that of the
125  conventional SS. Prasad et al. [26] added black-painted copper plate and phosphate
126  pellets as heat storage material in a conventional SS. The experimental results showed
127  that the water production increased by 14.96% when black-painted copper plate was
128  used alone and by 29.53% when a combination of copper plate and phosphate pellets
129  was used. Saravanan et al. [27] used marble as heat storage material in a dual slope SS
130 and found that the daily water production of the SS was increased from 3.52 L/m? to
131 4.094 L/m? and the efficiency of the system was increased by 16.32%. Dumka et al.
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[28] added cotton bags filled with sand to the conventional SS to increase the heat
storage capacity and water surface area. The cumulative water production of the SS was
increased by 28.56% and 30.99% with 30 kg and 40 kg basin water, respectively, and
the overall efficiency of the system was increased by 28.96% and 31.31%, respectively.
Mohamed et al. [29] experimentally evaluated the enhanced of black basalt on the
performance and freshwater production of SS. The results showed that the water
production of the SS was enhanced by 19.81%, 27.86% and 33.37% for 1 cm, 1.5 cm
and 2 cm stone sizes, respectively; and the maximum daily thermal efficiency of the SS
was about 22.6% for 2 cm stone size, which is an improvement of about 32.07%. Attia
et al. [30] used salt balls as heat storage materials in hemispheric solar distillatory. Four
different sizes of spherical rock salt balls (0.50, 1.0, 1.50 and 2.0 cm) were tested, and
it was found that the water yield was 45.6 %, 34.4 %, 27.3 % and 21.9 % higher than
that of the reference hemispheric solar distillatory, respectively.

Currently, the more widely used sensible heat storage materials in SS are locally
available and inexpensive rock materials of various types, and the use of these rock
materials has considerable enhanced effects on the thermal performance and freshwater
output performance of the SS. However, most of the existing studies on rock heat
storage to enhance the performance of SS are mostly limited to experimental studies,
and the theoretical studies are very few, which are unable to carry out theoretical
simulation and prediction of the operational characteristics of the SS as well as the
optimization of the heat storage material configuration. In order to enhance the water
production capacity of SS, realize the theoretical prediction of the enhanced SS
performance, and enrich the theoretical research basis of the desalination technology of
SS, based on the experimental test, this paper makes a horizontal comparative study on
the effects of rock, corrugated plate and membrane distillation enhancement measures,
and tests their operation rules and water production effects to reveal the enhanced
operation mechanism and provide data support for theoretical research. At the same
time, a non-stationary physical mathematical model of rock enhanced SS is established
based on the body-centered cubic stacking rock technology to realize the function of
theoretical simulation, prediction and optimization of the operating characteristics of
rock enhanced SS. Relying on the constructed mathematical model, the influence of
rock parameters on the distillation effect is investigated, and the optimized

configuration of rock materials is carried out to further enhance the performance of SS.
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2. Construction of solar still enhanced by different technologies

The experimental setups of different technologies enhanced SS are shown in Fig.
1. In Fig. 1(a) from back to front are the traditional basin solar still (SS1), rock enhanced
solar still (SS2), corrugated plate enhanced solar still (SS3) and membrane distillation
enhanced solar still (SS4), respectively. The four stills are identical in structure and size,
and their geometric dimensions are shown in Fig. 1(b). 8 mm thick plexiglass is used
for the bottom and walls of the stills. The bottom surface and inner side walls of the
basin are painted black. The outside surface of the bottom and wall paste 20 mm-thick
black rubber-plastic board, and then lay 30 mm-thick polystyrene foam board. A 3.5
mm thick transparent plate glass is used for the cover of the still. The seawater in the

basin is simulated by sea crystal and the seawater depth in each SS was 10 cm.

Glass cover

Plexigl
Rubber plastic exiglass
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(a) Experimental setups (b) Geometric dimensions
Fig.1. The experimental setups of different technologies enhanced SS
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The rocks used in the SS are shown in Fig. 2 as flat black and gray pebbles, and
their heat storage layer parameters and physical properties are shown in Table 1. The
rocks were uniformly laid and spread over the bottom plate in the SS to form the rock
heat storage layer, which was about 4.0 cm thick. The physical drawing and
corresponding dimensions of the corrugated plate used in the SS are shown in Fig. 3.
The corrugated plate is made of black and gray plexiglass and is designed with 5 equally
spaced tabs with a width of 10 cm, a height of 4 cm and a groove width of 10 cm. The

corrugated plate is arranged over the bottom plate of the SS.
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Table 1 Parameters and physical properties of pebble heat storage layer

Parameters and physical properties Value
Average thickness 1.8 cm
Average horizontal particle size 5cm
Density [25] 2563 kg/m?
Thermal conductivity [25] 2.07 W/(m-K)
Specific heat capacity [25] 820 J/(kg'K)

The membrane module was installed vertically on the high side of the still, as
shown in Fig. 4, with a length of 83 cm, a height of 10 cm, and a width of 6 cm. The
area of the hydrophobic microporous membrane is 2x36x6 cm?, the thickness is 160
um, the membrane pore size is 1.2 pm, the membrane porosity is 0.8, the membrane
tortuosity is 2, and the membrane thermal conductivity is 0.25 W/(m-K). The thickness
of the air gap between the hydrophobic microporous membrane and the condensation
plate is 5 mm. The condensation plate is made of plexiglass, and the cooling water is
tap water, which enters the condensation room from the lower part of the condensation
room by the introduction water pipe. Under the action of tap water pressure, the cooling
water flows upwards in the condensation room while absorbing the condensation latent
heat released by the condensation of water vapor in the membrane module on the
condensation plate, and then flows out from the outlet pipe on the top side wall of the
condensation room. The water flow rate is 200 L/h and is set by means of a float flow

meter.
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Fig. 4. Vertical installation of membrane module
Solar irradiance, ambient temperature and humidity, and ambient wind speed were
measured by photoelectric solar radiation sensor, temperature and humidity transmitter
and three-cup wind speed sensor respectively. Platinum resistance was selected to

measure the internal and external surface temperature of the cover, seawater
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temperature and cooling water temperature. The details of the sensors are listed in Table
2. Solar irradiance, ambient temperature and humidity, ambient wind speed and
temperature of each measurement point of the still were automatically collected by the
measurement system with an interval of 5 min. Fig. 5 shows the arrangement of the

temperature measurement points of the four stills and the composition of the collection

system.
Table 2 Sensor information
Equipment Model Range Accuracy and error
Photoelectric solar
L. RS-RA-*-JT 0~1800 W/m? 1 W/m?, £2%
radiation sensor
Temperature and —40 °C~+120 °C +0.5 °C, (25 °C)
RS-WS-N01-SMG
humidity transmitter 0% RH~80% RH +3% RH
Three-cup wind
RS-FSJT-* 0~30 m/s +(0.2+0.03V) m/s
speed sensor
Platinum resistance
WZP-PT100 =40 °C~+200 °C +(0.15+0.002T) °C

temperature sensor

Photoelectric solar{ Temperature and hree-cup wind
radiation sensor |humidity transmitter| speed sensor

Rs485 Bus
=

Temperature
data collector

Temperature
data collector

Temperature
data collector

Temperature
data collector

SS1 SS2 SS3 SS4

Fig.5. Measurement points arrangement and acquisition system composition

The freshwater produced by each SS flowed into a 500 ml mineral water bottle
through a drainage tube and was weighed every 60 min by an electronic scale with a
range of 0-5000 g and an accuracy of 1 g. After recording the water production data,
the freshwater was poured back into the still through the water level indicator channel
leading from the side wall of the SS to keep the brine concentration and the thickness
of the seawater layer unchanged.

The test site is the roof of the Qinxue Building of Jiangning Campus of Hohai
University in Nanjing (31°54'50"N 118°47'10"E). After the stable operation of the
device, the test data collection began at 09:00 a.m. on September 8, 2021 and ended at
11:30 a.m. on the 9th.
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3. Results and discussion
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Fig. 6 shows the curves of solar irradiance, ambient temperature and ambient wind
speed on the test day, from which it can be seen that the test day is representative of the
sunny weather in autumn.

Fig. 7 shows the temperature variation curves of each measuring point in the four
stills under the same seawater level, and Fig. 8 shows the temperature difference
between the seawater and the inner surface of the cover in the four stills under the same
seawater level. As can be seen from Fig. 7, the change trend of seawater temperature in
the four stills was the same, only the values were different. From an overall perspective,
SS3 had the highest seawater temperature. The seawater temperature at SS2 was lower
than that at SS3 for most of the time, except for the time period in the area of peak
seawater temperature, which was slightly higher than that at SS3. The seawater
temperatures in both SS2 and SS3 were slightly higher than those in SS1 as a whole,
and significantly higher in the peak region than those in SS1. The peak seawater
temperatures in SS3 and SS2 were 47.3°C and 47.5°C, respectively, which were 1.2°C
and 1.4°C higher than those in SS1, respectively. This is because the laying of
corrugated plate and rocks at the same water level makes the seawater in the stills less
voluminous and less thermally inert, so the seawater heats up faster and rises higher. In
addition, the presence of black and gray corrugated plate and rock heat storage reduces
the reflectivity of the bottom of the still, which can absorb more solar radiation and
reduce the preheating time of the seawater, shortening the seawater heating time and
thus increasing the temperature difference with the glass cover. It can also be seen from
Fig. 8 that the seawater-cover temperature difference under these two enhancements
was slightly higher than that of the traditional one. The increase of seawater temperature
and seawater-cover temperature difference will promote the evaporation and

condensation of seawater, which is conducive to the increase of freshwater production.
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These also fully indicate that the corrugated plate and rocks have the effect of improving

258 the heat storage effect of traditional SS. Since the corrugated plate has a larger surface
259  area to receive solar radiation, which means that it can absorb more solar energy, the
260  corrugated plate is more effective in improving the heat storage effect of the SS than
261  the rocks.
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266 As can be seen in Fig. 7, SS4 had the lowest seawater temperature and it was
267  significantly lower than that of the other three units. According to the literature [5], the
268  membrane distillation enhanced only additionally adds the membrane distillation effect
269  to water production, but does not improve the heat storage effect of the still. In addition,
270  due to the design limitations of the experimental device, the latent heat of condensation
271  released by the condensation of the water vapor in the membrane module is absorbed
272 by the cooling water in the condensation room. As the cooling water is discharged away,
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the latent heat is not recycled. So, it exacerbates the heat loss from the still to the outside
world, making the seawater temperature significantly lower than that of the other three.
This also indicates that it is important to recover the latent heat of condensation released
on the condensing plate back into the SS.

It can also be seen from Fig. 7 that the four SSs have the same trend of cover
temperatures with very small differences. The seawater temperature of the SS enhanced
by membrane distillation is significantly lower than the seawater temperature of the
other three units, and its cover temperature is slightly lower than that of the other three
units, so its seawater-cover temperature difference is lower than that of the other three
units, as shown in Fig. 8.

It can also be seen from Fig. 7 that for the corrugated plate enhanced SS, the
temperature change of the corrugated plate bottom plate is similar to that of its seawater
temperature. Only in the sunshine period, the temperature of the corrugated plate is
significantly higher than the seawater temperature, while there is no difference with the
seawater temperature in other periods. This is because the black corrugated plate can
receive more solar radiation through the glass cover and seawater layer during the
sunshine period, which improves the utilization rate of solar energy. The base of the
corrugated plate is thinner, and under the same irradiance, the bottom plate warms up
faster than the convex platform, and because seawater warms up mainly by absorbing
the heat transferred from the bottom plate and the convex platform, the temperature of
the bottom plate is significantly higher than that of the seawater. The corrugated plate
is used as an exothermic source to heat the seawater in other time periods, and with the
output of the heat source, the temperature of the corrugated plate itself decreases, and
finally it is basically the same as the seawater temperature.

From the overall view of the change curves in Fig. 8, the seawater-cover
temperature difference was the highest under corrugated plate enhanced. The seawater-
cover temperature difference under rock enhanced had little difference with that of the
traditional SS, and the seawater-cover temperature difference under membrane
distillation enhanced was the lowest. Since the environmental conditions above the
glass cover are the same, the change in seawater-cover temperature difference under
the same heat dissipation conditions is mainly related to the amount of convective heat
transfer between the seawater and the glass cover, and thus depends more on the change
in seawater temperature.

Fig. 9 shows the variation curve of the hourly freshwater production of the four
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stills at the same seawater level. As can be seen, the peak water production areas of the
four units were all around 18:00. In the rising period of water production, the water
production of the enhanced still was higher than that of the traditional still. Because at
this stage, the positive temperature difference is the main factor affecting the water
production rate [31]. In the peak water production area, the water production of the
enhanced still was much higher than that of the traditional still, because the seawater
temperature is much higher than 40°C at around 18:00, with a large seawater-cover
temperature difference and strong seawater evaporation power. During this period, the
seawater temperature under corrugated plate enhanced and rock enhanced was
significantly higher than that in traditional still, and the temperature difference between
seawater and glass cover was also higher than that in traditional still. In the period of
decreasing water production, the difference between the water production of the
enhanced still and the traditional still is very small. Because seawater temperature is
the main factor affecting water production at this stage [31], the difference between
seawater temperature under corrugated plate enhanced and rock enhanced is very small
compared with that of traditional still.

The freshwater production under membrane distillation enhanced in Fig. 9 consists
of two parts, namely the hourly water production of basin distillation and membrane
distillation. Although the seawater temperature and seawater-cover temperature
difference of the SS4 are the lowest among the four stills, which means that the basin
distillation water production in SS4 determined by these two factors is lower than that
of other stills, the total hourly water production of SS4 is instead superior to that of SS2

because it is compensated by the membrane distillation water production.
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Fig. 10 shows a histogram of the total water production of the four stills during the

test period at the same seawater level. It can be seen from the figure that these enhanced
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processes can increase freshwater production, and the corrugated plate enhanced has
the best effect, followed by membrane distillation enhanced and rock enhanced. During
the whole test period, the total water production of rock enhanced, corrugated plate
enhanced and membrane distillation enhanced stills increased by 6.38%, 12.30% and
11.63%, respectively, compared to that of the traditional still.
4. Construction and validation of a model for predicting the
performance of a rock enhanced solar still
4.1 Predictive model construction for performance of rock enhanced solar
still

Fig. 11 shows a physical model of a rock enhanced SS. In the still, a rock heat
storage is laid on the floor of the still. During the period of solar irradiation, the surface
layer of the rock heat storage absorbs the solar radiation through the glass cover and
heats up, and part of the heat stored in the surface layer is used to heat the seawater
above it, and part of it is transferred to the heat storage layer below for storage. During
periods of no solar irradiation, the heat stored in the rock heat storage begins to be

released to heat the seawater.

Glass cover
Freshwater collection slot
(@

Pebble heat storage

Drainage outlet llff D

=—I Insulationdayer:

Fig.11. Physical model of a rock enhanced SS

In order to theoretically calculate and predict the freshwater production of the rock
enhanced SS and find ways to improve its performance, it is necessary to construct a
mathematical model of energy transfer, and analyze and comprehensively study the heat
and mass transfer processes in the still. In order to facilitate the further development of
the study, the following assumptions are made:

(1) Ignoring the temperature difference in the glass cover, it is approximated as a
lumped heat capacity.
(2) Ignoring the temperature difference in the seawater layer, it is approximated as a
lumped heat capacity.

(3) Ignoring the temperature difference in the bottom plate, it is approximated as a
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lumped heat capacity.

(4) Ignore differences in solar irradiation angles.

(5) The sealing and heat preservation performance of the still is good, and there is no
steam leakage.

@ The shape of the rock is approximately equal-diameter sphere, and the sphere is
arranged in a body-centered cubic stacking mode.

The energy transfer process in the rock enhanced SS is shown in Fig. 12.

Ambient wind
W
Glass cover(ge) Ty,
@Gsw }lr,sw-gc }lc,sw-gc e,swW

Seawater(sw)

Heat storage Tow P Qe hss-sw

surface(hss) Thss" .. ' '.‘1 K
X X X X X X Jafesks X X X ]

e wrs) 1, GGG S GOPSOOOO®
Bottom plate(b) T}, b
,b-a

Fig.12. Energy transfer process in rock enhanced SS Fig.13. Body-centered cubic stacking
mode

(1) The heat balance equation of the glass cover is:

— gc
ach + qr,sw—gc + qc,sw—gc + qe,sw - qr,gc»s + qc,gc—a + Cp,chgc dT (1)

Radiative heat transfer rate between seawater and glass cover Dyoge
qr,sw—gc = hr,sw—gc (T;w - T;'c) (2)
Radiative heat transfer coefficient between seawater and the glass covers, .
[32]:

o(T,+T,)(T2+T72)

r,sw-ge

€)

Ve, +1/¢e, -1

o is Stefan-Boltzmann constant. &, is the emissivity of seawater. &, is the

emissivity of the glass cover.
Convective heat transfer rate between seawater and glass coverg, -

qc,sw—gc = hc,sw—gc (Tsw - ‘Tgc) (4)
Convective heat transfer coefficient between seawater and the glass covern,_

[33]:
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—p )T, [
h .. ..=0.884x TSW_TC_,_M (5)
e “ 7 268900 p_
Water vapor pressure near the sea surface p, and near the glass cover p,
Pan =exp£25.317—%J (6)
T,
144
D =exp(25.317—5—J (7)
T,
Evaporative heat transfer rate between seawater surface and glass coverg,  :
qe,SW = he,sw—gc (TS‘W - TgC) (8)

Evaporative heat transfer coefficient between the seawater surface and glass cover
h [33]:

Byoe =16273x107°h (py, — P )/ (T, —T,) ©)

e,sw-gc c,sw—gc

Radiative heat transfer rate between the glass cover and the skyq, . :

qr,gc—s = hr,gc—s (T'gc - 7:) (10)

Radiative heat transfer coefficient between the glass cover and the sky s, [33]:

e =6, 0T AT, +T) (11)

r,gc—s

Sky temperature T, is calculated from ambient temperature 7, K:

7. =0.0552xT)"° (12)

Convective heat transfer rate between glass cover and external environmentgq,  , :

qc,gc—a = hc,gc—a (Tgc _]:1) (13)
Convective heat transfer coefficient between glass cover and external environment

B e [34]:
By =2.843V,,, (14)

Ve 1S the ambient wind speed.

(2) The heat balance equation of the seawater layer is:
dT,

SW

aswrch + qc,hss—sw = Qr,sw-gc + qu,sw-gc + qe,xw + Cp,st sw dT (15 )

Convective heat transfer rate between seawater and the heat storage surface
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qc,hss—sw :
qc,hss-sw = hc,hss-sw (];135 - T;w ) (1 6)
Convective heat transfer coefficient between seawater and the heat storage surface
h, ... 18 selected from [35], & , =~ =475 W /(m2K).

(3) The heat balance equation of the heat storage surface is:
dY‘;’lSS
dr

It is assumed that the surface layer is the top layer of the rock layer. The solar

ahssrgc (1 - asw) G = qc,hss—sw + qh,hss—hs + Cp,hssM hss

(17)

radiation through the seawater layer is mainly absorbed by the heat storage surface, and
then the heat is transferred down to the rock heat storage layer, which is similar to the

heat transfer in the solar air heater in the absorption plate and the rock heat storage [36].
Thermal conductivity of the surface layer of the heat storage to the heat storage

layer qh,hss -hs :

A,
qh,hss—hs = 5}” (7-;1&3‘ _Tb) (18)
hs

The calculation of the effective thermal conductivity of the rock heat storage layer
needs to consider the porosity of the layer, which is the weighted average of the thermal
conductivity of liquids and solids in the layer [37], so the effective thermal conductivity

of the rock heat storage layer A, :

Ay =02, +(1-9) A, (19)
In the above equation, A, and A are the thermal conductivity of liquid

seawater and solid rocks in the layer, W/(m'K), respectively. ¢ is the porosity of the

layer, determined by the way the rock particles are accumulated. Here, the rock shape
is assumed to be approximately equal-diameter sphere arranged in a body-centered
cubic stacking mode, as shown in Fig. 13. The corresponding equation for ¢ is:

¢=1_(2.;‘m3)/(j§rj ~32% (20)

The effective specific heat capacity C,, ~and mass per unit area M, of the
surface layer:

Cp,hxs = ¢Cp,f + (1 - ¢) Cp,s (21)

M, =(do, +(1-94)p,)d, (22)

where, ¢, and C,  are the specific heat capacities of liquid seawater and
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solid rocks in the surface layer, J/(kg K), respectively. o, and p, are the densities
of liquid seawater and solid rocks in the surface layer, kg/m’, respectively. d, isthe
average particle diameter of the rocks, m.

(4) The heat balance equation of the bottom plate is:

dT,
Qinss =Dnpat Cp,be d_; (23)

Since the rock heat storage layer is laid on the bottom plate of the still, the contact

thermal resistance between the heat storage layer and the bottom plate is small and
negligible, so ¢, , ,

= qh,hss—hs °

Thermal conductivity of the bottom plate to the insulation layerg, , -

A
Qypa = f(@ -1, ) (24)

ins

A

ins

is the thermal conductivity of the insulation layer, W/(m'K). 8, is the

ns

thickness of the insulation layer, m.

The hourly water production of the still M, :
60/At

My = 3 L8 4y, X601 5)

disc
i=1

185wl

where, i is the time node; A is the time step, 5 min; A, is the horizontal

isc
evaporation area of the still, m?.
The initial conditions are: r=0; 7=m, T=T (r)K

Meteorological conditions are based on a meteorological function model [31]:
T =273.15+ta_vg+Atcos(%(r—14)) (26)

T—m

G=G_, sin(

max

), m<r<n (27)

where, f,, and Ar indicate the daily average value and daily variation value of

avg
ambient temperature respectively. G, is the maximum daily solar irradiance. m and

n indicate the time of sunrise and sunset, respectively.

4.2 Model validation

In order to verify the correctness and rationality of the mathematical model of the
rock enhanced SS, the structural parameters of the still used for the simulation were
adopted from the basic structural dimensions of the test setup. Since the shape of the
rock is approximated as an equal-diameter sphere, the particle size of the equal-
diameter sphere, which is close to the volume of the gray pebbles used in the test, is 2.5
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cm. Also, since the spheres are arranged in a body-centered cubic stacking mode, the
porosity is 32%. The climatic conditions measured on the test day of September 8, 2021,
as described above, are taken for the simulations: 1z, =252 °C, Ar=34 °C,

G, =800 W/m?, m=5:50, n=18:20. The mathematical model was programmed

with Matlab in a time step of 5 minutes. The numerical calculation process is shown in
Fig. 14, which can calculate the temperature distribution and freshwater output during
the all-weather operation of the rock enhanced SS.

Input physical, environmental,
and geometric parameters
3

‘ Set time step, convergence error

Equation discretization
and node determination

Establishment of algebraic equations
for nodal physical quantities

Set initial value
of iteration

| Solve equations
v

Next time Get the temperature distribution,
ste) freshwater production

N
<Error < Convergence error
e

Yes

No
Deadline?
Yes

Output temperature distribution
and freshwater production
L

Fig.14. Flow chart of numerical solution

Reset initial
value

The reasonableness and reliability of the numerical results need to be compared
with the test results, and the validity of the comparison is expressed by the correlation
coefficient 7 , and the proximity to the test results can be expressed by the root mean

square e . The correlation coefficient 7 and root mean square ¢ are modeled as [38]:

. N 5y, =2 ()2 () 28)
\/Nzxiz _(in)Z ‘\’Nzyiz _(Zyi)Z

where, N is the number of variables; X, and J; are the calculated and

experimental value, respectively. 0.8<|r|<1 indicates a high correlation;

0.5<|r|<0.8 indicates a significant correlation; 0.3<|r|<0.5 indicates a low



484  correlation; 0< |r| < 0.3 indicates a weak correlation.

485 (29)
486 where, ¢ = u

xi
487 If the » wvalue is in the high correlation region; e is less than 5% and can
488  exceed 5% for special reasons, it means that the model calculated value and the test
489  value are in better agreement, and the model simulation effect is acceptable.
490 Fig. 15 shows the curves of the experimental values compared to the calculated

491  wvalues for the operation of the rock enhanced SS. Table 3 is a statistical summary table

492  comparing the experimental and calculated values.
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Table 3 Statistical summary table comparing the experimental and calculated values

Statistical analysis r% e%
Solar irradiance 93.51 20.44
Ambient temperature 93.67 3.26
Seawater temperature 99.44 4.47
Glass cover temperature 95.56 4.68
Hourly water production 99.09 31.02

As can be seen from Fig. 15 and Table 3, the calculated values are in good
agreement with the experimental values, and can better reflect the experimental values.
Among them, the root mean square deviation of solar irradiance is mainly caused by
the large number of mutant singularities measured during the period when the solar
irradiation level is high at noon. The root mean square deviation of the water production
of the still is large, which is reflected in the fact that the calculated value of the water
production from 9:00 to 12:00 is zero, which is low, and the calculated value of the
water production in other periods is higher than the experimental value. The main
reason is that when the temperature difference between seawater and cover is negative,
it is assumed that the entire still does not produce freshwater and the freshwater output
is zero. However, when the temperature difference between the seawater and the cover
plate at the measuring point in the center of the cover plate is negative, the temperature
difference at other locations of the cover plate is not negative at the same time, and
there will still be water vapor condensation at these locations to produce a certain
amount of freshwater. Therefore, the calculated values for this period are lower than the
experimental values. In other periods, the calculated value of water produced is higher
than the test value. It is because some of the distilled water condensed on the inside of
the glass cover drips back to the still on the way to the collection slot and is not collected,
which makes the test water volume small, and the heat loss caused by the poor sealing
of the still will also make the test water volume small.

5. Analysis of the impact of core parameters of rock enhanced solar
still

In order to further improve the daily water production and energy utilization
efficiency of the rock enhanced SS, optimizing the parameter configuration of the rock
heat storage layer is a feasible approach. Therefore, it is necessary to explore the
operation and output of the rock enhanced SS under different heat storage layer

thicknesses, rock particle sizes and rock materials under the designed environmental
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conditions based on the established mathematical model. The design environmental

conditions are: 7, =28°C, At=4°C, G,.. =1000 W/m?, m=6:00, n=18:00,

v, .. =1.5m/s. The basic structural design parameters of the rock enhanced SS in the

wind

analysis are the same as those of the test device, and the seawater depth is H,,=0.1m.

Among them, the rock material in the still is pebble, with an average particle size

d, =2.5 cm. The rock heat storage layer is composed of two layers of pebbles arranged

in a body-centered cubic stacking mode, and the thickness of the heat storage layer is

H_ =0.0394m, and the porosity of the rock heat storage layer is ¢ =32 %.

5.1 Effect of rock heat storage layer thickness

The pebbles in the still have an average particle size ¢, =2.5 cm and are arranged

in a body-centered cubic stacking mode to form a rock heat storage layer. When the
seawater level is 10 cm, the correspondence between the number of rock heat storage
layers and the thickness of rock heat storage layer and seawater layer is shown in Table
4.

Table 4 Correspondence between the number of layers and thickness of the rock heat
storage layer

Number of heat storage layers One Two Three Four Five
Thickness of heat storage layer/cm 2.50 3.94 5.39 6.83 8.27
Thickness of seawater layer/cm 7.50 6.06 4.61 3.17 1.73

Fig. 16, 17, 18 and 19 show the variation curves of hourly water production,
seawater temperature, seawater-cover temperature difference and heat exchange rate
per unit area between the heat storage layer and seawater under the same seawater level

and different heat storage layer thicknesses, respectively.
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Fig. 16. Hourly water production Fig. 17. Seawater temperature
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Fig. 18. Seawater-cover temperature difference Fig. 19. Convective heat transfer rate

As can be seen from Fig. 16, on the fourth day of stable operation, with the increase
in the number of rock heat storage layers from one to five, the water production and the
peak value in the rising period increased more, and the peak point shifted to the left
more significantly. The water production and troughs decreased during the period of
declining water production, but the decrease in troughs was not significant and the
leftward shift of the trough point was also not significant, and the daily fluctuations in
water production increased. This is mainly due to the fact that with the increase of the
rock layer, the thickness of seawater decreases, the heat capacity of seawater decreases,
the thermal inertia decreases, and the seawater temperature and seawater-cover
temperature difference are more likely to rise and fall. That is, after sunrise, the
temperature of the seawater with a smaller thickness rises earlier, faster and higher (Fig.
17). The same is true of the seawater-cover temperature difference (Fig. 18), so the peak
point of water production is shifted to the left, and the peak value is higher. After the
peak, both seawater temperature and seawater-cover temperature difference drop faster
and lower with smaller seawater thickness. Although the heat released from the heat
storage layer to seawater at night increases with the increase of the thickness of the rock
heat storage layer (Fig. 19), the heat released does not change the trend of seawater
temperature decline due to the existence of heat dissipation loss, but only slows down
the seawater temperature decline rate and magnitude, so the decrease of the trough point
of water production and the left shift are not significant.

Fig. 20 is a histogram comparing the total daily, daytime and night water
production of the still during stable operation on the fourth day under the same seawater
level and different heat storage layer thicknesses. The daytime water production period
is 6:00-18:00, and the night water production period is 18:00-6:00. It can be seen from
the figure that with the increase of the thickness of the heat storage layer, the total daily
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water production shows a gradual upward trend. The water production of the still was
dominated by nighttime water production (53.87% of the total water production under
the condition of one layer of heat storage layer) and gradually changed to be dominated
by daytime water production (73.59% of the total water production under the condition
of five layers of heat storage layer), and the difference between day and night water
production gradually increased. This is because a thicker heat storage layer at the same
seawater level leads to a reduction in seawater volume, a faster warming of seawater
during sunshine, and a higher overall seawater temperature. This leads to an increase in
the positive temperature difference between the seawater and the glass cover, which is
very favorable to the water production in the peak production region [31]. The increase
in daytime water production compensated for the dip in nighttime water production
caused by the decrease in the thermal storage capacity of the SS, thus increasing the

total water production.
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Fig.20. Daily water production with different heat storage thicknesses

Fig. 21 and Fig. 22 show the variation curve of the daily and cumulative water
production of the rock enhanced SS under different heat storage layer thicknesses. As
can be seen from Fig. 21, as the thickness of the heat storage layer increases and the
thickness of the seawater layer decreases, the number of days required for the device to
enter stable operation gradually decreases, and the stable water production begins
earlier. This is because the reduction of seawater shortens the process of seawater heat
absorption and heat storage at the beginning of the operation of the device, and when
the thickness of the heat storage layer is 8.27 cm and the thickness of the seawater layer
is 1.73 cm (corresponding to the five layers), the still basically reaches stable operation
on the second day of operation. It can be seen from Fig. 22 that when the heat storage

layer is thicker and the seawater layer is thinner, the period when the curve slope
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changes significantly shortens but the magnitude of the slope change increases, and the
period when the curve slope tends to zero is prolonged. It indicates that with the increase
of the thickness of the heat storage layer, the peak water production period of SS is
shortened, but the peak water production volume rises, the trough water production
period is prolonged, the fluctuation of the cumulative water production curve becomes
more and more violent, and the equilibrium and continuity of the water production are

destroyed. However, the total cumulative water production is significantly increased.
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Fig.21. Variation curve of daily water production Fig.22. Variation curve of cumulative
water production

From the perspective of increasing water production, the water production of the
still under the five-layer heat storage layer has obviously been improved. However, the
increase of the thickness of the heat storage layer and the decrease of seawater volume
will worsen the balance of the hourly water production distribution of the still and the
balance of diurnal water production, which is not conducive to the stable water
production of the still. Therefore, as a compromise, the thickness of the 5.39 cm heat
storage layer corresponding to the three-layer layer with a particle size of 2.5 cm was
taken for follow-up research.

5.2 Effect of rock particle size

It is necessary to explore the effect of rock particle size on the operation and output
performance of the still at a thickness of 5.39 cm. Since the rocks are arranged in a
body-centered cubic stacking mode, there is a correspondence between the rock particle
size and the number of layers shown in Table 5 when the thickness of the heat storage
layer is guaranteed at 5.39 cm.

Table 5 Correspondence between rock particle size and the number of layers

Number of heat storage layers 2 3 4 5 6
Rock particle size/cm 3.42 2.50 1.97 1.63 1.39
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Fig. 23 shows the variation curves of hourly water production under different rock

particle sizes. Fig. 24 shows the temperature curve of the heat storage surface layer. Fig.

25 shows the variation curve of convective heat transfer rate per unit area between the

surface layer of heat storage and seawater. Fig. 26 shows the curve of seawater

temperature. Fig. 27 shows the seawater-cover temperature difference.

450 -

N
=3
IS

Hourly freshwater production/g-h™!

[ 1.39cm-e— 1.63cm 4 1.97cm v 2.50cm 4 3.42cm|

12:00  00:00

12:00  00:00 12:00 00:00
Time/h

12:00  00:00

(SR
o
=75
9

>
00
£
65 |-
1o
S60
Ss5h
PNl
S50 o
Sasl
5 j
a0
2 j
£350¢
2

330
£25

z 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00

Time/h

Fig. 23. Hourly water production Fig. 24. Surface temperature of heat storage layer

12:00  00:00 12:00 00:00 12:00 00:00

Time/h
Fig. 25. Convective heat transfer rate

12:00  00:00

80
75

1 1 1 1 1 1 1 1
12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00
Time/h

Fig. 26. Seawater temperature

Q12 -
J

[ 139cm@- 1.63cm 4 1.97em v 2.50cm 4 3.42cm|

—_
(=1

o0

(=)}

S~

o

(=1

'
S}

Seawater-cover temperature difference/'

'
ISy

12:00  00:00

12:00 00:00
Time/h

12:00 00:00 12:00 00:00

Fig. 27. Seawater-cover temperature difference

It can be seen from Fig. 23 that on the fourth day of stable operation, with the

increase of rock particle size, from 1.39 cm to 3.42 cm, the peak point of hourly water
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production in the still decreases greater, and the peak point shifts to the right; the valley
value increases slightly, the valley point moves slightly to the right, and the daily
fluctuation of water production decreases. This is due to the increase in particle size,
the thickness of the heat storage surface layer increases, the amount of heat storage
increases, and the heat capacity and thermal inertia increase. Under the same solar
radiation, the larger the particle size, the slower the heating rate of the rock heat storage
surface layer, the lower the rise, and the greater the decrease in the temperature rise, the
more the peak point shifts to the right (Fig.24), which in turn affects the degree of
decline of the convective heat transfer rate per unit area between the heat storage surface
layer and the seawater, making the more decrease (Fig. 25). As a result, the seawater
temperature rise was the lowest, the peak seawater temperature shifted to the right the
most (Fig. 26), and the seawater-cover temperature difference was also the lowest (Fig.
27). Therefore, the increase in water production during this period was relatively low,
and the peak point shifted to the right. In the absence of solar radiation, the larger the
particle size, the larger the heat storage stores more heat, and the temperature drop of
the heat storage itself slows down, which is better able to release heat to the seawater
(Fig. 25), slows down the cooling rate of the seawater (Fig. 26), and maintains a high
seawater-cover temperature difference (Fig. 27). Therefore, the decline of water
production was relatively slowest during this period, and the trough value of water
production increased slightly. This phenomenon indicates that for rock heat storage,
increasing the particle size appropriately is conducive to improving the uneven

distribution of daily water production.
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Fig. 28. Daily water production
Fig. 28 shows the histogram of the total daily, daytime and night water production

of the still on the fourth day under different rock particle sizes. It can be seen from the

figure that with the increase of rock particle size, the daily water production shows a
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gradual decrease trend. In this case, water production decreased during the day and
increased at night. This is because the increase in rock particle size increases the amount
of heat stored in the rock heat storage surface layer, leading to a decrease in its overall
temperature during sunlight, which in turn affects the temperature of the seawater, that
relies on the absorption of its heat transfer for warming, as well as the seawater-cover
temperature difference, resulting in a natural decrease in the amount of water produced
during the daytime. At night, the water production increased slightly due to the
increased heat stored in the heat storage layer as a result of the increased particle size,
which maintained the temperature of the whole system at a higher level. As the decrease
in daytime water production was slightly higher than the increase in nighttime water
production, the daily water production declined slightly, but the difference in daytime
and nighttime water production decreased significantly, from 790.3 g at 1.39 c¢cm to
169.9 g at 3.42 cm. The above analysis indicates that the rock particle size has a limited
effect on the total water production, but has an effect on the equalization of the daily
distribution of water production in the still. The larger the particle size, the more
equalized the distribution of water production during day and night.

Fig. 29 and Fig. 30 show the variation curve of the daily and cumulative water
production of the rock enhanced SS under different rock particle sizes. As can be seen
from Fig. 29, under the same thickness of the heat storage layer and different particle
sizes, the device basically enters stable operation after 2-3 days of operation. It shows
that the size of the rock particle size has an effect on the number of days or time required
for the device to enter stable operation, but it is not significant. At the beginning of
operation, especially on the first day, the difference of daily water production under
different particle sizes is larger, and the smaller the particle size, the higher the daily
water production. With the increase of operation days, the difference in daily water
production under different particle sizes becomes smaller and smaller until stabilized.
It can also be seen from Fig. 30 that after the device is stabilized, the larger the rock
particle size is, the more gentle the fluctuation of the cumulative water production curve
is, and the more balanced the distribution of water production is. The cumulative total

water production has decreased.
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Fig.29. Variation curve of daily water production Fig.30. Variation curve of cumulative
water production

Because the influence of rock particle size on the total water production is limited,
it mainly affects the average distribution of daily water production of the still. The larger
the particle size, the more balanced the distribution of water production day and night.
However, the particle size is too large, it is not easy to control the desired thickness of
the heat storage layer. Therefore, it is considered that the current design of rock particle
size is more reasonable. In the following study, the rock particle size of 2.5 cm is still
used.

5.3 Effect of rock material

Table 6 summarizes the physical parameters of the five common rock materials

selected, ranked in order of heat capacity.

Table 6 Table of physical parameters of selected rock materials

X Density Specific heat capacity Heat capacity Thermal conductivity
Rock material

/kg-m-3 /J-kg! K! /KJ-m?3- K1 /W-m!- K1
Red brick 1800 840 1512.00 0.86
Quartzite 2650 775 2053.75 6.18
Pebble 2563 820 2101.66 2.07
Metal stone 2323 980 2276.54 1.83
Basalt 2900 1230 3567.00 1.69

Fig. 31 shows the variation curve of hourly water production under different rock
materials. Fig. 32 shows the temperature curve of the heat storage surface layer. Fig. 33
shows the variation curve of convective heat transfer rate per unit area between the
surface layer of heat storage and seawater. Fig. 34 shows the curve of seawater
temperature. Fig. 35 shows the seawater-cover temperature difference.

It can be seen from Fig. 31 that on the fourth day of stable operation, when the

rock material is red brick, the peak hourly water production is the highest, the trough
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value is the lowest, and the daily fluctuation range of water production is the largest.
When the rock material is basalt, the peak hourly water production is the lowest, the
trough value is relatively highest, and the daily fluctuation range of water production is
the smallest. The hourly water production of other heat storage materials varies between
the two, and the difference in their water production is small. This is because the amount
of heat stored in the rock heat storage depends mainly on the heat capacity of the rock
material. The higher the heat capacity, the more heat it stores and the greater the thermal
inertness. For the same solar irradiance, the surface layer of a material's heat storage
heats up with a lag, the slower it heats up, and the lower it heats up. When there is no
solar irradiation, the temperature drop in the heat storage layer itself is slowed down as
the rock with the higher heat capacity stores more heat. Therefore, the use of the larger
heat capacity of the rock as a heat storage layer, the stills exhibit similar operating
characteristics and mechanisms as those exhibited by the larger particle size of the heat
storage layer, as can also be seen from the corresponding comparison of Fig. 32-Fig. 35
with the previous Fig. 24-Fig. 27. Red brick has the smallest heat capacity, and basalt
has the largest heat capacity. Because the heat capacity of quartzite, pebble, and metal
stone is similar, between that of red brick and basalt, their hourly water production

varies between that of red brick and basalt, and the difference is small.
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Fig. 31. Hourly water production Fig. 32. Surface temperature of heat storage layer
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Fig. 36 shows the histogram of the total daily, daytime and night water production

of the still on the fourth day under different rock materials. It can be seen from the

figure that the daily water production of rock materials from red brick to basalt

gradually decreases with the increase of the heat capacity of the materials, but the

decrease is limited. Among them, the daytime water production decreased, the night

water production increased, and the still significantly reduced the difference between

day and night water production, from the red brick when the difference of 615.9 g to

basalt when the difference of 226.6 g. This indicates that the common rock materials

have limited influence on the total water production, but have some influence on the

daily water production of the still.
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Fig. 37 and Fig. 38 shows the variation curve of the daily and cumulative water
production of the still under different rock materials. As can be seen from Fig. 37, there
are some differences in the number of days or times for the device to enter stable
operation under different rock materials, indicating that the rock materials have some
influence on the time required for the stable operation of the device. On the first day of
operation, the difference of daily water production under different materials was
slightly larger, and the daily water production of red brick with the smallest heat
capacity was relatively high. As the number of days or hours of operation increases, the
difference in daily water production under different materials becomes smaller and
smaller until it is stable. It can also be seen from Fig. 38 that after stable operation of
the device, the larger the heat capacity, the more gentle the fluctuation of the cumulative
water production curve, and the more balanced the distribution of water production.

The cumulative total water production has decreased.
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Fig.37. Variation curve of daily water production Fig.38. Variation curve of cumulative water
production

In short, when selecting rock materials, in addition to considering the influence of
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rock materials on the balance of daily water production, the rationality of the price of
rock materials can be comprehensively considered. Among the above five materials,
red brick and pebble are relatively cheap [33] and red bricks are used as rock materials
due to their higher daily water production.

According to the theoretical analysis of the influence of the design parameters, the
design parameters of the rock enhanced SS were optimally, and the basic design
parameters were as follows: the thickness of the heat storage layer was 5.39 cm, the
rock particle size was 2.5 cm, and the rock material was red brick. The daily water
production of the rock enhanced SS was 3369.7 g, which was 2.86% higher than that
before the optimal configuration, and 4.84% higher than that of the traditional basin SS.
6. Conclusion

In this paper, the test platforms of membrane distillation, rock, corrugated plate
enhanced SSs and traditional SS were designed and built. And under the actual
meteorological conditions, the operation rules and output characteristics of four SSs
were compared horizontally through experiments to explore the effects of the three
enhanced measures. An unsteady physical and mathematical model of the rock
enhanced SS was established, and the model was verified based on the experimental
data, and the effects of rock heat storage layer thickness, rock particle size and rock
material on the performance of the rock enhanced SS were investigated. The
conclusions are as follows:

(1) The use of the above three enhanced measures in the traditional still will affect
the magnitude of changes in seawater and cover temperature, but not the change trend.
The laying of rocks or corrugated plate can mainly increase the seawater temperature
and the seawater-cover temperature difference in the rising and peak areas of the
produced water, and enhance the distillation and heat storage effects of the still, in
which the enhanced effect of the corrugated plate is relatively better. The coupled
membrane distillation will increase the heat loss from the seawater, resulting in a lower
seawater temperature and seawater-cover temperature difference than in a traditional
still, which explains the importance of recycling the latent heat of condensation released
from condensation of water vapor on condensation plate back into the still.

(2) All three enhanced measures can increase the water production of the still, and
the increase of water production is mainly concentrated in the rising and peak areas of
water production, and the difference of water production of each still in the decreasing

period is relatively small. The peak water production of the four stills is the same, all
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around 18:00. During the test period, the total water production of rock, corrugated
plate and membrane distillation enhanced SS were 1456.1 g, 1537.1 g and 1528.0 g,
respectively, which were 6.38%, 12.30% and 11.63% higher than those of traditional
SS.

(3) The calculation results of the unsteady physical mathematical model of the
rock enhanced SS constructed based on the body-centered cubic stacking mode
technology are in good agreement with the experimental data, which can effectively
predict the operation and output characteristics of the still under the rock enhanced
technology in a specific environment.

(4) Under the same water level, the increase of the thickness of the rock heat
storage layer, the decrease of the rock particle size and the heat capacity of the rock
material will increase the water production in the rising and peak areas of the still,
reduce the water production in the falling period, and increase the total daily water
production. Among them, the influence of rock particle size and rock material on the
total daily water production is weak, and the increase of the thickness of the heat storage
layer will aggravate the fluctuation of water production, although the increase of water
production is more obvious. The selection of the above parameters should take into
account the effect of water production enhancement and water production balance, and
the selection of rock materials should also consider the price cost. The optimized
configuration was a heat storage layer with a thickness of 5.39 cm, a rock particle size
of 2.5 cm and a rock material of red brick. The optimized daily water production was
3369.7 g, which was 2.86% higher than the pre-optimization one and 4.84% higher than
that of the conventional SS.

Future studies will take into account the change in values after extending the
number of test cycles, as well as water quality analysis of seawater and distilled water
outputs.
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