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Abstract

Shortage of fresh water resources is a major problem that human has been faced,
especially in some remote mountains and islands where were lack of electricity. Solar
desalination technology is an effective method to satisfy the need for drinkable water
resources in some regions which are far away from cities or short of power, like islands
and villages near the sea. In order to have a progress in developing this technology there
are some critical issues should be focused on, like the materials should be inexpensive,
the technology should be easy-to-applied, and devices should be able to run without too
much maintenance and keep the stable supply of fresh water for local resident.
Nevertheless, there’s a big barrier in front of us, how to avoid the accumulation of salt
on the device so that the fresh water production rate is not affected by it during the
working process. In this passage, a type of solar passive distiller with several stages is
discussed. This technology helps solving the challenge mentioned before very well
(stable and better performance with salt rejection at the same time) by optimizing the
configuration. Here to make it clear why the salt accumulation is not happened in this
device, which means the mass transport here is more effective than the pure diffusion
phenomenon, an integrated theory is given. In this paper, the Marangoni effect at the
water-air interface is considered for the reason of the concentration differences and thus
the surface tension. The simulation results showed that the salt rejection ability of this
device is good enough to cope with the clogging during the whole desalination process.
In addition, the same device with different configurations will have different salt
rejection performances. Thus, this study can be an inspiration on how to optimize the
performance of the solar passive desalination device by changing the structure so that
this technology can be broadly adopted in rural areas with hard access with fresh water
resources in a dependable way.



1. Introduction

1.1. About desalination

As the source of all life on the earth, water is also one of the indispensable basic
substances for human survival and industrial production, an irreplaceable precious
natural resource, and one of the controlling elements of the ecological environment on
the earth. Although two-thirds of the earth’s surface is covered by water, seawater that
cannot be directly drunk or used for irrigation due to its high salinity accounts for 97%
of the total water on the earth, and only 1% is freshwater resources, in addition, the
distribution of freshwater resources is extremely uneven. With the rapid growth of
population and the continuous development of industry and agriculture, on the one hand,
the demand for fresh water will increase rapidly. On the other hand, due to the large
amount of waste discharged by industry, a large number of clean water resources such
as rivers and lakes are affected and this also caused severe pollution and destruction of
scarce freshwater resources. In the future, many countries will face the problem of
shortage of freshwater resources[1-4]. Since the seawater is the most abundant water
resource, and it is of great significance to solve the current shortage of freshwater
resources through desalination. Therefore, in coastal areas and islands with abundant
seawater resources, giving full play to the seaside advantages and using desalination
technology is a practical and sustainable way to solve the problem of water shortage in
these areas. For this reason, after entering the new century, it is considered by all
countries in the world to be the most feasible and economical way to obtain fresh
water.[5]

As we all know, the desalination process is to separate fresh water from the salt water.
So, it’s very important to find a way to do this. There are already kinds of ways, the key
theory behind these all methods is to separate the solid salt from the liquid water by
making use the specific energy. From history record, the earliest desalination devices
for drinkable water were inspired by the evaporation process (when the water is heated
up to a temperature there will be vapor and that can be fresh water when being
condensed). And the energy of heat can from the sun or burning of some material (wood
or coal etc.). Although this process is energy wasting in most cases (except solar energy),
it is still adopted to get fresh water as the principle of many desalination technologies.

With the rapid development in material science in recent decades, a new type of
material-semi-permeable membranes is found to be very suitable for the desalination
process. The reason is that only some specific size or type of ions are able to enter or
exit the membrane, thus separating the salt from the water.

1.2. State of art of solar desalination technology

All in all, in accordance with the type of energy employed in desalination process, all
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kind of technologies can be divided like this (see Fig. 1.1)[6]
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Fig. 1.1 Desalination technologies classification according to the type of energy used [6]( Picture taken from Ref.[6],
with permissions)

Among these technologies, solar desalination technology is the simplest technology
which adopts solar energy as an inexhaustible and renewable energy source for
distillation of the sea water[7] [8].

Here some efficient, stable, easy to maintain and relatively simple desalination devices
able to be applied in emergency conditions have been recently designed and studied in
literature[9-19].

In 2009, A.E. Kabeel and co-workers proposed an experimental investigation on a new
design of solar still with wicked concave surface [9].

Stecl Frame

Four sides
Glass Cover

Rubber

Black Wick Concave Surface Glass Stopper

Collection Tray

Steel Concave Surface
Plastic PiPe

Graduated Flash

Insulation

Fig. 1.2 Schematic diagram of concave-based passive distiller.[9](Picture taken from Ref.[9], with permissions)

In order to get the experimental data, a concave-shaped solar passive distiller with wick
is designed and fabricated. Here in Fig. 1.2 and Fig. 1.3 the schematic diagram and the
real model of this device are demonstrated respectively. This device is mainly
composed of seven parts, namely steel frame, glass cover, rubber, collection system,



wooden box, insulation and wick. On the top side, there are four glass covers placed at
45 degrees with respect to horizontal and whose thickness is 3mm so that the sunlight
can reach the wick, and one of them should be orientated towards south during the
experimental. Beneath the glass cover there is a layer of silicone rubber which can be
the seal and prevent the vapor from escaping from the device thus causing losing of
energy. On both left and right sides there is a collection system which constitutes of
steel-made funnel, plastic pipes and bottles which is used to collect the final fresh water.
Then the main container at the bottom is mainly composed of four parts. The outside
box is made from wood whose thickness is Scm for supporting the whole device and
also thermal insulation. The insulation layer is also for the same reason. The steel
concave surface is in square shape whose size is 1.2 m X 1.2 m with a thickness of
2mm. On the top of that there is a wick surface with the same size, a part from that, in
order to maximize the absorbed solar energy, the black wick is chosen. The height from
the most bottom part of the basin to the highest place is 30cm, and it can contain 10cm
height of water during the experimental. In order to calculate the efficiency of this
device, there are some important data should be recorded during the process. For
example, some temperatures on different parts of the device (the wick, the glass and the
container), Also, the intensity of solar radiation should be monitored at all times during
all the tests.

Fig. 1.3 A demonstration of the concave-based passive distiller.[9] (Picture taken from Ref.[9], with permissions)
According to the data recorded from the tests and all the results during the whole day,
their concave-based passive distiller can reach the productivity of 4.0 I/m* and the
efficiency is about 45%. In conclusion, this device reaches a good performance by
utilizing larger area for absorbing the solar energy and also the wick to improve the
evaporation process. However, the basin needs to be added with salt water regularly
and also the clogging of the wick will be a problem to keep the stable fresh water
production.



Afterwards, Zerrouki, Moussa and his co-workers proposed a capillary film solar still
coupled with a conventional solar still[ 10]. In this work, the main objective is to discuss
three passive distillers with different configurations. The first device is based on the
capillary forces, the second one is the first generation of the distiller and the last one is
the most complex one among them, and this device can be seen as a combination of the
first one (with capillary film) and the second one (see Fig. 1.4, Picture taken from
Ref.[10], with permissions). Here the device can be seen as a two-stage distiller, in each
stage there is a glass cover, and fresh water collection system, but in first stage there is
the wick. The overall process can be described as this: the salt water in the tank with a
concentration of 1-3g/1 is risen up on the wick for the reason of capillary forces. In first
step, this water is evaporated by the solar energy through the first glass cover during it
flowing in the wick, then some of the water will be condensed by the condenser plate
and then will be collected by the funnel. The rest of the water with a relatively high salt
concentration of around 1.84-5.5g/1 goes to the next stage. According to the test, this
part of the water can reach a temperature of 60 °C. And with the process of evaporation
and condensation the salt water is also transferred into fresh water and been collected
in the container. According to the previous study, when only the first stage of the
distiller is adopted, the efficiency is around 45%. In order to find out in what extent the
performance of this device can be reached by applying the two-stage technology, some
experiments were conducted.

1. First glass cover. 6. Basin liner.

1
1 3
N 7 7 4 |
o 2. Evaporator plate. 7. Insulation

@ 3. Condenser plate. 8. Wick
4. Second glass cover. 9. Distilled water.
5. Saline water. 10. Brackish water tank

Fig. 1.4 Schematic diagram of a new combination solar passive distiller[10]. (Picture taken from Ref.[10], with
permissions)

From the experiment data, for sure the new passive solar distiller has a higher
productivity than any one single stage when applied in the same situation. Moreover,
the key point that can change the performance of this desalination device is the ratio
between the area of the basin in the second stage and the area of the evaporator. When
the ratio increases in a reasonable range the fresh water productivity will increase in
response. Besides, another thing is that the best performance of this device can be
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reached when the first stage is set to have an angle of 32° with respect to the horizontal
direction. All in all, this device did the combination of two type of devices in the first
time and this remarkably increase the efficiency of the passive solar distiller. However,
the problem of clogging is still not solved and for sure the performance of this device
will be worse and worse without maintenance.

The performance analysis of modified basin type double slope multi—-wick solar still
device has been discussed by Piyush Pal and his co-workers in 2017[13]. The structure
of the optimized passive solar distiller with double slope is demonstrated in Fig. 1.5
(Picture taken from Ref.[13], with permissions). Like the conventional solar still, this
device can be divided in three parts from the top to the bottom. The first important part
in this passage is the top part which is composed of two glass covers in double slope
shape and four transparent walls in four directions. In order to make sure that when the
vapor touches the glass plate, the distilled water remains adhering to the plate, and also
the salt water can be risen up to the top by the wick easily, the slope of these two covers
should not be set too steep. Another thing needed to be focused on is that the size of the
glass cover should not be too large. For these reasons the two glass covers are set with
an angle of 15° inclined with respect to the horizontal direction. Since this part is the
key part to ensure that the maximum heat energy of the sun can be conducted to the
basin, the material and the size of the walls should be mainly focused on. Here two
types of materials are applied on four walls (Fiber Reinforced Plastics and acrylic), and
there’s also an equivalent transformation in terms of the thickness when the same heat
transfer rate is considered, that is 3mm of the acrylic is equal to Smm of the Fiber
Reinforced Plastics. This relationship is derived from the Fourier's law of heat

conduction:
T,-T;

T,-T;
Qcona = Krrp X Apgrp X (—) = Kacry X Aacry X ( )
Lprp Lacry

Where Qcpna 1s the amount of heat transferred under a specific condition, Kpgp =
0.351W/(m X K) and Kycry = 0.2W /(m X K) are the thermal conductivities of
Fiber Reinforced Plastic and acrylic respectively. T; and T, are temperature of the two
sides of the Fiber Reinforced Plastic plate. And Lggp and Lycgy are the thickness of the
Fiber Reinforced Plastic and the acrylic plate. Thus, when Lggp = 5mm,

Lacry = ( K
FRP

In this case, two plates with 3mm thickness of the acrylic and also an area of 0.12m? (1
m with length and 0.12m with height) are applied on the east and west walls. Another
acrylic plate with the same thickness but different size (2m with length and 0.12m with
height) is used as the south wall. The only wall left (the north wall) is made of Fiber
Reinforced Plastic with a Smm thickness and the size is the same as the south wall. As
for the salt water container, the black Fiber Reinforced Plastic with a thickness of Smm
is applied to improve the probability that the solar heat energy reaching the basin so as
to increase the rate of evaporation.

M) = 288 ~ 3mm
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Fig. 1.5 Schematic diagram of double slope shaped multi-wick passive distiller[13]. (Picture taken from Ref.[13],
with permissions)

The last part of the device is the collection system which consists of the storage tank
and the plate on both west and east sides. In order to make sure that the salt water and
the fresh water will not be mixed, the plate should keep a distance with both the upper
(distilled water) and the lower side (salt water). There are also four plastic pipes on each
direction between the tank and the collection plate. The inlet is used to fill the basin
with salt water during the operation. The model of the passive solar distiller for
experiments is demonstrated in Fig. 1.6 (Picture taken from Ref.[13], with permissions).

East wall¥

TG e B

Outlef ppet ™

South wall

Fig. 1.6 Photograph of the model of the passive distiller [13]. (Picture taken from Ref.[13], with permissions)

The working principle is like this, from the beginning, due to the gravity, the salt water
is supplied into the basin through a pipe connected the inlet on the front wall which is
then absorbed by the wick and sent to the top layer of wick (made of jute or cotton)
owing to the capillary forces. Afterwards, due to the heat energy provided by the solar
radiation, the salt water is vaporized during the day time. Then the vapor starts moving
randomly in the space of the distiller and when it touches the inclined glass covers and

6



the upper part of the transparent walls whose temperature are relatively lower than the
vapor, it will be condensed into small droplet and flow down to the collection plate and
then into the storage tank. After the whole process, the salt water is purified into
drinkable fresh water which is free of insalubrious substances for human beings like
microbiological organisms and heavy metal. Due to the opacity of the walls on four
sides, the previous traditional solar distiller could not effectively use the solar energy
during sunset and sunrise, but only waited for the inclined surface of the distiller to be
exposed to the sun when the sun rose to a certain angle so that the salt water in the
container is under radiation, being heated and evaporated. The improved solar distiller
can heat the salt water in the container and the salt water in the wick layer at the same
time, which also improves the overall efficiency and realizes an increase in the output
of fresh water.

Before the experiment, in order to have an accurate data, the solar distiller must be
cleaned and the salt water should also be in an appropriate level of the basin before the
sun goes up. Moreover, some other compulsory data needed to calculate the final result
are required at each hour during one day, like the solar intensity, the temperature of the
salt water container and some other points of the device, and most important the amount
of distilled water in the tank.

To make a conclusion, this study does more optimization methods with respect to the
previous one. On the one side, this device can be seen as another type of combination
of the conventional solar distiller and the wick-based passive distiller (in a up and down
form but not a two-stage one), thus, not only the salt water in basin but also the salt one
absorbed by the wick are under the sun illumination, which increase the rate of the
evaporation of the salt water. On another side, the Fiber Reinforced Plastics and the
acrylic material are applied on the solar passive distiller for the first time. Especially
the side walls are transparent, which increase the solar energy absorption ability of the
whole device. Thus, with longer time of sun illumination, the more water will be heated
up and vaporized. This helps improving the performance of the device with effective
evaporation. These two optimization methods together lead to the growth of the
productivity of the fresh water. However, like other technologies talked in the previous
passage, this device also needs the maintenance regularly, the basin and the glass cover
need to be cleaned, for example, sediments like salts, sand and some other
microbiological organisms.

In accordance with all the cases talked in previous text, although with good
performance in terms of fresh water productivity, a severe problem is still not solved
by these technologies—how to keep the performance stable during a long-time operation.
Actually, the principle of all types of the solar passive distiller is the same, the liquid
salt water is vaporized and then condensed. In this procedure, the solid as salt will be
left and accumulated on the evaporator, thus clogging the device and then the
performance of the device is affected[15, 16]. In order to breakthrough this barrier,
some other devices and technologies have been discussed in literatures.

In 2017, Varun Kashyap and co-workers report a new efficient and flexible material
structure for solar-desalination with anti-clogging characteristics[12]. The structure of
the material is quite unique, it’s composed of three other materials, the main supporting
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frame is made of polymer, and the rest of the space is taken by the combination of
carbon fibers and flake-shaped graphite. The procedure to construct the material is
shown in Fig. 1.7.

Liquid latex + Carbonized rayon
+ exfoliated graphite

(@) (b)

MR Circylar pillars
1

Solution poured on template Dried at room temperature

(c)

Coated with thin layer of PEDOT-PSS Flexible Anti Clogging Solar Desalinator (ACSD)

Fig. 1.7 the procedure to construct the material[12] (Picture taken from Ref.[12], with permissions)

For the reason of this unique porous structure, the salt is not allowed being accumulated
on the surface of the material. The working process is like this: when the material is put
in the basin as the evaporator, the salt water will be risen up by the capillary action,
during the evaporation process, the solid salt will be separated out. However, because
of the presence of the PEDOT-PSS, the salt particles are not allowed to stick on the
surface. Besides, the size of the pores is designed as the channel for the salt particles to
back to the salt basin due to the gravity. After several experiments in both the laboratory
and the environment, results show that the performance of the solar passive distiller
equipped with this material is very stable even with a high salt concentration liquid.
Thus, this type of material with simple but unique structure can be applied in most solar
distiller and help maintain the good productivity of fresh water. Soon afterwards, a
special 3D cup-shaped solar evaporator is fabricated by Shi and co-workers which can
achieve Zero Liquid Discharge (ZLD) desalination[20]. The principle behind this is that,
unlike the conventional evaporator with just 2D dimension, this evaporator with a third
dimension which is mainly used for salt accumulation while the horizontal evaporator
will not be affected by salt articles. In this way, the two parts of the evaporator are
smartly separately separated and each one has its own specific function. However, these
materials may not the best solution to solve the clotting problem under the condition of
emergent conditions. Because some of them are not easy to get and also expensive.

In 2020, an important proposal in dealing with the clogging problem was given by Jiale
Xu and co-workers[18]. They demonstrate a strategy to address the salt fouling issue
for the solar-driven interfacial evaporator (SIE)-based solar still (see Fig. 1.8,). This
device allows to separate from solid salt and collect these two matters at the same time.
The main principle behind this technology is that by controlling the concentration
gradient of the salt water which is absorbed by a specific layer of printed paper. And
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this will lead to the localized surface salt precipitation around the boundary of the
evaporator. According to the experiment results, this device has the ability of keeping a
high efficiency (~78%) during long-term operation, and this performance is also very
stable by applying the localized surface salt precipitation technology. Besides, this
technology is suitable not only for high but also low salt concentration fluid, for
example, a good transformation rate of 40.3% can be reached with only 10 wt.% salt
solutions. One other point worth emphasizing that this technology makes it easier for
the collection of solid salts, but without complex process to product and purify the salt
adopted in conventional salt industry. And the productivity of the salt can be reached at
0.42 kg m? day !, which is quite efficient. A part from this, all materials and
components applied on this device are cheap and can be easily found in the market. For
all those points talked about, the LSSP-based passive solar distiller offers a new stable
way to provide fresh water supply and also salt in areas with little fresh water resources.

Radiation

Convection
- -'\ n Printed
b 4 absorber !

Condensation

Evaporation

[ i Insulation !
7 i foam
Salt . Water l
collection Wick out . A
onduction i .
Saline water : Waterin
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" . Saltout Dryingout

Fig. 1.8 The schematic structure of the solar passive distiller with localized surface salt precipitation design. (a)
Overall structure of the desalination device. (b) Demonstration of energy balance and flow of matters exchange
happened on the evaporator of the passive distiller. (¢) The demonstration of the capillary action during the
experiment. The salt water (blue liquid) is absorbed to the evaporator by the wick. (d) The process of the change of
the concentration of the salt water after being risen up on the evaporator and the localized salt precipitation
phenomenon. (Picture taken from Ref.[18], with permissions)

Unlike other types of passive solar distiller with a salt water basin, this device is
designed to be able to float on the seawater. The structure is mainly composed of four
components, the transparent plastic cover, the evaporator layer, the insulation foam and
the wick. From the start, the salt water is transported to the hydrophilic layer for the
reason of the capillary action provided by the cotton wick, and then fill the whole layer
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during diffusion. Thanks to the presence of the cylinder-shaped transparent cover on
the top and the dark colored surface of the evaporator layer, the heat energy of the
sunlight can easily be absorbed by the salt water, which leads to a high kinetic energy
of water molecules. These molecules move randomly and go out from the liquid. When
they met the inner surface of the plastic cover on the top and side, because the
temperature difference between them, the vapor is then condensed into small droplet
and flows along the cover and is collected by the collection system in the end. In the
meantime, because the salt concentration is lower near the wick (sea water) but high
near the edge of the evaporator, the salt will come out firstly on the edge area. And also
because the concentration difference, the salt water will keep moving from the center
part to the edge area, which means the performance will not be affected by the clogging
problem and is able to perform stably for a long period. The insulation form is made of
polystyrene material which is able to conduct the heat that is not absorbed by the salt
water in the evaporator to the sea. Also, because the light-weight of the material, the
whole device can float on the sea by itself.

Condensed
freshwater

1 AILCh

Fig. 1.9 Optimized solar passive distiller device which can achieve salt harvest in the meantime.[18] (Picture taken
from Ref.[18], with permissions)

From what has been discussed above, the optimized solar passive device based on LSSP
solves the fouling problem and also provides a chance to collect the salt. The self-
floating of this device also simplify the process and equipment needed to produce fresh
water. However, this device needs someone to collect the salt after a certain period,
otherwise the space for evaporation will be smaller and smaller and the efficiency will
be affected. thus, it’s still not a good solution.

In the same year a salt-rejecting floating solar still for low-cost desalination was
proposed by George Ni and co-workers[ 14]. In their passage, an optimized solar passive
distiller which is free from the fouling problem is fabricated. According to the
experiment data, this device shows a significant salt rejection rate during the operation,
which helps keep a stable supply of fresh water in a day without regular maintenance
and cleaning of the device. And the productivity of this device can reach about 2.5 L m-
2 day! which is enough for an adult to drink with the solar-water efficiency of around
22%.
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Fig. 1.10 An optimized fouling-free solar passive distiller structure. (a) The detailed structure of the solar passive
distiller, the insulation foam is made of polystyrene, the evaporator is painted black to increase the solar energy
absorbed, the wick is used as the channel for salt water to go up and also the salt to back to the sea. (b) The flow
process of salt water and salt particles during the operation. (¢) Real model of evaporator fabricated for the
experiment. (d) Schematic diagram of the solar passive distiller in the ocean and the energy balance and the transport
of matters. (Picture taken from Ref.[14], with permissions)

Another important improvement of the device is that, unlike conventional solar distiller
with glass covers and walls, the lighter and cheaper polymeric materials are applied on
the cover and all the skeleton. In this way, the solar passive distiller can realize self-
floating on the sea and this saves costs for basin and other equipment. Fig. 1.10 gives
detailed information about how the self-floating solar passive distiller which is able to
reject salt back water is constructed. The double slop shaped covers made of lightweight
polymeric material are installed on the top of the device. Apart from the character of
high light transmittance and heat insulation ability to ensure that more heat energy can
reach the evaporator and prevent heat losses, the component also is also adopted as the
condenser. Thus, the thermal conductivity of covers must be as low as possible. The
lower part of the device constitutes of evaporation layer and insulation material. The
heat energy of the solar radiation is absorbed by the upper layer of the evaporator, for
this reason, the cellulose fabric used is painted into black (Fig. 1.10c). Beneath it is the
white porous material, the wick, whose function is to take the salt water up and be filled
with the salt water so that the thin layer of water can be heated and evaporated in a short
time. And because of the porous structure of the wick, it also enables the salt particles
going back into the ocean. Between each wick material there is the insulating material
which is the key component to make sure that the heat of the evaporation layer is not
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conducted to the water thus reducing the amount of vaporized water. Consequently, a
low thermal conductivity material (polystyrene foam) is applied on this component. In
fact, here are mainly two elements very important for the performance of the solar
passive distiller. From the energy point of view, there should be as much heat energy as
possible being absorbed by the system and also little leakage of this energy. This is
realized by the cover and the insulating layer. From the salt rejection rate point of view,
there should be as many channels as possible so that the precipitated salt particles could
be sent down in to the ocean timely, which means there should be more wicks. However,
the wick is not thermal-insulating, thus it’s very important for this system to reach a
balance between the percentage of the wick and the insulating materials. Here a critical
ratio is considered to decide the overall performance of the distiller, that is the ratio
between the fabric wick area and the aera for insulation. Obviously, this type of solar
passive self-floating distiller paves a way for satisfying the fresh water needs for
residents in island area with its robust structure, cheap materials and stable performance
in long-term operation. However, no theoretical principle behind the salt rejection was
explained in this study, but only a few words about diffusion and convection, this
prevents to rationalize and generalize the methods applied in this passage.

Furthermore, Zhenyuan Xu and co-workers[19] present a type of thermally-localized
multistage solar still (TMSS) which enables high-efficiency low-cost desalination. Fig.
1.11 gives information about the structure of the thermally-localized multistage solar
still. The thermally-localized multistage solar still is composed of several stages and
each stage the same configuration except the first and the last stage. As for the first
stage whose main function is to convert the solar irradiation in to the heat energy for
the whole system and also do the first step salt water distillation, the selection of the
absorber is very important. The material must have a very low thermal-conductivity
keep a high temperature to evaporate the water[21-23]. The silica aerogel can not only
provide a high transmittance but also thermal insulation and physical protection for the
solar absorber. In order to keep a large temperature difference of previous stages and
the last stage which promotes the vapor going forward towards the last stage, the
condenser is immersed in the sea water. For each stage, the sea water is risen up by the
wick layer through capillary forces and then is vaporized by the solar heat (the first
stage) or the latent heat released by the previous stages (through condensation). The
vapor is condensed into drinkable water when it contacts with the surface of the
condensing plate. The fresh water is collected by the external container. There are
mainly three points behind the thermally-localized multistage solar still to explain why
the performance of this device is better with respect to other types of solar passive
distiller. The first reason is that the whole system is set in a vertical way, so that the
surface of the solar absorber can be adjusted towards the sunlight whenever it is, which
means the energy of the solar radiation is fully utilized in the daytime, in addition, this
configuration allows quite a large distance between the evaporator and the ocean, which
prevents the heat losses. Secondly, the separation design of the solar absorber and the
wick layer is also good for the improvement of the performance of the solar passive
distiller. The reason is that the solar absorber is only responsible of the solar energy
intaking, and the wick layer is only used for rising up salt water, which means the best
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performance of energy absorbing and capillary effect can be simultaneously achieved
when the most suitable materials for the two functions are applied. This solution is
much easier and cheaper than find a material which is qualified of two functions at the
same time. Finally, the application of the multistage arrangement of the distiller can
realize the energy of the vaporization (latent heat) which is released by the front stages
being utilized by the stages behind, which also increases the efficiency. Of course, there
are also some other parameters like the thickness of each layer, the distance between
every stage and the width of the device which also play important rules on the
performance of the device.

@ Silica aerogel
@ Solar absorber
@ Capillary wick

@ Condenser

Fig. 1.11 Schematic diagram of the thermally-localized multistage solar still configuration. (a) The composition of
the thermally-localized multistage solar still. The first stage is composed of a silica aerogel layer whose function is
to allow as much the solar energy as possible to get in and thermal insulation, a solar absorber to transfer the solar
energy into heat, the capillary wick layer to wick up salt water and evaporate the liquid into vapor, the condenser to
condense the vapor. And there is a collection system to collect the fresh water from each stage. (b) How the energy
is recycled by the thermally-localized multistage solar still. The energy (latent heat from the condensation) released
by the previous stages is utilized by the next stages. The condenser of the final one is immersed in the salt water to
keep a large temperature difference between the evaporator and the condenser. (Picture taken from Ref.[19], with
permissions)

Through some experiments, the main barrier to the improvement of the performance is
how to increase the utilization of the solar energy and the mass transportation. There
are several parameters that can significantly improve these two parameters, like the
thickness of each layer, the distance between every stage, the width of the device and
the number of stages. Finally, the optimized ten-stage thermally-localized multistage
solar still is designed and tested in both laboratory and the real environment whose
efficiency can reach 385% and the production of the fresh water is about 5.78 L m™ h-
!, which is quite good. But like in Ni’s study, they also cannot explain the basic reason
of the high salt rejection rate of this device.

In this work, based on the study of Matteo Morciano and co-workers[24], a type of
existing optimized solar passive distiller which has been experimentally tested is
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discussed. Apart from the geometry and configuration of the device, the working
principle and process is also discussed. The most important subject of this passage is
the theory behind the good performance in terms of salt rejection of this device, and the
conclusion is confirmed by simulation in COMSOL Multiphysics. The key result lies
in correlating the Marangoni effect[25] which happens at the water-air interface, with
effect salt removal. The principle is like this, when there is a temperature difference or
concentration difference between two sides of the liquid, there will be a surface tension
in response, this shear stress will drive the fluid flowing from the low shear stress part
towards the high shear stress part.[26] As a result, the salt particles will be removed by
the driven force automatically an there will be no salt accumulation and fouling of the
evaporator. This process is also seen in many procedures like welding[27], electron
beam melting[28] and crystal growth[29], Although in many literatures [30] the
Marangoni effect is investigated and discussed , it has never been considered to be a
key contribution in the region of salt rejection and desalination. Thus, this work mainly
explores how the Marangoni effect happening during the operation of the solar passive
distiller and how some parameters (like concentration gradient and the thickness of the
evaporation layer) can have an effect on the performance of the salt rejection rate by
using the software COMSOL Multiphysics.



2. Protocol and methodology

2.1. Device and working principle

In this work, in order to show clearly the optimization process of the hydrophilic layer
(evaporation layer), first thing is to introduce the existing device which has been
experimentally tested.

The solar passive distiller is a device which is able to transform saltwater to freshwater
without using other type of energy but only solar energy. The working process and the
detailed structure are demonstrated in Fig. 2.1.

(®)

Evaporator
layer & wick

Solar
absorber

Fig. 2.1 The working process and the structure of the 3-stage solar passive distiller. (a) conceptual model of the
device (b) detail of the configuration of each component of the device.

This solar passive distiller is composed of three stages. And there is an aluminum layer
with a thickness of 1mm and an area of 12 X 3.5 cm? installed between each stage, the
aluminum plat has good conductivity of heat so that the heat energy from the solar
absorber (for the first stage) and the latent heat from the previous condensation
procedure (for the next two stages) can be utilized for the evaporation process and these
aluminum plates also provide support and robustness for the whole device. On the top
surface of the device there is an aerosol-based solar absorber which is made of
aluminum and painted in black with Zynolyter Hi-Temp material which processes a
good thermal property. The function of this component is to absorb the solar irradiation
and convert it into the heat energy in an effective way. For the first stage, the first layer
is the evaporation layer (the blue one) which is made of fiber-based wick material
(Sungbocleamy) which can pump the salt water up on the horizontal surface with a
height of 5.5cm in the test, which is enough for the 3-stage passive distiller due to
capillary action. Then here is a Plexiglass frame made of linear low-density
polyethylene which is used as an air gap (see Fig. 2.3) between the evaporator and the
condenser (the red one) whose function is to create a sufficient space for the evaporator
and the aluminum plate so that to keep a temperature difference between two layers and
that the salt water and the distillate fresh water are not mixed. Also because of the
porous structure of the component, the possibility of the salt accumulation and the
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fouling problem on the evaporator and the metal plate can be decreased. The condenser
is used to turn the vapor from the evaporator into the liquid to collect. The next two
stages are the same configuration (composed of an evaporator and a condenser). Under
the last stage there is a heat sink which is immersed in the sea water and this helps
release the heat to the water and thus keeping a sufficient low temperature of the
condenser of the last stage to keep a vapor difference which drives the vapor flowing
from the evaporator to the condenser.

From the start, the salt water (deep blue arrow) in the sea is risen up to the horizontal
plain of the evaporator of every stage by the vertical portion on the two sides through
capillary force. Then, the black solar absorber installed on the top surface of the distiller
converts the sunlight (yellow arrow) into heat energy which heats the salt water up in
the evaporator. The high temperature evaporates the liquid into vapor which then flows
into the condenser because of the temperature difference between the evaporator and
the condenser layer. After that, the vapor is condensed when it touches the condenser
and the fresh water (white arrow) flows along the vertical part of the condenser because
of the existence of gravity and then can be collected. The black arrow is to show the net
flow which is driven by the Marangoni effect. (See Fig. 2.3)

Fig. 2.2 detail of the shape of the air spacer.

In conclusion, the optimized solar passive distiller realizes a good performance in terms
of the salt water distillation. Firstly, the solar absorber and the evaporator are decoupled,
which is good for choosing the most suitable material for two functions. Moreover, the
multistage configuration realizes a high efficiency of heat energy utilization because
the latent heat of the previous stage can be applied by the next stage. Then, with the
increasing area (with a length of 12cm) of the vertical portion of the evaporator layer,
there is more possibility for the salt to be carried out of the device by the Marangoni
flow. Besides, since the width of the evaporator is just 3.5cm, the longest path out the
horizontal surface for the net salt flow is just 1.75cm. Then, unlike the traditional
structure of the solar distiller, the condensed droplets will not degrade the optical
performance of the solar absorber. Finally, and also the most important one, this device
provides the principle of how to reject salt and prevent fouling problem during
operation, and this paves a way for improving the salt rejection performance in the
future. However, here are some parameters which is related to the performance of the
distiller that needed to be focused. For example, the material used for evaporator should
have a good wicking ability, the thickness and the permeability of the air gap should be
in the most suitable situation and the thickness of the evaporator is very important for
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the Marangoni effect and thus salt rejection. In order to explore how the thickness and
also the initial value of salt concentration on the left side of the evaporator can have an
effect on the salt rejection performance, several numerical simulations are conducted
by using COMSOL Multiphysics.

Surface tension increase

——

Surface flow direction Surface layer
_‘P________\Yﬁ,*;_ _I ‘:

|

Concentration increase

Fig. 2.3 Demonstration of the Marangoni effect. The change of the salt concentration can also induce a change of
the surface tension. Because of the surface tension gradient, there is asymmetric interactions among water molecules

Thus, there will be a flow from low surface tension area towards high surface tension area near the surface.

2.2. Numerical simulation

In this work, the study mainly focus on the section of the evaporator layer which
consists of a saltwater thin film (namely the hydrophilic layer, see Fig. 2.4). And the
optimization process of it.

Marangoni boundary condition (shp boundary condition)
4

Mo slip boundary condition
cx=ome [ clzy) =c

¥
3
Ne slip boundary condition; No flux
L

X

2 -— Open boundary

Fig. 2.4 The evaporator layer domain to be simulated
In order to start a simulation, the first step is to build a model by using either the
component function or other modelling software and input it in the COMSOL. Here we
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draw a rectangle as in Fig. 2.4 to be the simulation domain which gives information
about the thickness o (y-direction) and the length L (x-direction) of the evaporator. In
our study the thickness is range from 0.5mm to Smm. The length is equal to 17.5mm.
The next step is to define the material of the domain. Here the domain is consisting of
the saltwater, the dynamic viscosity u = 1 X 1073Pa - s and since the concentration of
the salt water keeps changing during the process, the density also changes. The relation
between the density and the concentration is as follow:

p = po(1+yc) (D

Where po, = 1045kgm™3 is the fresh water density and y =22% js the

Cs—Co
proportionality constant between concentration and density. ¢y and cg are the salt
concentrations of the fresh water (namely 0molm™3) and saturated salt water
(4480 mol m™3). p; = 1164 kg m™3 is the density of the saturated salt water. Then,
we should add the physics phenomenon that are related to our study. Here we need to
couple the laminar flow and the transport of diluted species to investigate the
advection—diffusion phenomenon in presence of an interface with varying salt
concentration gradient and different thickness. And the simulations are performed
under transient condition. The equation of the transport of diluted species is expressed
as this:

24V (=DVe) +u- Ve =0 )
Where c; is the concentration of species 7, here it’s the salt in the sea water, D; is the
molecular diffusion coefficient and D ~ 1.5 X 10™°m?s~1.[31]
In the section of the transport of diluted species we also need to set the boundary
condition in Fig. 2.5. In detail, the no flux condition is applied on boundary 3 (since in
the problem we study no mass flux is considered through the side walls), of which the
equation is like:
—n-(—=D;V¢c; +uc;)) =0 (3)
About the initial value, we set the entire domain to be the sea water concentration,
namely ¢, = 600 mol m~3 (since the evaporation layer is immersed in sea water
which is risen up by the capillary force at the beginning). Then the concentration of the
left boundary (namely boundary 1) c; is set to be a Dirichlet boundary condition to
model an arbitrary fixed salt concentration during the real salt rejection process. The
last setting of this is that the right boundary (namely boundary 4) should be in open
boundary condition, since it’s the exit of the mass flux. The equation is expressed as:
—n-(—D;V¢;) =0,if u'n=0 (4)
c=cpifu'n<o0 (5)
Moreover, the exterior concentration of this boundary should be the same as the sea
water concentration, that is ¢o . = 600 mol m~3.
In terms of the laminar flow, the Navier-Stokes equation momentum equation is applied:
dpu

ST wV(ow) = —Vp + V- (u(Vu + (V") — Su(V - wi) (6)

Where p is the density of the fluid (see equation (1)), and u, u is the velocity and the
viscosity of the fluid, p is the pressure. As for the boundary condition of this part, we
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should set boundary 1 and 3 to be the no slip boundary condition (namely u = 0 and
the equation is the same as (4) and (5)), because these two boundaries of the evaporator
layer have contacts with the Aluminum plate which is a not moving wall. Whereas the
boundary 4 should be under slip boundary condition to model the velocity introduced
by the concentration gradient, which is the so-called Marangoni effect. The equation is
like this:

[—pl+ u(Vu + (Vu)") — 2 (V- wD]n = oVc (7)

. . i} _g Nm™1
In this equation, 0 = =% ~ 1.89 x 1076 ——
ac mol m=3

[32, 33]is the concentration derivative

of the tension. Finally, the outlet is applied on the boundary labeled with 2 and the
pressure is set to be 1 atm.

Since our study is based on finite element method (FEM), the set of mesh is very
important to get a convergent outcome. Here we must obey the Courant—Friedrichs—
Lewy condition. As a consequence, the time step must be less than a certain time in
many explicit time-marching computer simulations, otherwise the simulation produces
incorrect results. However, we also cannot use too much mesh, otherwise, we will have
a huge computation cost, which waists a lot of time. So, our mission is to find a balance
between the accuracy and the computing time.

There are many ways in COMSOL to build the mesh, the mesh can be automatically
built by the software itself according to our geometry and the physics we focus on. We
can also set it by ourselves, and this way we often can have a better result with less
mesh, which means more efficient.

In this study the mapped mesh is applied on x and y direction. And since the velocity is
smaller on the left side, we set a separate point near the left boundary so that we can
have finer mesh in this part. During the simulation process, we also need to change the
mesh setting according to the concentration gradient and also the thickness of the
evaporator layer. Finally, the main criterion to decide whether the mesh is good or not
is to plot the molar flux out the right boundary and to see if the plot reaches a stable
state after a certain period.

Also, the plot of velocity is needed at several distance away from the left boundary and
these results should be compared with the purely diffusive flow situation to get the final
conclusion.



3. Results and discussions

In order to figure out how the Marangoni effect is related to the salt rejection
phenomenon the numerical simulation is needed to investigate how the concentration
changes in Marangoni effect condition and in pure diffusion condition respectively.
According to the simulation result, the main reason that the fouling and salt
accumulation is not happened on the horizontal surface of the evaporator during
operation is the enhanced flow and mass transport caused by the Marangoni effect. Near
the air-water interface, the difference of surface tension in two sides will induce a
localized viscous stress which pushes water molecules flowing towards a specific
direction. Generally speaking, this surface tension gradient is induced by the
concentration gradient or the temperature gradient (also known as thermo-capillary
convection) of the liquid. In this study, the Marangoni effect is caused by the
concentration gradient of salt in two ends of the domain. The higher concentration is
the salt water the larger the surface tension is, which means the flow is from the low
concentration area to the high concentration area. Considering that the up (labeled as 4
in Fig. 2.4) and down (labeled as 3 in Fig. 2.4) boundary of the domain is contact with
the aluminum plate and air-spacer respectively, there will be no convection there, thus,
the only outlet for the flow is the right boundary (labeled as 2 in Fig. 2.4). For this
reason, even though the salt concentration is high in the left side, salt molecules are
carried out of the domain by the reversed flow.

3.1. Comparison of slip and no slip boundary condition

In order to clarify that the flow and mas transportation can be enhanced by the
Marangoni effect, here the comparison is needed in case with Marangoni effect (namely
slip boundary condition on boundary 4) and pure diffusion (namely no slip boundary
condition on boundary 4). In detail, the first thing is to compare the concentration
distribution in several cases of the domain in both situations. Here takes left boundary
concentration ¢; = 700mol m™=3
100 mol m™3 and the thickness of the evaporator §; = 0.5mm as an example to plot
the transient concentration (see fig. 3.1a). Here the concentration distribution results
after 5 seconds, 5 minutes and at stationary condition are shown in both Marangoni
effect (left side) and purely diffusion (right side) condition. From this plot, it is very
clear that the mass transport in Marangoni effect is faster than purely diffusion.
However, only with this plot is not able to explore to what extent the mass transport
process is enhanced by the Marangoni effect induced flow. Thus, the ratio of molar flux
out of the right boundary of the domain at the stationary state (see Fig. 3.1b) in both
situations is necessary to normalize the outcome:

6
Ngiip fo 1(_Divci+uci)slip'ndy (8)
. o)
Nno stip fo L(=DiVc)no slipndy

Where Ny, and Ny, o3 1s the outgoing molar fluxes (see Fig. 3.1b) in Marangoni

namely the concentration gradient Ac = c¢; — ¢y =

effect and purely diffusion condition, respectively.
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Fig. 3.1 Comparison of slip and no slip boundary condition. (a) transient concentration distribution of the domain.
Left side: concentration distribution with Marangoni effect. Right side: concentration distribution with only purely
diffusion. (b) Total molar flux in terms of Marangoni effect (upper one) and purely diffusion (lower one) in the
condition of Ac = 100 mol m~3 and §; = 0.5mm.

According to the molar flux plots in Fig. 3.1, it is clear that the molar flux with
Marangoni effect reaching to the stationary state much earlier than purely diffusion
condition, which means a faster mass transport with Marangoni effect.

In this condition:

Nno siip = 4.288 x 10™°mol /s

Ngip = 2.299 x 10~7mol/s



Thus, the ration of molar flux in stationary condition in both cases: Nﬂ = 53.615.

no slip
Since the concentration gradient is related to the concentration gradient, and in order to
figure out the relationship of the salt rejection performance with the thickness of the
evaporator domain, the same simulation is also conducted at the condition of left
boundary concentration ¢; = 700mol m~3, 1000mol m=3,3000mol m~3 and
thickness 6; = 0.5mm, 1mm, 3mm, 5mm, the result is shown in Table 3.1.

concentration ¢,

. 700mol m=3 | 1000mol m~3| 3000mol m™3
thickness

0.5mm 54.145 98.093 153.072
Imm 40.875 62.554 87.578
3mm 29.356 38.508 46.626
Smm 23.581 29.973 37.985

Table 3.1 The ratio of the molar flux flowing out of the right boundary in no slip boundary condition (purely diffusion)

and slip boundary condition (including Marangoni effect) in several cases.
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Fig. 3.2 the trend of the ratio of the molar flux flowing out of the right boundary in slip boundary condition and no
slip boundary (purely diffusion) condition

It can be easily derived from the outcome of the numerical simulation that the molar
flux flowing out of the domain in Marangoni effect is more than purely diffusion
condition (more than 20 times according to the concentration gradient and the thickness
of the evaporator), which means the concentration gradient induced Marangoni effect
is quite helpful for the salt rejection of the device.
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3.2. Comparison of concentration gradient

Obviously, the concentration gradient between two ends of the domain plays an
important role in the Marangoni effect. From the Table 3.1 and Fig. 3.2 it can derived
that with the same thickness of the evaporator, the ratio of the outgoing molar flux of
Marangoni effect and purely diffusion is increasing with the rise of the concentration
gradient. In order to figure out how this happened during the whole process, more
figures are needed (see Fig. 3.3).
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Fig. 3.3 Process of the Marangoni effect in terms of 1mm thickness with different concentration gradient. (a) the
change of outgoing molar flux. (b) the change of the average surface concentration. (c) stationary velocity at x = L
in case of § = 1mm and ¢; = 700 mol m™~3 at start, non-stationary and stationary condition. (d) stationary
velocity at x = L in case of §; = 1mm and ¢c; = 1000 mol m~3 at start, non-stationary and stationary condition.
(e) stationary velocity at x = L in case of §; = 1mm and ¢; = 3000 mol m~3 at start, non-stationary and stationary
condition.

Here, take thickness §; = 1mm as example to plot the outgoing flux and average
concentration at the condition of different concentration gradient. From Fig. 3.3a, not
only the amount of outgoing flux is larger but also it’s faster to get to the stationary
condition with larger concentration, which can also be derived from the average surface
concentration plot (Fig. 3.3b). The reason behind this is that with a higher salt
concentration on the left boundary, there will be a larger driving force caused by
Marangoni effect along the domain near the air-water interface, thus the faster reverse
flow (see Fig. 3.3c, d and e), which means a better performance of salt rejection.

3.3. Comparison of different thicknesses

In order to explore the Marangoni effect in case of different thicknesses and to get the
suitable thickness for the device, Here are the simulation results in terms of ¢; =
700 mol m™3.
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Fig. 3.4 Simulation results of different thicknesses. (a) transient surface concentration of different thicknesses under
the condition of ¢; = 700 mol m~3. (b) Including Marangoni effect condition: Upper one: outgoing molar fluxes of
four thicknesses. Lower one: the change of average surface concentration of four thicknesses. (c) molar flux
comparison of four thicknesses under purely diffusion condition

According to the transient surface concentration plot (Fig. 3.4a), the flow moves faster
alone the x direction in the case of thinner evaporator, and this can be also proved by
the Fig. 3.5, which means the time used to reach the stationary state is less. However,
the amount of outgoing molar flux is much smaller than thicker cases (see Fig.3.4b),
since the area of the domain and the open boundary is larger for diffusion and molar
flux going out. From another side, the average surface concentration at stationary state
is higher in thinner cases. Besides, from Fig. 3.2, the relative ratio Ng;;, /Ny, s1ip 15 larger
when the thickness of the domain is thinner whatever the concentration gradient is,
which means that the Marangoni effect is more obvious with respect to the purely
diffusion in case of thinner layer of the evaporator.
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Fig. 3.5 stationary velocity at different position of the domain (x = 0.25L,x = 0.5L,x = 0.75L and x = L from left
to right and from top to bottom) in case of §; = 0.5mm (a), lmm (b),3mm (c)and 5mm (d) and ¢; =
700 mol m~3 at the time of start, non-stationary and stationary state respectively.

According to Fig. 3.5, first of all, the stationary of all cases is quite small (not consider
perturbations) since the concentration at these positions does change significantly.
Moreover, the stationary velocity gets to the stationary state in a faster way near the left
boundary, which is caused by the fast rise of concentration in these areas. However, this
phenomenon is weakened in case of thicker (3mm and Smm) domain. The reason is
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that the rate of surface concentration change is slower in these cases, which is also
shown in Fig. 3.4b(lower one). Finally, because the average concentration is higher in
thinner cases with the same left boundary concentration, which means more effective
Marangoni effect driven flow, the stationary velocity of thicker layers in all positions is
lower than thinner ones.
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4. Conclusions and perspectives

Since the desalination device is invented, the salt accumulation remains a big challenge,
especially for solar passive distiller. Although there have been many types of new
materials and structures being discussed to solve this problem, the application of those
technologies is complicated. In this study several cases of desalination device are
introduced in terms of advantages and disadvantages. Also, a new type of solar passive
distiller proposed by professor Morciano and coworker is introduced. Unlike anti-
clogging solar passive distillers discussed in previous passages which rely on new types
of materials and configurations (which means more cost and harder for maintenance),
this device provides the primary reason of the salt rejection. In their work, for the first
time, the Marangoni effect is related to the salt rejection phenomenon, and the whole
configuration and some other components are optimized to improve the efficiency and
the salt rejection performance of the device.

4.1. Conclusions

Based on their study, this passage mainly focuses on the boundary condition and the
configuration of the horizontal evaporator layer. In detail, the 2-D model of the
evaporator is built in COMSOL Multiphysics and the relationship of the concentration
gradient between two ends of the domain and the Marangoni effect is studied with
different left boundary concentration through numerical simulation. Besides, by
analyzing the data and results of the simulation in case of several thicknesses of the
domain, such conclusion can be derived:
1) Higher concentration gradient means more effective Marangoni effect.
2) Evaporator with thinner thickness has more obvious Marangoni effect with respect
to the purely diffusion.
3) More outgoing fluxes is shown in case of thicker Evaporator
However, these conclusions are made without thinking the whole device, although the
thinner evaporator has a better performance in terms of Marangoni effect, the heat
energy transported to the evaporator and the evaporation rate must be considered, when
the evaporator is thin, the amount of salt water stored in this layer is not too much, in
this condition, if the process of evaporation is faster than the salt rejection process
which related to the Marangoni effect driven flow, there will be salt accumulation and
thus clogging. Besides, based on the study of concentration gradient, the initial value
of the salt concentration at the middle part of the evaporator (left boundary of the
domain) should be considered a point to further improve the salt rejection performance.
Furthermore, the wick ability of the material should be also related to the whole process,
the purpose is to control the salt water supply to the horizontal evaporator so that to
keep a balance between the evaporation rate and the salt rejection rate in the condition
of best salt rejection performance during most time of the day. Consequently, it would
be possible to reach a higher productivity of fresh water and further decrease the cost
for getting drinkable water, thus making solar passive distiller a more cheap, green and

general technology in the future.
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4.2. Perspectives

This study is mainly focused on how to improve the Marangoni effect to get a higher
salt rejection rate for solar passive distiller by changing the evaporator layer, based on
this study, more research has to be conducted towards optimized hydrophilic materials
with anti-fouling properties and tailored capillary action so that a solar passive distiller
with more stages and larger size can be fed with salt water and the Marangoni-driven
flow can be optimized. In this way, it would be possible to further increase the
productivity and to lower the cost of the desalinated water, thus increasing the
competitiveness of the solar passive desalination device with respect to active
technologies.
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