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 The measured water productivity is higher than the published results.
* The manufacture of spiral solar is easier and cheaper.
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A novel solar still with spiral-shape multiple-effect diffusion unit is developed in the present study. The test re-
sults of a 14-effect unit coupled with vacuum-tube solar collector (absorber area 1.08 m?) show that the highest
daily pure water production is 40.6 kg d . The measured highest productivity based on the area of glass cover,
solar absorber, and evaporating surface is 34.7, 40.6, and 7.96 kg m~2 d~, respectively, which are much higher
than the published results. The measured solar distillation efficiency is 2.0-3.5. The performance enhancement
results mainly from the lateral diffusion process in the spiraled still cell. The vapor flow generated by heat
input can flow freely and laterally through the spiral channel down to the end when solar heat input is high. Be-
sides, the larger evaporating and condensing area at the outer cell may increase heat and mass transfer at the

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Many researches have proved that multiple-effect diffusion solar still
(MEDS) has high productivity [1-14]. MEDS consists of a multiple-effect
diffusion unit (MDU), a solar collector, a heat recovery exchanger, and a
heat transfer device to connect solar collector and MDU. The conventional
MDU (Fig. 1) is made of a number of closely packed vertical still cells. Each
cell is made of a heating plate and a thin wick (porous) material which is
attached on one side of the heating plate. The seawater or sewage water is
supplied to the wick from the top. The heating plate absorbs heat from
vapor condensation (latent heat) and conducts the heat through the
plate to the liquid-saturated wick at the other side to evaporate the
water. The vapor diffuses and condenses on the heating plate of the
next cell. The processes repeat until the last cell and finally discharge
the heat to the ambient. The water collector under the heating plates col-
lects the pure water. The effluent from sewage water is collected in
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another collector. Heat is applied to the heating plate in the first cell.
The heat source of MEDS is from the solar collector.

The configuration of MEDS may be different. Dunkle [4] built a solar
distillation system consisting of a MDU and a storage tank which is con-
nected to a solar collector. Cooper and Appleyard [5] simplified Dunkle's
design by combining the solar collector and the MDU into one such that
the first plate of MDU acts as the solar absorber. It was found that the
productivity is significantly improved by narrowing the diffusion gaps
between the parallel plates [7-10].

Tanaka et al. [11] further designed a basin-type MEDS consisting of a
MDU coupled with a basin-type distillation section, called “MEDS-
Basin”. The measured productivity was the highest in literature in the
2000's. Tanaka et al. [15-17] showed theoretically that the productivity
of MEDS can be higher.

Chong et al. [18,19] designed a similar MEDS of Tanaka et al. [15-17]
but using a bended-plate MDU coupled with a vacuum-tube solar col-
lector. The bended-plate MDU solves the problem of wick peel-off
from the heating plate and pure water contamination. The vacuum-
tube solar collector creates a higher temperature gradient in MDU to in-
crease the productivity. The outdoor test of a MEDS prototype (MEDS-
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Fig. 1. Distillation process inside multiple-effect diffusion unit (MDU) [18].

1L) [18] shows that the productivity is much higher than the test results
of MEDS-Basin [11] and the theoretical calculation of MEDS-FHP [17].

The long-term outdoor test results of MEDS-1L show that the aver-
age daily pure water production is higher than the basin-type MEDS
[11,18]. The solar distillation efficiency Ry, (COP) is 23% higher than
the basin-type MEDS [11].

The bended-plate MDU of Chong et al. [18,19] is designed in a
laminated-structure in which the bended plates/wicks are laminated
piece by piece with a silicone rubber spacer in between to seal each dif-
fusion gap. The heat path is in outward direction perpendicular to the
plate. The diffusion gaps are sealed in each still cell. Hence, the resis-
tance of heat transfer and diffusion process becomes higher if the num-
ber of multiple-effect cells is high. Besides, the manufacturing process
for laminated-structure and bended-plate of MDU is not very simple be-
cause the plate and wick are in piecewise form and need a bonding pro-
cess to make a good sealing at the edge.

The present study further develops a MEDS with a novel design of
MDU in which the plate/wick and the diffusion gap are in spiral shape.
The plate and the wick are in one single sheet. A continuous manufactur-
ing process is employed by rolling the plate/wick sheet with seal/spacer
placed at two edges.

In the spiral design, the still cell gap is a single spiraled continuous
cell from the first heating section (from solar heat) to the last heat
sink section (to ambient). Beside the vapor diffusion in the direction
perpendicular to the plate, vapor can also flow freely and laterally
down to the end of the still cell to enhance the mass transfer. This
may create a better thermal and mass transfer process at high heat
input (high solar radiation). In addition, the MDU is coupled with a
vacuum-tube solar collector which can produce a higher temperature
gradient in MDU for high productivity. A thermosyphon heat pipe is
used to connect the MDU and solar collector to effectively transfer the
solar heat to the MDU.

2. Design of multiple-effect diffusion solar still with spiral cell
(MEDS-sp)

Fig. 2 shows the schematic diagram of multiple-effect diffusion solar
still (MEDS-sp). It consists of a spiral-type multiple-diffusion unit
(sMDU) which is heated by solar heat from a vacuum-tube solar collec-
tor via a heat pipe (thermosyphon). A heat recovery exchanger is used
to recover the heat of hot brine and distilled water to preheat the feed
water.
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Fig. 2. Schematic diagram of MEDS-sp.

2.1. Design of spiral-shape multiple-effect diffusion unit (sMDU)

The design concept of spiral-shape MDU is shown in Fig. 3. The
heating plate (polycarbonate) and the wick are spiraled together with
seal/spacer placed at two edges. During the process of rolling the
plate, the wick material is stretched on the curved heating plate to cre-
ate a tensile force for tight contact with the plate. Wick peel-off problem
can then be solved.

Two silicone rubber spacer/seals at the top and bottom edges were
used. The top spacer/seal is in a rectangular shape in cross section. The
bottom spacer/seal (called “ditch component” in Fig. 3(a)) also acts as
aditch for pure water collection. Both spacer/seals are made from extru-
sion of silicone rubber. Silicone rubber pipes for feed water flow are
placed inside the ditch to recover the heat of pure water and inside
the brine collector to recover the heat of brine.

In the spiral MDU, there is only one still cell which is in spiral shape.
Besides the vapor diffusion across the gap in the outward direction per-
pendicular to the plate (radial diffusion), lateral diffusion along the cir-
cumference down to the end of the spiral cell may occur, see Fig. 3(b).
The lateral diffusion may induce an additional mass transfer effect
which increases vaporization of water in the wick and condensation of
vapor on the bare side of heating plate.

Fig. 4 shows the schematic diagram of the design of spiral multiple-
effect diffusion unit (sSMDU). The feed water first flows down and is
heated in the heat recovery pipes of pure water and brine at the bottom
and then flows up and is fed to a pulp sponge (at the top) which
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Fig. 3. Design concept of spiral MDU (cross-sectional view).

distributes the flow evenly into the wick. The wick flow is from the pulp
sponge at the top all the way down to the brine collector through the
heating plate where distillation process takes place. The pure water con-
densate on the bare side of heating plate flows down and is collected at
the ditch. The flow of pure water and brine is thus separated quite well
by this design. Fig. 5(a) is the prototype of sMDU without wick showing
how the spacer/seals are used to create a uniform cell gap and sealing
effect. Fig. 5(b) shows the final prototype of sMDU.

The design of the condenser section of heat pipe inside sMDU is
much simple as compared to that of MEDS-1L [18]. As shown in Fig. 6,
the condenser is made of a copper pipe. Vapor from solar collector
flows into the condenser through the vapor tube. The condensate of
vapor then flows down and back to the solar collector. A wick material
is tightly attached on the outside heating surface of the condenser by
a pre-stretching process of wick to absorb solar heat and generates the
first vapor for successive distillation process. In mass production,
sintered material can be used and a porous layer can be attached on
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the heating surface. The design specification of sMDU is shown in
Table 1.

The wick of sMDU is in contact with the heating plate due to the
curved spiral structure. However, the dissolved gas in water such as
oxygen may be evolved and produce bubbles which may cause wick
peel-off problem. The water flow rate through the wick needs to be con-
trolled to avoid wick dry-out and bubble formation. Similar to MEDS-1L
[18], a test of the wick material used in the present study shows that, the
bubble problem at 100 °C can be avoided if the ratio of pure water flow
to brine or effluent flow is in the range 0.3-2.0 or the ratio of inlet water
flow to pure water flow is in the range 1.3-3.0.

2.2. Vacuum-tube solar collector and thermosyphon (heat pipe)
A flow-through vacuum-tube solar collector module (EZL 100-6)

made by Viessmann Heating Technology Beijing Co., Ltd. used in MEDS-
1L [18] was used in the present MEDS-sp. EZL 100-6 has 6 tubes with a
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Fig. 4. Schematic diagram of sMDU prototype design. (a) Without wick. (b) With wick.
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(a) without wick (b) with wick

Fig. 5. Manufacture of sMDU.

total absorber area of 1.08 m?. The measured solar collector efficiency is
around 0.6-0.7 operated at steam generation mode (100 °C).

The high-quality vacuum-tube solar collector is shown to be able to
provide heating temperature up to 100 °C to sMDU to create high tem-
perature gradient to improve MEDS performance.

The solar energy collected by the vacuum-tube collector is delivered
to sMDU through a thermosyphon loop (heat pipe). The solar energy
absorbed by the metallic absorber (fin) is conducted to the working
fluid of heat pipe inside the flow-through tube and causes evaporation.
The vapor flows to sMDU through the connecting pipe and enters the
condenser through vapor tube (Fig. 2).

Condensation heat of the working fluid is released to the wick at-
tached outside the heating surface of the condenser and makes the
first vapor for successive distillation process. The condensate of heat
pipe flows back to the evaporator (solar collector) by gravitational
force. This completes a heat transport cycle. The working fluid used in
the present study is pure water which is charged to the heat pipe after
evacuation, about 2 1.
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Fig. 6. Condenser section of heat pipe in sMDU.

Table 1
Design specifications of SMDU.

Shape Spiral

Cell dimension
Cell material

H 0.7 m x L 8.3 m (spiraled shape), gap 7 mm;
Plate: polycarbonate (PC), thickness 0.254 mm
Wick: nonwoven 100% wooden fiber (used in coffee maker),
thickness 0.225 mm (69 g/m?)
Spacer: silicone rubber
No. of multiple 14
effects
Total evaporating
surface area
Condenser of heat  Cylindrical tube: cooper, dia. 80 mm (2 t), height 700 mm
pipe Effective heating area: H680 mm, 80 mm dia.
Vapor tube: dia. 10 mm (1 t), copper tube
Wick on outside heating surface: nonwoven 100% wooden
fiber (used in coffee maker), thickness 0.225 mm (69 g/m?),
3 layers
Heat recovery pipes Length: 8.25 m each for pure water and brine
Inside diameter: 4 mm
Thickness: 0.5 mm
Material: silicone rubber

0.62 m x 825 m = 5.1 m?

2.3. Experimental setup

Fig. 7 shows the prototype of MEDS-sp. The vacuum-tube solar col-
lector and sMDU are connected by heat pipe.

MEDS-sp was tested at the outdoor. The same automatic measuring
system of MEDS-1L [18] is used for long-term experiment (Fig. 8). A
weight measuring device was designed using weighing method. The
pure water and the brine water were drained from sMDU into two
tanks separately and the weight was measured by digital scales
(BHW-30 by Shinko Co.) with uncertainty of 4 3%. A solenoid valve
was installed at the bottom of each tank to empty the water at night.
The instantaneous and accumulated water outflow can be measured au-
tomatically. Temperatures at solar collector exit (T,,), condenser heating
surface of SMDU (T,,;) (Fig. 8), and ambient (T,) were measured using
thermocouples (with uncertainty of 4-0.8 °C). Solar radiation was mea-
sured using a pyrometer LP PYRA 03 (by Delta OHM Co.) with uncer-
tainty of + 5%. The whole measurement is automatic and all the data
are recorded by a recorder MV100 (by YOKOGAWA). The sampling
time interval is 1 min.

The feeding rate of MEDS-sp was regulated manually by a valve and
set at 120-130 g/min, about twice of the maximum production rate of
the still, to avoid bubble formation and peer-off of wick material as de-
scribed in Section 2.1. That is, the flow ratio of inlet water to pure water
is in the range of 1.3-3.0. No electric power is needed for feeding water
in the experiment.

3. Test results
3.1. Daily performance of MEDS-sp under different weather conditions

The tap water from a reservoir on the rooftop of building was used as
the inlet water in the experiment. Fig. 9 shows the test result of MEDS-
sp in sunny weather (2013/5/06). It is seen that both of the solar collec-
tor supply temperature T;, and the heating plate temperature Ty,; keeps
100 °C at solar radiation Iy = 600-750 W m ™~ 2. T, and T,; reach 70-90 °C
and 53-88 °C, respectively, at I; = 400 W m~2, depending on the cold/
hot status of sMDU due to thermal mass effect. The daily-total pure
water production (D,,) is 39.9 kgd ™.

The test result of MEDS-sp in partly-cloudy weather (2013/5/25) is
shown in Fig. 10. Both T, and T,; in sMDU reach 100 °C most of the
time. The daily-total pure water production (D) is 31.2 kg d~".
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Fig. 7. Prototype of MEDS-sp.

3.2. Long-term performance comparison of MEDS-sp
The long-term performance data of MEDS-sp is calculated based on
four performance indexes proposed by Chong et al. [18] for comparison.

(1) Daily pure water production per unit area of glass cover M,y
Mcov = DW/Acov (1)

where D,, is the daily pure water production; and A, is the area
of glass cover. For vacuum-tube collector, it is calculated based on
the outside diameter of the glass tube.

Daily pure water production per unit area of solar absorber, M,

—~
[\
—

Msol = DW/Asol (2)

where Ay, is the area of the solar absorber.

(3) Daily pure water production per unit area of evaporating surface
Mevp
Mevp = DW/Aevp (3)

where A, is the total area of evaporating surface.
Daily solar distillation efficiency of MEDS based on incident solar
energy on glass cover R,y

Rcov = hngW/(HTAmv) = hngcov/HT (4)

=

where hp, is the latent heat of water; and Hris daily-total solar ra-
diation incident upon glass cover of MEDS. R, is the ratio of total
energy required to produce the pure water to the total solar

incident energy. It is also called “the coefficient of performance
(COP) of MEDS”. Mcov» Mso, Mevp and R,y are used to evaluate
the performance of MEDS-sp and compare with other published
results.

The measured daily pure water production D,, is converted into Moy,
Msol, Meyp and Rco, to compare with the published data [11,15-18].

3.2.1. Comparison of Mo,

Fig. 11 shows that the measured highest M., of MEDS-sp is
34.7 kg m—2d~ ! at Hy = 24.9 M] m~2d ™! which is about 86% higher
than the highest test result of MEDS-Basin [11] (18.7 kg m—2d ™! at
Hr =224 M] m~2d~') with 11-effect MDU.

If the averaged data (linear regression lines) were used to compare
the performance, Mo, is 93% higher than that of MEDS-Basin [11] at
Hr =15.2 M] m—2d~" and 66% higher at Hr =224 M m~2d~". Moy
is 75% higher than that of MEDS-Basin [11]. M,y is higher than the cal-
culation of MEDS-FHP [17] by 85%-89% as shown in Table 2.

Table 3 and Fig. 11 show that M,, of MEDS-sp is higher than that of
MEDS-1L [18] by about 47%. The performance improvement due to the
high temperature gradient of MDU created by the vacuum-tube solar
collector has been experimentally verified in MEDS-1L[18]. Further per-
formance enhancement of MEDS-sp over MEDS-1L[18] is due to the en-
hanced diffusion process in the spiraled still cell. Lateral diffusion may
take place and enhance the diffusion flow as well as the water evapora-
tion and vapor condensation processes inside the spiraled cell, as shown
in Fig. 3(b).
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Fig. 9. Test result of MEDS-sp in sunny day (2013/5/06).

3.2.2. Comparison of Mo,

Fig. 12 shows that My, of MEDS-sp is much higher than that of
MEDS-Basin [11]. The highest My, is 40.6 kg m~2d™' at Hy =
249 M] m—2d~"', which is about 217% higher than MEDS-Basin [11]
(12.8 kg m~2d~ ' at Hy = 22.4 MJ m~2d ™). The total solar absorber
area of MEDS-Basin is 2.25 m?, while the total solar absorber area of
MEDS-sp is only 1.08 m?. In overall average (linear regression lines),
M;,; of MEDS-sp is 200% higher than that of MEDS-Basin [11], as can
be seen from Table 3.

It can be seen from Table 3 that the measured M, of MEDS-sp is
much higher than the calculation of MEDS-FHP [17] by 116%-121%.
Table 3 and Fig. 12 also show that the measured M, of MEDS-sp is
higher than that of MEDS-1L [18] by 59%.

3.2.3. Comparison of Mey

Fig. 13 shows that the highest M,,, of MEDS-sp is 7.96 kg m *d " at
Hy = 249 MJ] m~2d™', about four times of MEDS-Basin [11]
(2.02 kg m~—2d~'atHr =224 MJm~2d~ ') which has a total evaporat-
ing surface area of 14.25 m? in the 11-effect MDU. The total evaporating
surface of MEDS-sp is only 5.1 m?, about one third. This indicates that
MEDS-sp is more efficient in the multiple-diffusion and evaporating
process inside the still cell. In overall, M., of MEDS-sp is 272% higher
than that of MEDS-Basin [11], as can be seen from Table 3. Table 3 also

shows that the measured Me,,, of MEDS-sp is higher than MEDS-FHP
[17] by 366%-376%.

Table 3 and Fig. 13 also show that the measured M., of MEDS-sp is
much higher than that of MEDS-1L [18] by 188%.

3.24. Solar distillation efficiency (coefficient of performance COP) R,y

The energy efficiency of a MEDS can be represented by solar distilla-
tion efficiency R, which is “the coefficient of performance (COP) of
MEDS” defined in Eq. (4). Fig. 16 shows that the highest R,, of MEDS-
spis 3.49 at Hy = 20.5 MJm~2d ™!, about 85% higher than the test result
of MEDS-Basin [11] (1.88 at Hr = 22.4 M] m—2d~!). Re,y of MEDS-sp is
in the range of 2.0-3.5, while the MEDS of MEDS-Basin [11] is 1.45-1.88.
In overall, R.,, of MEDS-sp is 78% higher than that of MEDS-Basin [11],
as can be seen from Table 2.

Table 2 shows that the measured R, of MEDS-sp is higher than the
calculation of MEDS-FHP [17] by 109%-125%. Although the area of solar
absorber and evaporating surface used in MEDS-sp are about half and
one quarter of MEDS-FHP, respectively, the solar distillation efficiency
Reov of MEDS-sp is doubled.

Table 3 and Fig. 14 also show that the measured R, of MEDS-sp is
higher than that of MEDS-1L [18] by 44%. This resulted from the en-
hanced diffusion process in the spiraled still cell due to lateral diffusion.
In Fig. 14, R.,, of MEDS-sp tends to approach a saturated value at high
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Fig. 10. Test result of MEDS-sp in partly-cloudy weather (2013/5/25).
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Fig. 11. Comparison of water productivity per unit area of glass cover.

Hy. Fig. 11 shows that M, is proportional to Hr which can be expressed
in a linear form:

Mcov:a+bHT (5)
where a = —4.66 and b = 1.62 from linear regression of data in Fig. 11.
From the definition of R, Eq. (4), we obtain

Reoy = hgMeoy /Hr = hyg(a+ b Hy) /Hy = hyp(—4.66/Hy + 1.62). (6)

Therefore, the R, correlation of MEDS-sp coincides with Eq. (6) as
shown in Fig. 14. This may result from the fact that, the lateral vapor
flow has been down to the end of still cell with very high heat input.
Hence, no more water production can be obtained even if heat input is
increased.

Table 2
Performance comparison of MEDS-sp with MEDS-Basin [11] and MEDS-FHP [17].

According to Eq. (4), the measurement uncertainty of Re,, and wg,
can be calculated from Eq. (7) [21]:

Wg =/ Wpy, 2 + Wy 2 =5.8%.

where wp,, is the relative measurement uncertainty of daily pure water
production D, (3%); and wyris the relative measurement uncertainty of
daily total solar irradiation Hy (5%).

™)

4. Discussion

The performance improvement of MEDS-1L [18] over MEDS-Basin
[11] and MEDS-FHP [17] is mainly due to the high temperature gradient
of MDU created by vacuum-tube solar collector.

In the present study, sMDU has a single cell in spiraled shape. The
measured Mcoy, Msol, Meyp, and R, of MEDS-sp are much higher than
MEDS-1L [18]. The performance enhancement in MEDS-sp results
mainly from the enhanced diffusion process inside the spiraled still
cell. Lateral diffusion flow may take place and enhance water evapora-
tion and condensation processes. This occurs especially at high solar
radiation.

An experiment was carried out by Huang et al. [19] for a bended-
plate MDU, with a wick dimension of 30 cm x 40 c¢m, using steam as
the input. It was found that the measured COP of MDU, R,, as defined
in Eq. (8), decreases with increasing heat flux through the still cell gy,
as shown in Fig. 15 which is converted from the data of Table 5 of [19].

__latent heart required for total pure water production
n heat input to MDU

R (8)

High heat flux g5 through the still cell creates higher resistance in
heat and mass transfer process in a closed-type still cell, since the
vapor generation and condensation flow may be limited by limited sur-
face area of wick/plate at high heat input. For open-type spiral still cell of
sMDU, the vapor flow generated by heat input can flow freely and later-
ally through the spiral channel down to the end when heat input is high.
This will create a lower average heat flux to the wick/plate surface in

MEDS-Basin built by Tanaka et al. [11]

MEDS-FHP proposed by Tanaka et al. [17] MEDS-sp built in the present study

Design parameters

Glass cover area Ay, m? 1.54

Solar absorber area Ayo;, m? 2.25[1.2 (first plate);1.05 (basin)]
Wick area per layer, m? 1.2

Still cell gap, mm 5

Number of effects
Total evaporating surface area Aeyp, m?

Daily-total solar irradiation

Water productivity Daily water productivity

11
14.25 [13.2 (wick);1.05 (basin)]

Solar distillation

2.0 1.17
2.0 1.08
2.0 5.81 (H0.7m x L8.3 m)
5 7
11 14 (spiraled)

22

Water productivity

Daily water productivity

5.1 (0.62 m x 8.25 m spiraled)

Solar distillation

on glass cover H,b MJm~2d~! D, kgd™' per unit area, kgm—2d~! efficiency Ry ~ Dy, kgd™! per unit area, kgm—2d ! efficiency Reoy
Meoy Msol Mevp Mcoy Mot Meyp
Comparison between MEDS-Basin [11] and MEDS-sp both from the regression lines of test data
15.2 153 9.93 6.80 1.07 148 219 19.13 22.38 4.39 2.61
(+93%) (+229%) (309%)  (+77%)
19.6 232 15.05 10.30 1.63 1.71 299 26.01 3043 5.97 3.04
(+73%) (+195%) (+267%) (+78%)
20.7 25.1 16.33 11.17 1.76 1.77 319 27.73 3244 6.36 3.15
(+70%) (+190%) (+261%) (+78%)
224 28.2 18.30 12.53 1.98 1.86 35.0 30.39 35.55 6.97 3.30
(+66%) (+184%) (+252%) (+78%)
Average improvement +75% +200% +272% +78%
Comparison between MEDS-FHP [17] (theoretical result) and MEDS-sp (from the regression lines of test data)
24.8 (summer solstice) 37.0 185 185 1.68 1.68 394 34.14 39.95 7.83 3.51
(fixed collector angle 26°) (85%) (+116%) (+366%) (+109%)
27.4 (summer solstice) 40.4 20.2 20.2 1.84 1.66 44.2 38.21 44.70 8.77 3.73
(optimal collector angle 10°) (89%) (+121%) (+376%) (+125%)




B.-J. Huang et al. / Desalination 362 (2015) 74-83 81

Table 3
Performance comparison of MEDS-sp with MEDS-1L [18].

MEDS-1L
built by Chong et al. [18]

MEDS-sp
built in the present study

Design parameters

Glass cover area Acoy, m? 1.17 117

Solar absorber area Ay, m? 1.08 1.08

Wick area per layer, m? 0.278 (580 mm x 480 mm) 581 (H0.7mx L83 m)

Still cell gap, mm 6 7

Number of effects 18 14 (spiraled)

Total evaporating surface area Ay, m? 10.02 5.1 (0.62 m x 8.25 m spiraled)

Comparison between MEDS-1L [18] and MEDS-sp both from the regression lines of test data

Daily-total solar irradiation Water Daily water productivity Solar distillation =~ Water Daily water productivity Solar distillation
on glass cover H, MJm~2d~" productivity ~per unit area, kgm=2d~" efficiency Reoy productivity per unit area, kg m=2d ™! efficiency Reoy
Dy, kgd™! Dy, kgd™!
Mcov Msol Mevp va Msol Mevp
15.2 15.4 12.98 14.06 1.52 1.81 219 19.13 22.38 439 2.61
(+47%) (+59%) (189%) (+44%)
19.6 20.7 17.73 19.20 2.09 2.11 29.9 26.01 30.43 5.97 3.04
(+47%) (+58%) (+188%) (+44%)
20.7 22.0 18.91 20.49 2.21 2.18 319 27.73 32.44 6.36 3.15
(+47%) (+58%) (+187%) (+44%)
22.4 24.1 20.75 2248 243 2.29 35.0 30.39 35.55 6.97 3.30
(+46%) (+58%) (+187%) (+44%)
Average improvement  +47% +59% +188% +44%

sMDU. Table 4 shows that at the same heat input from the solar collec-
tor, the heat flux through still cell in MEDS-sp (assumed uniform) is
about one ninth of MEDS-1L. Besides, the larger evaporating and
condensing area at the outer cell of sMDU may have lower transport
resistance and increase heat and mass transfer at the outer cells. This
may explain why the performance of MEDS-sp is much better. The phe-
nomenon of heat and mass transfer in the spiral still cell is quite compli-
cated. Further researches are still needed to understand the detailed
mechanism.

Nakatake and Tanaka [20] designed a horizontal concentric cylindri-
cal MDU heated by frictional heat generated by wind energy, through a
liquid heat medium. It is similar to sMDU, however, the diffusion cells
are in concentric cylindrical shape which allows no lateral diffusion
and the manufacture is more difficult than sMDU.

The wick peel-off problem in MEDS-sp is solved since the curved-
structure of spiraled plate/wick creates a stretching force in the wick
material and a tight contact between the heating plate and the wick.

The feeding rate of MEDS-sp was set at 120-130 g/min, about twice
of the maximum production rate of the still, to avoid bubble formation
and peer-off of wick material as described in Section 2.1. That is, the
flow ratio of inlet water to pure water is in the range of 1.3-3.0. The
feeding flow is fixed by regulating a valve manually, since the produc-
tivity of MEDS-sp can be optimized with respect to variation of solar ra-
diation through feed flow rate control. Metering pump associated with a
controller can be used. In this case, MEDS-sp will not run autonomously
and requires electrical energy to drive the pump.

The pure water contamination was not found in the present test
since the feeding rate was controlled carefully such that no bubble

% a5 MEDS-sp Test (2013/4/14-2013/6/28)
3
0 - MEDS-sp
=% 40 | \O o
c T
E QJE test results of MEDS-1L
el
o = 35 by Chong, et al [18] A
g = o)
= S 30

v
£s
T = <
°c g 25 r e
= -
58 20
3
0 ©
s _8 5 F calculation of
= MEDS-FHP by
- 10 / Tanaka, et al [17]
Q

5.1 test results of MEDS-Basin
" o8 kl)y Tanaka, et lal [11)
0 5 10 15 20 25 30

Daily-total solar irradiation Hy(MJ m2 d)

Fig. 12. Comparison of water productivity per unit area of solar absorber.
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MEDS-sp Test (2013/4/14-2013/6/28)
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o
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Fig. 13. Comparison of water productivity per unit area of evaporating surface.

formation and dry-out occurs in the wick. A repeated test using dyed
(colored) water in feed flow was performed. No contamination in
pure water was observed.

No leakage of brine into pure water was observed also since the flow
path of sMDU is carefully designed and manufactured as described in
Section 2.1. We also observed no flow to the pure water collector at
night.

The effect of wick scaling on performance needs a long-term obser-
vation. For the test period of MEDS-sp in about 3 months, we observed
no significant performance degradation. Nevertheless, a regular re-
placement of wick material in SMDU is necessary. The modular-type
design of the present SMDU makes it easy for replacement of wick
material.

Loss of feeding water in sSMDU due to water supply failure needs to
be carefully treated in order to avoid burn-out of wick and damage of
heat pipe due to very high temperature flow from the vacuum-tube
solar collector in sunny days.

The design of sMDU is an open-type in spiral-shape still cell. That is,
the cell is open to the atmosphere along pure water collection path al-
though there is a vapor seal design. The maximum operating tempera-
ture of sSMDU is thus 100 °C. The working fluid used in the heat pipe is
water which has a lower pressure at operating temperature below
100 °C. This improves the safety of the product.

It has been shown that a MEDS-sp coupled with one set of solar col-
lector (1.08 m?) can produce pure water of 40.6 kg per day maximum at

MEDS-sp Test (2013/4/14-2013/6/28)
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Fig. 14. Solar distillation efficiency comparison of MEDS-sp with other MEDS [11,17,18].

Bended-plate MDU (10 effect) tested with steam input [19]

Measured COP of MDU, R,
w
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Heat flux through still cell g, , W m2

Fig. 15. Measured COP of MDU using steam [19].

sunny weather (Fig. 16), which is enough to supply drinking water for
about 12 people a day.

The purchase price of vacuum-tube solar collector used in MEDS-sp
is around USD400 per set (absorber area 1.08 m?) which is about two
times of flat-plate collector.

The manufacture cost of sMDU is also lower than MEDS-1L [18] since
the area of evaporating surface used is about half of MEDS-1L and the
spiral design makes the production much easier and cheaper.

Since the condenser section of heat pipe in MEDS-sp is a cylindrical
shape and the working fluid of heat pipe is water, the condenser can
be made from plastic or ceramic material. The porous heating surface
made from sintering process of plastic or ceramic material can be sepa-
rately attached on the condenser cylinder. This will simplify the mainte-
nance. The manufacture cost of sMDU including condenser is around
USD120. It is expected that the mass production cost of the whole
MEDS-sp will be around USD750. The cost can be further reduced if
the design of MEDS-sp is optimized with optimal layers of spiral cell.

One of the most important features of MEDS-sp is that, it is operated
at ambient pressure without high-pressure or vacuum component in
the system. Maintenance is thus quite simple and the cost is low.

The spiral design of sMDU causes no peel-off of wick and pure water
contamination. No performance deterioration was observed in a contin-
uous operation for 3 months.

5. Conclusions

The present study develops a MEDS with a novel spiral-shape still
cell in MDU. Beside the radial vapor diffusion in the direction perpendic-
ular to the plate, vapor can also be diffused laterally inside the gap to en-
hance the water evaporation and vapor condensation processes. That is,
the vapor flow generated by heat input can flow freely and laterally
through the spiral channel down to the end when solar heat input is
high.

The test results of MEDS-sp built with 14-effect in the present study
show that in sunny weather, both of the solar collectors supply temper-
ature Ty, and the first heating plate temperature T,; keeps at 100 °C at
solar radiation of It = 600-750 W m~2. T), and T,; reach 70-90 °C and

Table 4
Calculation of heat flux gy, through still cell in MEDS-1L and MEDS-sp.

Solar irradiation I, W m~2 Heat input to MDU, W Heat flux through still

cell g, Wm™2
MEDS-1L MEDS-sp
600 324 583 64
800 432 777 85
1000 540 971 106
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Fig. 16. Comparison of daily water productivity of MEDS-sp with MEDS-1L [18].

53-88 °C, respectively, at I; = 400 W m™~ 2, depending on the cold/hot
status of sMDU due to thermal mass effect. The measured highest
pure water production (D,,) is 40.6 kg d .

The measured highest productivity per unit area of glass cover, solar
absorber, and evaporating surface (Mcoy, Msor, and Me,y) is 47%, 59%, and
188% higher than MEDS-1L [18], respectively, and is much higher than
the published results.

The measured solar distillation efficiency R, of MEDS-sp is 2.0-3.5,
about 44% higher than MEDS-1L (1.5-2.4). This resulted from the en-
hanced diffusion process in the spiraled still cell of sMDU due to lateral
diffusion. Besides, the larger evaporating and condensing area at the
outer cell may increase heat and mass transfer at the outer cell.

Nomenclatures

Acov total area of glass cover in MEDS, m?

Aevp total evaporating surface area for vaporization in MDU, m?

Asol total solar absorber area for collecting solar energy, m?

Dy, daily pre water production, kg d !

hg latent heat of water, k] kg~ '

Hy daily-total solar irradiation on glass cover, M m~2d~!

Ir instantaneous solar irradiation on glass cover, W m 2

Moy daily-total pure water production per unit area of glass cover
defined in Eq. (1), kgd™' m™2

Meyp daily-total pure water production per unit area of evaporating
surface defined in Eq. (3), kgd™' m™2

Mso; daily-total pure water production per unit area of solar ab-
sorber defined in Eq. (2), kgd™' m™2

an heat flux through still cell, W m—2

Reov daily-total solar distillation efficiency (COP) of MEDS, defined
in Eq. (4)

R, daily-total distillation efficiency (COP) of MDU, defined in
Eq. (6)

T, ambient temperature, °C

Ty solar collector supply temperature to MDU, °C

Tp1 MDU first-plate temperature, °C

Wpw relative measurement uncertainty of daily pure water pro-
duction D,,, dimensionless 0-1

WHT relative measurement uncertainty of daily total solar irradia-
tion Hr, dimensionless 0-1

Wg relative measurement uncertainty of R, Eq. (5), dimension-
less 0-1
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