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Nomenclature
A: area, m2

G: solar radiation on a horizontal surface, W/m2

l: length, m

mcp: heat capacity, J/K

Qc: convective heat transfer rate, W

Qd: conductive heat transfer rate, W

Qe: heat transfer rate by mass transfer, W

Qf: enthalpy increase, W

Qr: radiative heat transfer rate, W

Qsun: absorption of solar radiation, W

T: temperature, K

t: time, s

w: width, m

α: absorptance

β: incident angle of direct solar radiation on glass cover

β’: incident angle of reflected solar radiation on glass cover

φ, ϕ: azimuth and altitude angle of the sun

θ: inclination angle

ρ: reflectance of reflector

τ: transmittance of glass cover

Subscripts
a: ambient air

df: diffuse radiation

dr: direct radiation

g: glass cover

gp: gap

m: reflector

re: reflected radiation

s: still

w: wick

Introduction
A tilted wick solar still consisting of a transparent cover and a 

wick as absorber/evaporator is one of the simplest types of solar stills. 
Compared with a basin type still consisting of a transparent cover and a 
basin liner, the advantages of the tilted wick still are as follows:

1) Heat capacity of water flowing in the wick is considerably smaller 
than that of water in a basin liner.

2) The inclination angle of the tilted wick still can be adjusted
according to seasons and locations to increase the solar radiation 
absorbed on the wick, while the basin liner should be set horizontally.

3) Size of the still is smaller.

4) The tilted wick still can be installed on a slope.

Due to these advantages, tilted wick stills have been studied
numerically and experimentally [1-21], and also reviewed by 
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Abstract
A tilted wick solar still with a flat plate bottom reflector was analyzed theoretically when there is a gap between 

the still and reflector at 30oN latitude. A mirror-symmetric plane of the wick relative to the reflector was introduced to 
calculate the amount of solar radiation reflected from the reflector and absorbed on the wick. Heat and mass transfer 
in the still were also analyzed to determine the temperature in the still and the distillate production rate of the still. The 
inclinations of both the still and the reflector should be adjusted adequately for each month and for the gap length in 
order to increase the distillate productivity. The optimum inclinations of both the still and the reflector throughout the year 
were determined. The effect of the reflector on distillate productivity decreases with an increase in gap length. However, 
the distillate productivity can be increased by the reflector even if the gap length is equivalent to that of the still and 
reflector. The sum of the daily amount of distillate on each month throughout the year was predicted to be increased 
about 28, 19 and 14% by the reflector when the gap length is 0, 0.5 and 1 m.
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instances in which the reflector should be installed apart from the solar 
still due to limitations of the installing site. But the geometrical models 
which have been proposed cannot be applied if there would be any 
gap between the still and the reflector. Recently, Tanaka numerically 
analyzed a solar thermal collector and a flat plate bottom reflector with 
a gap between them [30], and presented a new geometrical model to 
predict the amount of solar radiation reflected from a bottom reflector 
and then absorbed on the collector in cases where there is a gap between 
collector and reflector. The geometrical model for a system with a gap 
is similar to those for stills without a gap, but more complicated. The 
collector/reflector system with a gap analyzed by Tanaka [30] consists of 
two flat plates; therefore, the geometrical model for a collector/reflector 
system with a gap can be applied for a tilted wick still with a flat plate 
bottom reflector with a gap since they are also two flat plate systems. 
Therefore, in this paper, the geometrical model for a collector/reflector 
system with a gap is applied to a tilted wick solar still with a bottom 
reflector with a gap between the still and reflector, and the optimum 
inclinations of both the still and reflector as well as an increase in 
distillate productivity of the still using a bottom reflector with a gap are 
predicted for each month of the year at 30oN.

Theoretical Analysis
Amount of solar radiation absorbed on the wick

  Figure 1 shows a tilted wick solar still with a flat plate bottom 
reflector and a gap between the still and reflector. A tilted wick still 
consists of a glass cover and wick as an absorber/evaporator. The 
bottom of the still is insulated. The still is facing south, and the bottom 
reflector is placed parallel to the still at the south side of the still with 
a gap. It is assumed that the lower edge of the reflector and the wick of 
the still are at same level. The inclinations of the still and the reflector 
are assumed to be adjustable.

  Direct and reflected solar radiation to the proposed still is shown 
in Figure 2. ABCD is the wick of the still and EFGH is the reflector, 
respectively. The walls of the still are neglected in this study since the 
height of the still (0.01 m) is negligible in relation to the still’s length 
(1 m) and width (1 m). The length of the still and the reflector are 
shown as ls and lm, and the inclinations of the still and the reflector 
from horizontal are shown as θs and θm, respectively. The length of a 
gap between the still and the reflector is shown as lgp. Solid arrows (CC’, 
DD’, GG’ and HH’) show direct radiation and dashed arrows (GG’’ and 
HH’’) show reflected radiation. The azimuth and altitude angle of the 
sun are shown as ϕ and φ, respectively.

Manikandan et al. [22] and Murugavel et al. [23].

A flat plate reflector is an inexpensive and simple modification to 
increase the distillate productivity of tilted wick stills. However, there 
had been few reports about tilted wick stills with a flat plate reflector 
[3,10], and a quantitative analysis of the effect of a flat plate reflector on 
tilted wick stills had not been done. Tanaka and Nakatake [24-26] have 
presented geometrical models to predict the solar radiation reflected 
from a top reflector extending from the upper edge of the still, and then 
absorbed onto the wick. The top reflector is assumed to be set vertically 
in spring and autumn [24], and inclined forwards slightly in winter [25] 
and backwards slightly in summer [26]. Tanaka [27] also predicted the 
optimum inclinations of both the still and the top reflector throughout 
the year using these geometrical models. After that, Tanaka presented 
another geometrical model for a bottom reflector extending from the 
lower edge of the still [28], and theoretically analyzed the optimum 
inclinations of both the still and the bottom reflector throughout the 
year [29]. Through these studies, it was found that a top reflector as well 
as a bottom reflector can be used to increase distillate productivity of 
the still by adjusting the inclinations of both the still and the reflector 
appropriately according to the seasons.

In all the geometrical models mentioned above, it was assumed that 
the still and the reflector touch each other and there is no gap between 
them. However, in practical cases, especially when the reflector would 
be installed on the already mounted solar still, there would be many 
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Figure 2: Direct and reflected solar radiation on the proposed still.

Figure 1: Schematic diagram of a tilted wick solar still with a flat plate bottom reflector with a gap between the still and reflector.
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Fig. 1 Schematic diagram of a tilted wick solar still with a flat plate bottom reflector with a gap 

between the still and reflector 
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  The amount of direct solar radiation absorbed on the wick, Qsun,dr, 
can be calculated by determining the area of the shadow of the wick on 
a horizontal surface (a trapezoid ABC’D’) as

                                                                                                                  (1)

  (cos sin cos / tan )dr s s sA wl θ θ φ ϕ= +                        (2)

ϕθφ+θφ=β cossincoscossincos ss                            
(3)

where Gdr is direct solar radiation on a horizontal surface, τg is 
transmittance of the glass cover, β is the incident angle of direct solar 
radiation on the glass cover, αw is absorptance of the wick and Adr is 
the area of the wick’s shadow (ABC’D’). When the sun moves north in 
the early morning and late evening in the months of April to August, 
the shadow of the wick would be shorter than lscosθs and Adr should be 
determined as

(cos sin cos / tan )dr s s sA wl θ θ φ ϕ= −                          (4)

  Diffuse solar radiation absorbed on the wick, Qsun,df, can be 
determined assuming that diffuse radiation comes uniformly from all 
directions in the sky dome, and this can be expressed as

, ( )sun df df g df w sQ G wlτ α= ×                                                  (5)

where Gdf is the diffuse solar radiation on a horizontal surface, 
and (τg)df, which is a function of the inclination of the still, θs, can be 
calculated by integrating the transmittance of the glass cover for diffuse 
radiation from all directions in the sky dome [24].

The reflected projection from the bottom reflector is shown as 
EFG’’H’’. Not all of the reflected radiation from the bottom reflector can 
reach the wick, and part or all of the reflected radiation would escape 
to the ground without hitting the wick. To calculate the amount of solar 
radiation reflected from the bottom reflector and then absorbed on the 
wick, a mirror-symmetric plane of the wick relative to the reflector is 
introduced. A side view of the wick, reflector and mirror-symmetric 
plane is shown in Figure 3. BC and FG show the wick and reflector, and 
JK shows the mirror-symmetric plane. As shown, the position of the 
upper edge of the mirror-symmetric plane (point J) can be determined 
using lengths l1 and l2.

2
1 2 singp ml l θ=

                                           
                        (6)

2 2 sin cos sin 2gp m m gp ml l lθ θ θ= =                                  (7)

The incident point and incident angle of the reflected radiation on 
the wick are exactly the same as those of the direct radiation which 
goes through the reflector and incidents on the mirror-symmetric 
plane. Therefore, the amount of the reflected radiation absorbed on the 
wick can be calculated by determining the amount of direct radiation 
which goes through the reflector and then is absorbed on the mirror-
symmetric plane. Here, ω1 is the inclination from vertical of the mirror-
symmetric plane determined as

2/21 π−θ+θ=ω sm                                                               (8)

Figure 3 shows only case in which ω1 is positive. If ω1 is negative, 

length l6 mentioned below will also be negative, however, the following 
calculations are valid even if ω1 and l6 have negative values.

  A geometrical model to calculate the amount of direct radiation 
which goes through the reflector and is absorbed on the mirror-
symmetric plane is shown in Figure 4. The wick of the still (shown as 
ABCD) and the reflector (shown as EFGH) are exactly the same as 
those shown in Figure 2. A mirror-symmetric plane shown as IJKL 
is placed on a virtual horizontal surface X’’’ which is l2+l3 below the 
horizontal surface X on which the still and reflector are placed. The 
shadows of the reflector (EFGH) and the mirror-symmetric plane 
(IJKL) caused by direct radiation on a virtual horizontal surface X’’’ are 
shown as E’’’F’’’G’’’H’’’ and I’’’J’’’KL, respectively. Therefore, the amount 
of direct radiation which goes through the reflector and is absorbed 
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on the mirror-symmetric plane, which is exactly the same as that 
reflected from the reflector and then absorbed on the wick, Qsun,re, can 
be calculated by determining the area of the overlapping part of these 
shadows (Are) shown as I’’’NG’’’M. This can be expressed as

, ( ')sun re dr m g w reQ G Aρ τ β α= ×                          
              (9)

ϕωφ+ωφ=β cossincoscossin'cos 11                         (10)

where ρm is reflectance of the reflector and β’ is incident angle of the 
reflected radiation on the glass cover. Here, lengths l3 to l12 and angles 
ω2 and ω3 shown in Figure 4 to calculate the overlapping area can be 
determined as follows:

13 cosω= sll                                                                                   (11)

14 sinω= sll 	                                                                                 (12)

φϕ= tan/cos35 ll                                                                        (13)

φϕ= tan/sin36 ll
                                                                  

(14)

)tan/cossin(cos7 φϕθ−θ= mmmll                            (15)

φϕθ= tan/sinsin8 mmll                                                      (16)

φϕ++θ= tan/cos)sin( 329 llll mm                             (17)

 10 1 4cosm m gpl l l l lθ= + − −                                                (18)

11 9 7 10l l l l= + −                                                                           (19)

  12 2 3( )sin / tanl l l φ ϕ= +                                                     (20)

2 6 4 5tan / ( )l l lω = +                                                               (21)

783 /tan ll=ω                                                                              (22)

The overlapping area Are should be calculated according to the 
conditions of the positions of shadows of both the reflector and mirror-
symmetric plane, and the calculating methods were described in detail 
in a previous paper [30].

Effect of shadow of reflector on wick

  When the solar altitude angle φ is small in the early morning 
and late evening, the reflector will shade the wick and this will cause 
decrease in direct radiation absorbed on the wick, especially in the case 
where the inclination of the reflector θm is large. In the calculations, the 
effect of the shadow is taken into consideration. The way to estimate the 
effect of the shadow was described in a previous paper in detail [30]. 
Here, the effect of the shadow is also affected by a gap length lgp and 
decreases with an increase in gap length lgp as mentioned in Results.

Heat and mass transfer in the still

  The wick of the still absorbs solar radiation (Qsun,w). A part of the 
energy escapes to the surroundings through the bottom insulation by 

conduction (Qd), and is consumed to heat up saline water fed to wick 
(Qf). The remaining energy transfers to the glass cover by radiation (Qr), 
conduction and mass transfer (Qe). Therefore, energy balance for the 
wick can be expressed as

  , ( ), ,sun w r d e w g d w a fQ Q Q Q+ + − −= + +            
                  (23)

where subscripts w, g and a show the wick, glass and ambient air, 
respectively. Subscripts of Q, e.g. w−g, show the heat transfer rate from 
the wick (w) to the glass cover (g).

  The glass cover of the still absorbs solar radiation (Qsun,g) as well 
as heat transfer from the wick, and the energy is transferred to the 
surroundings by radiation and convection (Qc). Therefore, energy 
balance for the glass cover can be expressed as

, ( ), ( ), ( ) g
sun g r d e w g r c g a p g

dT
Q Q Q mc

dt+ + − + −+ = +
 
      (24)

Htin the calculations, and mcp is heat capacity, T is temperature and 
t is time. Each heat transfer rate in Eqs. (23) and (24) was described in 
a previous paper in detail [28].

  Solar radiation absorbed on the wick, Qsun,w, and the glass cover, 
Qsun,g, can be expressed as

, , , ,sun w sun dr sun df sun reQ Q Q Q= + +                       
            (25)

( ), , , ,/ ( ) / ( ) / ( ') /sun g sun dr g sun df g df sun re g g wQ Q Q Qτ β τ τ β α α= + + ×              (26)

where αg is absorptance of the glass cover.

  Eqs. (1) to (26) and relating equations were solved together to 
find the solar radiation absorbed on the wick and the glass cover, 
temperatures of the wick and the glass cover and distillate production 
rate of the still with 600 s time steps. Temperatures of the wick and 
the glass cover were set to be equal to ambient air temperature at t = 
0 just before sunrise as the initial condition. The weather and design 
conditions and physical properties employed in the calculations are 
listed in Table 1.

Results
  Figure 5 shows theoretical predictions of hourly variations in 

(a) global solar radiation on a 1 m2 horizontal surface and distillate 
production rate of a tilted wick still and (b) direct (Qsun,dr), diffuse 
(Qsun,df) and reflected (Qsun,re) solar radiation absorbed on the wick on a 
spring equinox day. The daily global solar radiation on this day is about 
23.3 MJ/m2day. Here, the inclination of the still θs is determined as 35o 
which maximizes the distillate production rate of the still when there 
is no gap between the still and reflector and the reflector’s length lm is 
the same as still’s length ls on that day [29]. In Figure 5, the results for 
a still with a reflector (RS), in which the reflector’s inclination θm is 30o 
and 40o and gap length lgp is 0, 0.5 and 1 m as well as a still without a 
reflector (NS) are shown. The distillate production rate as well as each 
solar radiation absorbed on the wick varies similarly with the change 
in global solar radiation. The distillate production rate and reflected 
solar radiation absorbed on the wick for RS is larger for θm = 30o than 
for θm = 40o, and decreases with an increase in gap length lgp for both 
inclinations θm. When the reflector inclination θm is 40o and gap length 
lgp is 1 m, the wick cannot absorb the reflected radiation and the distillate 
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is large.

  The combinations of the optimum inclinations of the still (θs) 
and the reflector (θm) which result in the maximum daily amount of 
distillate on each month throughout the year are shown in Figure 9. 
The optimum inclination of the still without a reflector (NS) is also 
shown. The optimum inclinations of both θs and θm are approximately 
symmetrical with the months of June and December.

In winter, the optimum inclination of the still θs slightly decreases 
and of the reflector θm slightly increases with an increase in gap length 
lgp. The reason is as follows: the altitude angle of the sun at noon on 
the winter solstice is about 36o, and the reflected radiation from the 
reflector inclined at θm is around 10o goes upwards. And the angle from 
horizontal of the reflected radiation can be decreased by increasing the 
reflector’s inclination. Therefore, the reflector’s inclination should be 
increased with an increase in gap length lgp to hit the reflected radiation 
on the wick. When the gap length lgp is short, an increase in absorption 
of reflected radiation overcomes a decrease in direct radiation absorbed 
on the wick by increasing the still’s inclination θs from the optimum one 
of NS. However, this effect decreases with an increase in gap length lgp. 
Therefore, the optimum inclination of the still slightly decreases with an 
increase in gap length lgp and comes close to that of NS.

In summer, especially in June, the optimum inclination of the still 
θs is not affected by the gap length lgp, while the optimum inclination of 
the reflector θm slightly decreases with an increase in gap length lgp. The 
reason is as follows: the altitude angle of the sun at noon on a summer 
solstice day is about 83o, and the reflected radiation from the reflector 
with inclination θm at around 50o goes downwards. The angle from 
horizontal of the reflected radiation can be decreased by decreasing the 
reflector’s inclination. Therefore, the reflector’s inclination should be 
decreased with an increase in gap length lgp to hit the reflected radiation 
on the wick.

The optimum inclinations of both the still θs and the reflector θm, 
which are determined in 5o steps for ease of operation, are listed in 
Table 2. Here, the deviation of the daily amount of distillate obtained 
with θs and θm listed in Table 2 compared with that obtained with θs 
and θm shown in Figure 9 is less than 1 %. Therefore, the approximate 
maximum daily amount of distillate can be obtained with inclinations 
θs and θm listed in Table 2.

The variations of the daily amount of distillate throughout the year 
and the cumulative productivity (sum of the daily amount of distillate 
on each month in Figure 10) with gap length lgp are shown in Figures 10 
and 11. Here, NS shows the results of a still without a reflector in which 
the still’s inclination is fixed at 30o throughout the year, and NS* shows 
the results for one in which the still’s inclination is set to the optimum 
listed in Table 2 according to month. The daily amount of distillate can 
be increased by the flat plate bottom reflector throughout the year even 
if there is a gap between the still and the reflector, and the cumulative 
productivity of the still with reflector is predicted to be about 81.2, 75.6 
and 72.4 kg/m2, and about 28, 19 and 14 % more than that of NS (63.3 
kg/m2) when the gap length lgp is 0, 0.5 and 1 m. However, the daily 
amount of distillate and the range of the inclination of the reflector that 
can increase the daily amount of distillate decreases with an increase in 
gap length lgp. Therefore, it is better to set the reflector nearer to the still.

Conclusions
  The effect of a flat plate bottom reflector on the distillate production 

rate of a tilted wick solar still was analyzed theoretically for instances 
when there is a gap between the still and reflector. The results of this 
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Figure 5: Time variations of (a) the distillate production rate of the still (RS is a 
still with a reflector and NS is one without a reflector) and global solar radiation 
on a horizontal surface and (b) absorption of solar radiation on the wick at θs 
= 35o on a spring equinox day.

production rate is the same as NS throughout the day. This indicates 
that the inclinations of both the still and reflector should be determined 
carefully when the gap is large. When the reflector’s inclination θm = 30o, 
the distillate production rate as well as reflected radiation absorbed on 
the wick decreases with an increase in gap length lgp, however, at noon, 
these figures are almost the same at any gap length lgp. The reason is as 
follows: the altitude angle of the sun φ at noon on this day is about 60o, 
and reflected radiation from the reflector with an inclination of 30o goes 
nearly horizontal. Therefore, the effect of the gap length would be very 
little or negligible at noon.

  The global solar radiation on a 1 m2 horizontal surface and 
distillate production rate on the summer solstice (daily global solar 
radiation is about 30.3 MJ/m2day) and winter solstice (daily global solar 
radiation is 12.6 MJ/m2day) are shown in Figures 6 and 7. The still’s 
inclination θs is determined as 10o or 65o on the summer and winter 
solstices, respectively, due to the same reason as on the spring equinox. 
On both days, the distillate production rate can be increased by using 
a flat plate bottom reflector even if the gap length is equivalent to the 
lengths of both the still and reflector (1 m). These results indicate that 
a flat plate bottom reflector can be used effectively even if there is a gap 
between the still and reflector throughout the year by adjusting both the 
inclinations of the still and the reflector.

  Isometric diagrams of the daily amount of distillate produced by 
the still (kg/m2day) varying with both the inclinations of the still and 
reflector on the spring equinox and summer and winter solstices are 
shown in Figure 8. The daily amount of distillate of each figure in Figure 
8 was calculated at 1o steps for each inclination θs and θm. The daily 
amount of distillate of NS with θs = 30o on each day is also shown in 
Figure 8. The inclinations θs and θm which maximize the daily amount 
of distillate vary considerably with the seasons, and are slightly affected 
by gap length lgp. The inclination of the still θs which results in the 
maximum daily amount of distillate is largest in winter and smallest in 
summer, while the inclination of the reflector θm which results in the 
maximum daily amount of distillate is largest in summer and smallest 
in winter, since the solar altitude angle is highest in summer and lowest 
in winter. The range of the reflector’s inclination θm which can increase 
the daily amount of distillate decreases with an increase in gap length lgp 
from about ± 20o at lgp = 0 m to about ± 10o at lgp = 1 m. Therefore, the 
reflector’s inclination θm should be adjusted to the proper angle more 
carefully when the gap length is long. When the gap length lgp = 0 m, 
a considerable decrease in daily amount of distillate is observed when 
the reflector’s inclination is large, especially in spring and winter. This 
is due to the shadow of the reflector on the wick. However, the effect of 
the shadow of the reflector decreases with an increase in gap length lgp 
since the shadow of the reflector does not reach the wick when the gap 
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Gdr, Gdf: Bouger’s and Berlage’s equations [31] with transmittance of atmosphere of 0.7, solar radiation incident on the atmosphere of 1370 W/m2 at 30oN latitude.

Ambient air temperature: 25 oC (Feb., March and April), 33 oC (May, June and July), 30 oC (Aug., Sep. and Oct.) and 20 oC (Nov., Dec. and Jan.).
Wind velocity of ambient air = 1 m/s
ls = lm = w = 1 m, ρm = 0.85, αw = 0.9, αg = 0.08
Diffusion gap between the wick and the glass cover = 10 mm.
Thickness and thermal conductivity of bottom insulation = 50 mm and 0.04 W/mK.

Transmittance of glass cover [32]:
β+β−β−β=βτ 432 cos719.0cos320.0cos163.2cos642.2)(g

.

Feeding rate of saline water to the wick: Twice as large as the steady-state evaporation rate from the wick calculated on the assumption that solar radiation is kept 
constant at its peak value throughout the local day time.

Table 1: The weather and design conditions and physical properties.
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Figure 6: Time variations of the distillate production rate of the still and global 
solar radiation on a horizontal surface at θs = 10o on a summer solstice day.
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Figure 7: Time variations of the distillate production rate of the still and global 
solar radiation on a horizontal surface at θs = 65o on a winter solstice day.
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Figure 10: Daily amount of distillate varying with the gap length lgp throughout 
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Figure 11: Cumulative daily amount of distillate on each month varying with 
the gap length lgp.

work are summarized as follows:

(1) The distillate productivity of the still can be increased by a flat 
plate bottom reflector throughout the year even if the gap length is 
equivalent to the length of the still and reflector.

(2) The optimum inclinations of both the still and reflector are 
considerably affected by seasons, and slightly affected by the gap lengths.

(3) The optimum inclination of the still is highest in winter and 

lowest in summer, while the optimum inclination of the reflector is 
lowest in winter and highest in summer.

(4) Both the inclinations of the still and reflector should be 
adequately adjusted according the seasons, especially when the gap is 
large.

(5) The distillate productivity of the still decreases with an increase 
in gap length even though both the inclinations of the still and reflectors 
are set to the proper angle.

(6) The sum of the daily amount of distillate of the still on each 
month throughout the year was predicted to increase about 28, 19 
and 14% due to the reflector when the gap length is 0, 0.5 and 1 m, 
respectively.
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