Al-Hamadani, A. A. F., Shukla, S. K.: Modelling of Solar Distillation System ...
THERMAL SCIENCE, Year 2014, Vol. 18, Suppl. 2, pp. S347-S362 S347

MODELLINGOFSOLARDISTILLATIONSYSTEM
WITHPHASECHANGEMATERIALSTORAGEMEDIUM

by
Ali A. F. AL-HAMADANI and Shailendra K. SHUKLA"

Department of Mechanical Engineering, Indian Institute of Technology, Banaras Hindu University,
Varanasi, India

Original scientific paper
DOI: 10.2298/TSCI120102110A

An experimental investigation on a passive solar still with myristic acid as phase
change material is carried out to examine the effect of both the mass of phase
change material and basin water on the daily distillate output and efficiency of
the system under indoor simulated condition. Basic energy balance equations are
written to predict the water and glass temperatures, daily distillate output and in-
stantaneous efficiency of the single slope solar distillation system with phase
change material. It is found that the higher mass of phase change material with
lower mass of water in the solar still basin significantly increases the daily yield
and efficiency, but when the amount of phase change material exceeds 20 kg
productivity reduces. Therefore, a novel and simple of solar stills with phase
change material is proposed to enhance the overall productivity of the distillation
system. The new solar still has increased the distillate output by 35-40%. The use
of inner glass cover temperature for productivity prediction has also been inves-
tigated, and the prediction shows relatively better agreement with the experimen-
tal data.

Keywords: solar stills, phase change material, productivity,
heat transfer coefficients

Introduction

The importance of supplying hygienic clean and potable water can hardly be over
stressed. The international rapid developments and population explosion all over the world
have resulted in a large escalation of demand for fresh drinking water. Clean water is required
for domestic, industrial, and agricultural purposes. Potable water is indispensable for life and
its scarcity is growing across the world, particularly in dry regions, such as, deserts and mod-
ern industrial areas.The similar problem exists in remote areas and islands where fresh water
supply through any transportation means is expensive. On the other hand, seawater exists in
plenty in many parts of the world but it requires removal of salinity with additional expenses
of energy which is another scarce resource. Survey reveals that approximately 79% of the
available water is salty, 20% is brackish, and only 1% is fresh. Therefore, solar energy being
free and abundant is being utilized in the process of desalination of brackish water to produce
drinking water [1-8]. A solar still consists of a shallow basin with a transparent glass cover.
The solar radiation heats the water in the basin and evaporates. The vapor begins to condense
on the inner surface of the glass cover by dropwise condensation [2] and flows down into a
collection trough leaving behind the salt sand impurities. Along with dropwise condensation,
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value of heat transfer coefficient can be 10 times larger than those associated with film con-
densation [9]. Extensive research work on parametric studies and methods improve the prod-
uctivity of the passive solar still [6, 7]. Passive solar stills are self-operating, simple in con-
struction, relatively free in maintenance and directly use solar energy to produce distillate wa-
ter, whereas, active stills are comprised of energy concentrator to add more energy to the sys-
tem for enhancing the distillate output.

A single slope basin solar still is simply an airtight rectangular shaped basin usually
made of various kinds of materials. The double slope solar still has similar design to the single
slope but has two glasses that sloped on two sides. It is covered with transparent material, such
as, glass which is usually sloped on one side to enable condensed water to flow down to the wa-
ter storage. The interior surface of the base of still is blackened to absorb solar energy to the
maximum possible extent. The single slope solar still gives higher efficiency in comparison
with double slope solar still in winter season [8]. However, Fath [10] found single slope solar
still with a condenser in the shaded region slopped increases the still efficiency by 45%. Anil
[11] used black dye injection in basin water and his result showed that a dye solution is able to
increase the distillate output by 29%. Shukla and Sorayan [8] modeled the multiwick solar stills
and validated the same experimentally using inner glass cover temperatures. Dev and Tiwari
[12] found that a lower water depth gives better efficiency. They analyzed instantaneous gain
and loss efficiency curves to give a better understanding of the performance of solar stills. Yet,
the solar stills have not found commercial utility due to low productivity and the reason asso-
ciated to the heat loss to the surroundings [5, 13-15]. Options like the use of energy storage sys-
tem for post sunset operation has been investigated involving phase changing material (PCM)
that exploited latent heat capacity to absorb the large amount of energy [16].

Abdulhaiy [13] and El-Sebaii et al. [14] used PCM as an energy storage medium to
study the performance of stepped solar still and a single basin solarstill,respectively. The
productivity of solar still with PCM(SSWPCM) storage medium was found increasing during
post sunset operation which occurred due to higher temperature difference between water and
glasscover at relatively lower ambient temperature. El-Sebaii et al. [14] analyzed the transient
performance of a single slope solar still with stearic acid as a storagematerial and observed in-
creased productivitywith increasing mass of PCM. However, they mentioned that the work on
SSWPCM storage medium is still scanty.

The main objective of this work is to experimentally investigate the performance of
a single slope solar still with myr1stlc acid (99.2% purity) as PCM of various masses under

. simulated conditions during day in winter sea-
son using electric heater. The energy balan-
ceequations for different components of the
still during charging and discharging modes
have been written andsolved analytically. Cal-
culations have been carried outfor daily pro-
ductivityand efficiency of the still.

Experimental procedure

A photograph and of both the single slope
solar stills withand without PCM (SSWPCM
and SSWOUTPCM) is given in fig. 1 whereas

. fig. 2 explains cross-sectional schematic side
F 1. Photo of SSWOUTPCM (left) and :
SSWPCM (right) (teft) an views of SSWOUTPCM and SSWPCM. The
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Figure 2.Cross-sectional schematic side views of (a)SSWOUTPCM, and (b)SSWPCM
(for color image see journal web-site)

basin is fabricated from blackpainted 2 mm thick mild steel having an area of 1 m? each. A
vertical gap beneaththe horizontal portion of the basin liner is provided to uploadand/or un-
load the PCM through a PVC pipe which takes care ofthe volumetric expansion of the melting
PCM as well. The operational and melting temperature of PCM, in fact, governs the applica-
bility of different types of PCM. The myristic acid relates to the class of fatty acids that have
superior properties, such as, melting congruency, better chemical stability non-toxicity and
better thermal reliabilityover many other PCM [17-20].

The measurement of PCM was done in Netzsch Technologies India Pvt Ltd, Chennai,
India, by using the deferential scanning calorimetry (DSC) technique. The measurements were
carried out under the following conditions for the evaluation of melting and heat of fusion as
shown in fig. 3: temperature range: 0-80 °C, heating rate: 10 K/min, and atmosphere: static air.

The measurements conditions of heat capacity of myristic acid are as follows as
shown in fig. 4: temperature range: 0-80 °C, heating rate: 10 K/min, and atmosphere: nitrogen.
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Figure 3. DSC curve for melting temperatureand Figure 4. DSC curve for specific heat (Cp) of
heat of fusion for myristic acid myristic acid

The measurements were repeated to check the reproducibility of the results. There-
fore, myristic acid, a bye product of milk, has been used as a latent heat storage material due
its low cost and easy availability. Table 1 summarizes the thermo-physicalproperties of myris-
tic acid used in the experiment [20-22].

Thebottom and sides of the basin are insulated by 5 cm thick layer of rock wool con-
tained in an aluminum tray. The top coverof the still is made up of 4 mm thick window glass
which inclines at an angle of 25° with horizontal. The condensate water is collected in U-
shaped channel fitted along the lower edge of the glass cover and carries it to the storage. Two
electric heaters of 1000 W each are fixed on the basin wall for the uniform charging pur-
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Table 1. Thermo-physical properties of

myristic acid
Properties Value
Meltingpoint 50-54 [°C]
Latent heat of fusion 177 [kIkg ]

Thermal conductivity

0.25 [22] [Wm'°C™]

Specific heat
solid at 35 °C
liquid at 55 °C

1700 [Jkg '°C™"]
2040 [Jkg'°C ™"

Density
solid
liquid

990 [kgm ]
861 [kgm™]

poses. Two variac transformers are employed to
vary the delivered power to the systems. A tem-
perature scanner (Altop Industries Ltd, India
Sn.1005164, model ADT 5003) with resolution
0.1 °C has been used to record the temperature
with k-type thermocouples in solar stills.

The power delivered from the heater is:

power = V icosg 1

whereV is the voltage, i — the current, and cosp —
the power factor.

The total solar power received from the sun is
represented by:

power = I(£)A4, 2)

where /(7) is the solar radiation and A, — the area of solar still basin, thus:

power = Vicosp = I(t)A4, 3)

The power input from the heater has been controlled every hour by altering voltage
and current consequently. The variations of the ambient laboratory temperature and input
energy have been shown in figs.5 and 6. The experimental observation has been taken from 7
a. m. (shown as 0:00 h) to 7 p. m. (shown as 12:00 h) under simulated conditions. Different
water masses, i. e., 30, 40, and 50 kg and PCM masses, i. e., 10, 20, and 30 kg have been
used. The power supply is varied from (0 to 426.2) W/m®.
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Figure 6. Variation of power input to solar still
with variation for 24 hours

The following assumptions have been made in order to write the energy balance eq-

— Solar still distillation unit is vapor-leakage proof.
— The conduction of heat transfer mode is between PCM and basin liner.

— The temperature gradient through PCM is negligible;it means 7., represents average tem-
perature through the PCM chamber.
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— Temperature gradients in the water are neglected.
— The heat conduction between PCM and liners is 1-D.
— The experiments are carried out under atmospheric pressure.
— Condensate is not a thermal resistance to heat flows through the glass cover, etc.
FPassive solar still without PCM
— Energy balance for outer surface of glass cover:
kg
L_(Tgin_Tgo):hZ(Tgo_Ta) (4)
g
— Energy balance for inner surface of glass cover:
kg
hl(Tw_Tgin)zL_(Tgin_Tgo) (5)
g
— Energy balance for water mass:
dT,
h3(Tb_Tw):mwcwd_;v_'—hl(Tw_Tgin) (6)
— Energy balance for basin liner:
ol () = hy(T, =T,) + hy (T, = T,) (7
From eqs. (4) and (5) can be obtained Ty,:
ke
L Tgin + hZTa
_z
Tgo - k (8)
hy +-%
g
From eqs. (8) and (5) can be obtained Tin:
hT, +U,,T,
win = W ea 9)
Uga +h
From eq. (7) can be found Ty
T - o)+ hT hT, (10)
hy + hy
Finaly, by substituting egs. (9) and (10) in eq. (6), we obtain:
dT, (11)

d_;v+aTw :f(t)

The solution of eq. (11) can be obtained using integration factor with boundary con-

dition when ¢ = 0 that T, = T, thus:

W

T, = M(1 —e )+ T, e
a

wherem is the average value of f{¢) for time interval O to ¢.

(12)
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The still with the PCM charging mode

In this case egs. (4), (5), and (6) remain same.
— Energy balance of the basin liner:

a1 (1) = hy (T, = T,,)) + e (Ty = Tern) (13)
— Energy balance of the PCM:
hye (T, —Tpcm)=(Mequ](dTpch+hb(Tpcm -T,) (14)
4, dr

where /£, is the back loss coefficient and M.q, is the equivalent heat capacity of the PCM. It
was expressed in [13, 14]:

Mequ: mpcmcs,pcm for Tb< Tmt
Mequ: mpcmLs,pcm for T,< Trne + 0
Mequ: mpcmcs,pcm for T,> T

Temperatures Tyo, Tyin, and Ty, can be obtained from egs. (4), (5), and (13):

ke
— Ty + T,
L, &
Ty = — (15)
hy +-%
Ly
nt,+U,T,
i _ 1w ga‘a (16)
Ug + h
T - a'y I() + hT hy T, (17)
hy + Iy,
From energy eq. (6) and introducingeqs. (16) and (17) follows::
dr,
5 el =/.(0) (18)
With the boundary condition ¢ = 0,7, = Ty.the solution of eq. (18) is:
T, =L O ety g, o (19)
aC
and from eqs. (14) and (15) T,cm can be found:
_ fel@) —a,t —a,t
Tpcm - (1 —-¢ ) + Tpcmoe (20)

ac

The still with the PCM discharging mode

The energy balance equation for the PCM at the interval time Az may be written as:
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mpcmchm _ _
AZ_hbd(Tpcm_Tb)_i_hbd(Tpcm_El) for Tpcm _Tmt (21)
b
M. dT
hoa (T = Tp) + hy (T = T) = Aeq“ (11’:“’ for T # T (22)
b

where Mequ = mpcmcpl,pcm for Tpcm > Tt Mequ = mpcmcps,pcm for Tpcm > T, and hyg = kpcm/xpcm
that is the conductive heat transfer coefficient from the PCM to the basin liner.

The energy balance of the glass cover's inner surface and energy balance of the glass
cover's outer surface remain same as expressed by egs. (4) and (5).
— Energy balance of the water mass:

Cp,, dT.
nh(T,-T, )=m Y Y+ h (T, —T,, 23
3( b w) w Ab dt 1( w gm) ( )

— Energy balance of the basin liner:
h3(Tb_Tw):hbd(Tpcm_Tb) (24)

The expressions for Ty, and Tyishave been given by egs. (15) and (16), however:

T, + hdep

. cm (25)

hy + g
Lo s a7, = ) 6)
dt
From eq. (26), using the boundary condition, # = 0 and Ty, = T, follows:
1, = LD ey, oo 27)
a4

By placing Ty, (eq. 25) in eq. (22), T, Was obtained:

d1(t “a “a
TPcm = S )(1 —¢ dlt) + Tpcmoe ol (28)
g1
The productivity and efficiency of the solar still
The hourly and daily productivity of solar still is:
h, (T, —T,
mew, = M (29)
v
mewy = 224 , mew,
The instantaneous efficiency of the solar still is:
h, (T, —T,
_ ew( w gm)lOO% (30)

77; 1(0)
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Numerical computation

The variation of the evaporative heat transfer coefficient with temperature is highly
nonlinear [23]. The non-linearity in radiation energy and water diffusion terms makes the eq-
uations difficult to solve explicitly. An iteration method is used to obtain the final solution

[24]. The classical method of optimiza-
Table2. Design parameters of solar still with and tion has been used to solve the problem.
without PCM On the other hand, if the optimization
involves the objective function that is
not stated as explicit function of the de-
Ay 1 [m’] Ry 0.05 sign variables, we cannot solve it by us-
A, 1.1 [m?] & 0.95 ing the classical analytical method. In
such case we need to use the numerical
method of optimization for solution. For
ag 0.05 m, 30-50 [kg] this purpose Newton Raphson method
has been chosen [25]. The iteration

Parameter | Values, units| Parameter | Values, units

o 0.95 &y 0.95

O 0.05 Mpem 10-30 [ke] process starts with a guess for all values
R, 0.05 Lins 0.05 [m] of dependent variables [26].Two pro-
n S 7538y L 0.002 [m] grams of ‘C’ language have been deYel-
[W mfl(;cfl] ' oped to find the predicted theoretical

values from egs. (4)-(29), first one isto

Ky [W(r)flqgf’sc"] Ky W Hfjocfl] calculate parameters ‘c’ and ‘n’ for eq.

(A-2) appendix A, with the help ofTy
L, 0.004 [m] and Ty, observed data. These value have
been used with the second developed
program to calculate the productivity of solar still with and without PCM. The program ex-
ecuted by using parameter design of solar still with and without PCM are shown in tab. 2.

Results and discussion

The experimental set-up was designed and installed at Renewable Energy Laborato-
ry, Department of Mechanical Engineering, BHU, Varanasi (25°19'60 N and 83°0'0 E),India.
The experiments were started at 7:00 a.m. under simulated conditions with an aim to record
the temperatures of ambience, outer and inner surfaces of glass cover, basin liner, stored water
and PCM at every one hour interval till 7:00 p. m. The values of operating voltage, current,
and distillate output were also recorded. Table 3 (Appendix B) shows the typical values of the
data recorded for 40 kg water of SS and SSWPCM on 17-10-2010 under simulated condi-
tions. Figures 7 and 8 show the temperature variations of basin water, outer and inner surfaces
of glass cover, basin liner, stored water with the time of the day. It is clear from the figures
that the increase in temperature is directly proportional to the input energy which is similar to
the trends of solar radiation till 6:00 p. m. The heaters are switched off at 6: 00 p. m. to simu-
late the post sunset condition. The latent energy stored in the myristic acid keeps the system
operational during the night to deliver distillate output. However, the decreasing trend of all
above temperatures show that the quantity of distillate output is reduced, figs. 9(a) and 9(b)
due to little difference in the temperature of glass cover and ambience that continues until
next day morning.

Further, the productivity for given mass of water in the basin of the SSWPCM has
been plotted for daytime and night hours separately to understand the operational characteris-
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tics of the system. Figure 9(a) shows that the productivity decreases with the increase of the
mass of water during daytime, and it is due to the fact that higher quantity of water needs rela-
tively more energy to raise its temperature before being evaporated. However, the productivi-
ty increases with the increasing water mass during night hours, fig. 9(b) due to relatively larg-
er storage of energy in PCM as latent and sensible heat in higher water mass. It was also ob-
served that no significant increase in productivity was found when quantity was increased
beyond 20 kg.The productivity of the SSWOUTPCM and SSWPCM is shown in fig. 10. It is
observed that the PCM enhances the productivity of the system by 35-40 % due to PCM’s be-
ing as heat as source under discharge mode during night.
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Figure 7. Variation of temperatures of the
SSWOUTPCM during the day
(for color image see journal web-site)

Figure 8. Variation of temperature of the
SSWPCM during the day
(for color image see journal web-site)
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Figure 9(a). Variation of daytime productivity from
solar still with and without PCM for m,= 50 kg
(for color image see journal web-site)

Figure 9(b). Variation of night productivity
from solar still with and without PCM
(for color image see journal web-site)

The variation of total distillate output of different water masses has been plotted for
24 hours duration, fig. 11. The decreasing trend of the curve in fig. 11 indicates that the thick-
er water depth in solar still basin yields lower distillate output over 24 hours, and the reason
relates to the conversion of major portion of energy to sensible heatdue to higher heating ca-
pacity of water mass. Further the solar still with 20 kg of PCM provides more daily productiv-
ity than 30 kg of PCM. This is due to the reason that if the mass of PCM increases, the rate of
melting decreases and heat doesn’t reach every part of the chamber, therefore, phase change
doesn’t take place everywhere in the PCM chamber. From fig. 2, it can be seen that Rockwool
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insulation is provided in the bottom and sides of the basin to reduceany heat transfer from so-
lar still to the environment through PCM. However during experimentation,for better estima-
tion of output, insulation temperature was also measured to quantify the losses from solar
stills. This study reveals that the difference in the temperature between insulator and ambience
is more significant in the still without PCM than the solar still with PCM, fig. 12.The daily
productivity of PCM (30 kg) with three different water masses has been shown in fig. 13. It is
observed that the overall productivity does not change significantly for 24 hours, but the day
and night hours’ productivities differ significantly, figs. (7) and (8). Though the higher mass
of PCM enhances the productivity during night hours, the quantum of the output is yet lower
than that obtained during day hours. Therefore, the higher mass of PCM could not contribute
significantly to the distillate output.
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E 140 {Mper, E 1300 ] —a—my, =50kg -
=120 | £ 1250, °
g o :
S 3] ]
g 80 3 1100 |
S 60 & 1050 ]
E 40] g 1000
) 2 950 ]
) 1 S
s % 8 e0{
0 850 |
0 5 10 15 20 25 0 5 10 15 20 25 30
Time [h] mpem [kg]
Figure 10. Variation of daily productivity of the Figure 11. Variation of total distillate output of
SSWPCM and SSWOUTPCM during the day different water masses
(for color image see journal web-site)
a4 ] In order to note the effect of outdoor envi-
O ,, ] Mem 10K ronment on the productivity, the similar data
§ 40 ] of solar still without PCM with 40 kg mass of
5 38 water in outdoor environments [27] is com-
é 36 ] pared with simulated results obtained from
2 this study as shown in fig. 14. The similar
3 Z e SSWPCM, m, = 30 kg trend has been noted with some difference in
0] % —e— oo oM, T(;O ka| the productivity, which may be attributed to
] 7 ——— ggwgg&bcm, e = 40 kg the difference in the climatic conditions of
2% _,_SSWOUTpQK”,.ij 3o kg| Varanasi and Delhi. Further, the energy bal-
0 2 4 6 8 10 12 ance equations, egs. (4)-(35) were applied to
Time [h]

predict the distillate output from solar stills,
Figure 12. Variation of insulation temperatureof  with and without PCM, for the comparison
the solar still with and without PCM for all water with the observed data. It is inferred from
E?cisi(iiltc)T?;;]agi()sggjoumal web-site) figs. (15) and (16) that there i's reasonable
agreement between the theoretical and ob-
served data and deviation falls within £28 % for SSWOUTPCM and +£31%, 31% and 20% for
SSWPCM with PCM mass of 10 kg and water masses of 30, 40 and 50 kg, respectively.

The increased/decreased deviation, i. e., 28%, 31%, 23% for 20 kg PCM, 21%, 27%,
23% for 30 kg of PCM is reported between predicted and observed data. The variation of the
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Figure 15. Comparison of predicted and
observed production for SSWOUTPCM

instantaneous efficiency of the solar stills
with and without PCM has been plotted in
fig. 17. It is observed that the instantaneous
efficiency of the SSWPCM is always higher
than the traditional still. However, the in-
creasing trend of both the curves with time
indicates that the instantaneous efficiency
keeps increasing due to increased temperature
difference between basin water and am-
bience.

Conclusions

Thermal energy storage is known as one
of the best solutions for tackling cooling and
heating issues in narrow temperature range,

Figurel6. Comparison of predicted and observed
production for SSWPCM of mp., = 10 kg
(for color image see journal web-site)
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Figure 17. Variation of instantaneous efficiency
for SSWPCM when my,., =10 kg
(for color image see journal web-site)

as well as one of the most environmentally friendly technologies. This study shows the poten-
tial of integration of phase change material with solar still system for producing potable water
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in rural, semi urban and urban areas throughout the day and night. The preliminary results
show that the system dramatically increases the productivity of 35-40% as compared to con-
ventional solar stills. Further it was found that the highest productivity rate varied with the
least water depth in the basin of solar still system. It is also noted that for this particular shape
and size of the distillation system for getting higher heat transfer, which in turn gives highest
productivity, 20 kg mass of PCM (i. e. myristic acid) should be loaded in the chamber. It is al-
so inferred that there is a reasonable agreement between experimental ad predicted results by
considering inner glass cover temperature, which is in accordance with the results of previous
researchers [3,8].

Nomenclature

A —area, [m*] U, - top loss coefficient, [Wm™]

Cp - specific heat, [Jkg™'°C™] U, - overall heat transfer coefficient, [Wm ]
dr - time interval, [s] V' —voltage, [volt]

Gr - Grashof number, [-] v —wind speed, [ms ]

h  —heat transfer coefficient, [Wm?°C™']

hy  — back loss coefficient, [Wm*°C ] Greek symbols

hy.  — conductive heat transfer coefficient from o — absorptivity, [-]
basin liner to PCM, [Wm*°C™'] o' — fractionofsolar energyabsorbed, [—]
hyg  — conductive heat transfer coefficient from y  —latent heat of vaporization, [Jkg ']
the PCM to the basin liner, [Wm?°C '] 0 —incremental rise, [°C]
hew — convective heat transfer coefficient from & —emissivity, [-]
water surface to the glass cover, [Wm*°C™'] n; — instantaneous efficiency, [%]
hew — evaporative heat transfer coefficient from water ¢ — transmittance coefficient
surface to the glass cover, [Wm?°C '] o — Stefan-Boltzmann constant, (= 5.6697-10%),
h., —radiative heat transfer coefficient from water [Wm2°C™]
surface to the glass cover, [Wm*°C '] .
h;  —total heat transfer coefficient from water Subscripts
to glass cover, [Wm*C ™ a — ambient
h, - convective heat transfer coefficient from b — basin, back
glass to ambient, [Wm?°C™'] c — convective
hy  —convective heat transfer coefficient from d —day
basin liner to water, [Wm?°C '] e  —evaporative
i — current, [A] eff — effective
I(t) - solar flux on an inclinedcollector, [Wm™] f — film temperature
K —thermal conductivity, [Wm°C ] g —glass

Lx —thickness, [m] gin — inner glass

L —latent heat of fusion,[Jkg™'] go —outer glass

m  —mass, [kg] h  —hour

mew — productivity of distillate water, [mlm>h™'] ins — insulation

P —partial pressure, [N/m’] 1 — liquid

Pr - Prandtl number, [-] mt —melting

Ra —Rayleigh number, [-] pcm — phase change material

T  —temperature, [°C] r — radiation

T,, — water temperatures at time zero, [°C] s —solid

Themo — temperature of phase change material w  —water
at time zero, [°C] Acronvims

AT — effective temperature difference [°C] Y

U, - overall bottom loss coefficient, [Wm ] PCM — phase change material

U,q — overall heat transfer coefficient from SSWPCM — solar still with phase change
PCM to the basin liner, [Wm™'] material

Uy — overall heat transfer coefficient from SSWOUTPCM - solar still without phase change
inner glass to ambient, [Wm? material
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Appendix A
The details of parameters in equations are described:
hl = hcw +hew + hrw (A'l)
k
hy, = CEfRa'g (A-2)
d’ i sar
Ra; = GrPr;, Gr; :%, Pr; = HeC (A-3)
H K
P, —P )T, +273.15
AT'= (TW—Tin)+( (e UL ) (A-4)
¢ 26800 - P,
(2517 2144
P, =¢ wa (A-5)
[25'317_T 512‘:; 15]
Py =¢ = (A-6)
h., (P, —P
By, =16.273-107 Po By ~Fy) (A-7)
w Tgin
L)
By = effa[(rw +273.15)* + (T, + 273.15)2](TW — Ty +546), £ = [_+g—— 1] (A-8)
w g
hy = heg + hey=5.7+3.8v (A-9)
where v =2 m/s.
hy = 0.54];—WRa‘f/4, Ra; <8-10° (A-10)
kw 1/3 6
L, 1)
hy, = [ﬂ+—] (A-12)
Kins hi
1) = o)+ T U, (A-13)
mW CW
a= mUé (A-14)
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where
hU h
Up=U,+U,, t:&’ Uy = P » Oy =Ujay,
hy +Ug, hy +hy,
K
) ) 7
| =———, U,= 1 7Uga:g
hy + hy Iy +Ug, ﬁhz
L,
aI)+U.T. _+UTa
fe(t) = 2ol O+ YoTpem + Uy (A-15)
mWCW
ULc
a, =—=— A-16
¢ m,,C,, ( )
where
ULc :Ut+ch’ ch = h3hbc s Ceffe :Ulcab> Ulc = h3
hy + By, hy + hy,
IOU+hT +U,. T
fCl(t)Zab () 3 bla bctw (A-17)
equ
U, +h
g =~ (A-18)
mequ
where U, = Fipe
h’S + hbc
u.Tr . +UT
fd(l)= bd~ pem tta (A—19)
WCW
a, =mU—LCd (A-20)
-U..T. —hT
Jd1(r) =—bdw b2 (A-21)
mequ
U +h
adl =—bd b (A-22)
mequ
h3hyg
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Appendix B

Table 3. Experimental data of SSWOUTPCM and SSWPCM on 17-10-2010

SSWPCM SSWOUTPCM

Time | Power T, Tgo T, W w
[h] |[[Wm?]| [°C] | [°C] | [°C] | [°C] | [°C] | [°C] | [ml] |[°C]|[°C]|[°C]|[°C]| [mlI]

gin T Ty | Tpem | Output | Ty | Tgin | T Ty | Output

7-8 46.2 | 30.1 | 29.6 | 343 | 34.6 | 35.1 | 394 4 30.1 | 31.7 | 345 | 35 2

8-9 92.8 | 30.8 | 30.6 | 349 | 36 | 37 |39.6 40 30.9 | 32.8 | 35.8 | 36.8 30

9-10 1843 | 31.2 | 31 |359|372(38.7| 40 37 30.5|34.1 {375 39 30

10-11 | 276.6 | 31.5 | 32.5 | 37.6 | 39.3 | 41.1 | 414 65 32 |36.3(399]|41.7 43

11-12 | 374.0 | 31.4 | 345 | 40.1 | 43.1 | 45.2 | 435 80 34.5(40.4 | 43.5|45.7 70

12-13 | 426.2 | 31.8 | 36.5 | 42.7 | 463 | 48 | 45.6 110 36 498 147.1| 49 95

13-14 | 406.9 | 31.7 | 37.5 | 43.9 | 47.7 | 49.7 | 47.5 140 37.5| 44 |48.8 | 50.6 100

14-15 | 3642 | 31.2 | 389 | 444 | 48.6 | 50.2 | 493 180 402|445 |49.7| 51 140

15-16 | 213.0 | 29.8 | 37.8 | 43.1 | 48.2 | 49.7 | 50.4 150 | 40.1| 44 (492|504 | 110

16-17 | 106.6 30 | 36.2 | 41 [47.7|495| 50 90 37.7 423 | 484|503 105

17-18 46.2 | 304 | 34.6 | 39.3 | 45.2 | 47.1 | 48.6 87 36.2 | 40.4 | 46.3 | 48.2 75

18-19 0 30.2 | 332 [ 37.5]42.4|43.8|475 85 34.6 | 37.6 | 43.4 | 44.8 70

6:00 0 30.7 | 30.1 | 3493293391379 250 263 12931329339 185
7:00 0 30.7 | 29.5 | 34.1 1353 | 36 |39.6 10 303 (31.6 353 36 5
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