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ABSTRACT

Seawater desalination has been studied with interest due to the scarcity of fresh water for human consumption. So-
lar distillation is an old method; the productivity, energy consumption of the process and the cost of the desalinated wa-
ter thus obtained depend on the efficiency achieved in each of the stages of these systems. The limited capacity to ab-
sorb solar radiation and transform it into useful heat for evaporation, interaction with the surrounding medium, and heat
losses restricts the overall efficiency of the thermal process and productivity. Since the energy comes from solar radia-
tion, the maximum productivity of this process will be constrained by the magnitude of the total solar radiation availa-
ble in an area of the planet due to its geographic location, time of year, and local climatic conditions. The processes of
this energy will be thermodynamically limited by the heat transfer coefficients achieved in the equipment, the maximum
value that the evaporation heat can reach, as long as the losses to the environment by convection and radiation are
minimal. Comparative analyses of several proposed models reported data of distillers and reported data of solar radia-
tion that reach average values of up to 7.2-7.4 kwh/m’ in some regions of the planet are presented and estimates are
made for the productivity of these equipment that they reach between 6.7 and 6.9 kg/m”day with a theoretical maxi-
mum efficiency of about 0.16 of the total solar radiation.
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ARTICLE INFO 1. Introduction

. . . . . ]
Reccived: 22 September 2022 Seawater desahln}ajlon has been known since ancient times' ', and
Accepted: 20 October 2022 it has been reported!'* that Thales of Miletus and Aristotle mentioned
Available online: 4 November 2022 it in their writings and described primitive devices based on boiling

(1,2

COPYRIGHT water in clay pots or cauldrons and collecting it in sponges on ships
would have been used to obtain fresh water during long voyages. Since
then, several desalination methods and systems have been studied and
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EnPress Publisher LLC. This work is li- developed and have gone from prototypes to large-capacity facilities,
censed under the Creative Commons At-

tribution-NonCommercial 4.0 International which has made it possible to learn about the costs and efficiencies of

License (CC BY-NC 4.0). the stages in each process” ™).
https://creativecommons.org/licenses/by-nc/ . . .
4013 ¥ & Y Among the desalination systems currently in use, those based on

renewable energies are being studied with great interest over those that

19161 "Solar desalination or SD consists of placing

use fossil fuel energy!
seawater in a container where, through a transparent film, generally
glass, solar radiation is used to heat the saline solution and evaporate
part of the water that passes into the air of the chamber and then con-
denses when it comes into contact with a colder surface from where it is

collected! "), This equipment does not use any other source of energy
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and therefore its performance depends on the solar
radiation that can be captured, and on the efficiency
of the processes inside the equipment.

Due to the way the passive solar desalinators
operate, all mass and energy transfer stages have
limits, which are analyzed in this work and com-
pared with reported data, in order to determine the
maximum theoretical expected productivity.

2. Theoretical framework

Passive solar desalinators receive all the ener-
gy for their operation from incident solar radiation,
which is transferred from the glass cover to
the bottom of the distiller and from there, converted
into thermal energy to the water, the walls, the bot-
tom and the cover of the equipment. Part of this
energy evaporates water and the rest is lost to the
environment. Several heat and mass transfer mod-

§[19:20]

el , as well as correlations for thermodynamic

and transport properties of water and steam”'), are
used for their analysis. The mathematical models
are used to analyze the behavior of the desalinator
under the best operating conditions for water tem-
perature, glass temperature, and solar radiation, and
the results are compared. For the development of
the present work, a single-shell passive solar still is

considered, and represented by the schematic in

Figure 1.
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Water level
Figure 1. Diagram of the passive solar still.

In the distiller, it is considered that there are no
mass losses due to equipment leakage, that there are
no temperature gradients in the glass, water or in-
sulating material and that the variations due to
temperature in the heat capacity of the distiller base

of the glass and insulator are negligible*'**,

3. Solar radiation

Solar radiation reaching the earth’s surface is
] which covers a range of
wavelengths from the infrared through the visible
spectrum to the ultraviolet. In solar desalinators,
this radiation /, reaches the surface of the glass
where a small fraction of ay is absorbed, a small
fraction of 7, is transmitted and a fraction of R, is
reflected. The transmitted fraction passes through
the humid air with negligible losses and reaches the
water at the bottom of the still, where again the total
radiation is divided between the absorbed o, re-
flected R R,, and transmitted z,,. A schematic of this
process for glass is shown in Figure 2, the trans-
mitted fraction has the same compartment in the air,
although with negligible losses, as in the water at
the bottom of the distiller.

not monochromatic

-
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Figure 2. Diagram of the process of incidence of solar radia-
tion on glass.

The fraction transmitted by the water reaches
the bottom of the distiller, generally painted black,
where most of it is absorbed, a small fraction is re-
flected and practically nothing is transmitted. There
it heats the surface of the bottom of the distiller, and
this heat begins to be transmitted to the water and to
the insulating material on the bottom and walls of
the distiller. The water is heated and of the total
thermal energy generated that is transferred to the
glass, a part is transferred by natural convection,
another part by radiation and another part evapo-
rates the water from the saline solution and is
transferred in the form of evaporation heat. This is
the only fraction of all heat involved in the process
that serves to obtain distillate, which transferred to
the glass where the vapor is condensed by the tem-
perature difference, and from there it is dissipat-
ed by the temperature difference, and from there it
is dissipated to the environment™!. This process is
shown in Figure 3.
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Figure 3. Heat transfer from the hot water at the bottom of the distiller.

Solar radiation varies from place to place de-
pending on factors such as geographic location,
time of year, cloud cover and time of day. Values
can be obtained by direct measurement or through
publications from institutions such as the World
Bank. Useful data can be found for most regions!**’.

In the process of absorption of solar radiation,
Cooper!"™ and other authors™™ have determined that
only 85 to 95% of the incident radiation Iyl
reaches the bottom of the distiller.

3.1 Energy balance

According to the diagram in Figure 1, the en-
ergy balances are presented as follows!*:

For the containers with water at the bottom of
the distiller:

Iy Tg Tw apAp = hc’b -wip (Tb - Tw) + UfAf (Tf - Ta)

(1)
Where:
I, = I, = incident radiation on the glass
[W/m’],

T, = T, = transmissivity of glass, dimension-
less,

T, = T, =transmissivity of water, dimen-
sionless,

a, = a, =absorptivity of the vessel or bottom
of the distiller, dimensionless,

A, = A, =area of the base of the distiller [m’],

Ay = Ay =area of the bottom of the distiller

hep-w = convective heat transfer coefficient
from the bottom of the distiller to the water
[W/m” °C],

hep-w =T, = TP = distiller bottom temper-

p
ature [°C],

Tr = Ty = distiller bottom temperature [°C],

T,, = T,, = water temperature [°C],

Us = Uy = total heat transfer coefficient from
the bottom of the distiller to the environment
[W/m’ °C], and

T, = T, = ambient temperature [°C].

Energy balance for the water in the recipient
convection from the bottom of the distiller to the
water in the distiller:

lytgap Ay +hep—wAp (Tp-Ty) =

dT
mwcw( dt"”) + ht,w- VAW (Tw - Tvi)

+ USAS (Tw - Ta)

)

Where:

A, = A,, = area of distiller water [m’],

m,, = m,, = mass of water in the distiller
[kgl,

¢y = Cy, = heat capacity of water [J/kg °C],

dT,,/dt = dT,,/dt = variation of water tem-
perature with respect to time [°C/s],

htw-v = hew—p = heat transfer coefficient
from the water to the glass [W/m2 °C], and

T, = T,; = temperature of the inner face of
the glass [°C].

The total heat transfer coefficient from water

to glass, defined by Sampathkumar[%] is:

ht,w—v= hc,w—v"' hr,w—v"' he,w—v
3)
Where:
he w—v = he w—y = convective heat transfer
coefficient of water to glass [W/m” °C],
hy w-v = hy w—p = radiation heat transfer
coefficient from water to glass [W/m® °C],
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he w-v = he,w—p = evaporative heat transfer
coefficient from water to glass [W/m® °C].
Energy balance for the roof glass:

Iha, Ay + Iht,w—_grAw (Tw-Ty) =

hr,V*cAv (Tvo - Tc) + hc,V*aAv (Tvo - Ta)

“4)

Where:

a, = a, = absorbance of the glass, dimen-
sionless,

A, = A, = area of the glass [mz],

Ryy—c = hyy_o = heat transfer coefficient by
radiation from the glass to the sky [W/m2 °C],

T,, = T,, = temperature of the external face
of the glass [°C],

T, = T, = sky temperature [°C],

hey—q = hep—q = convective heat transfer

coefficient from the glass to the environment
[W/m’ °C].

3.2 Correlations for water and air properties

To evaluate the coefficients, it is necessary to
know the properties of water and air at operating
conditions. These properties, such as density, vis-
cosity and vapor saturation pressure, vary as a func-
tion of temperature.

Saturation or vapor pressure of water. There
are several Equations that relate the vapor pressure
of water to temperature, of which three are evalu-

ated. The Dunkle correlation®”!

, valids for temper-
atures below 70 °C, allows calculation of the vapor
pressure P of water in Pa at temperature 7" (in °C)

and is expressed in Equation 5.
5144

P — 25317 _
€ T + 27315

(O]

The Antoine Equation®™ also correlates vapor
pressures with temperature for substances in a larg-
er range. In the case of water, the Equation that is

valid between 0 and 200 °C is:
3841

P — 23238 _
€ T — 45

(6)
Sharma and Mullic'*"! present an Equation of
Keenan and Keyes (1936) for calculating the vapor
pressure of water, which is valid between 10 and
150 °C, by:
P =165960.72 x 107
(7

Where:
[X(a+bX+cX3)]

[T(1+dX)]
X=647,27-T,

T = temperature [°C],

a=23.2437814,

b=15.86826 x 107,

c=1.1702379 x 10,

d=2.1878462 x 10°.

Internal heat transfer. It includes the energy

transferred from the surface of the water to the in-
ternal surface of the glass that occurs mainly by
radiation, convection and evaporation*®),

Heat transferred by convection. The convec-
tive heat q.,,_, in W/m? transferred from the wa-

ter surface to the glass™™ is defined by Equation 8.
evy = hc,w—v = (Tw - T;z)
(8)
Cooper''®, Sharma and Mullick®! and Sam-
pathkumar'®® establish the heat flux from the water
surface to the glass using the Dunkle Equations:
Qew—v = [0-0884(Tw _PTvi)P
w Vi
* 268.9 x 103 — PW](TW
+273)]/3(Ty = Ty)

(€))
According to Sampathkumar®®), the convective
heat transfer coefficient can be expressed by:

., =0,884[AT]"

)
AT =(T,-T)) (P,-P)(T,)
(268,9x10°-P,)
(10)
Where
PW = water vapor pressure at temperature T,,,,
[Pa], and

P, = vapor pressure of water at glass inner
wall temperature, [Pa].

These correlations are valid for operating
temperatures around 50 °C and a value of AT’
around 17 °C, moreover they are independent of the
Chamber volume and valid only for heat flow up-
ward in the closed space between the evaporating
and condensing surfaces.

Heat transferred by radiation. Equation 12
defines the heat transferred by radiation between

the water surface and the internal surface of the

46



glass™:

qr,w—v = hr,w—v (Tw - 7:;1)
(11)
Where:
q,,., = heat transferred by radiation, [W/m?].
The radiation heat transfer coefficient is defined in
Equation 13 using the Stefan-Woltzman constant c:
=

h = Av 77
ARy

W=y [4

(12)
Where:
&, = effective emissivity, dimensionless, and
o =567 %1078 [W/m*K".
Cooper''® and Sharma-Mullick'! establish an
estimated value of 0.9; replacing it in Equation 13

and this in Equation 12 we obtain:

Jrw-v=09.0 [(Tw)4_ (Tvi)4]
(13)

To obtain more accurate data or particular cases,
the effective emissivity is calculated from the emis-

sivities of glass &, and water &, using Equation
15801,

Eef=

(14)

Heat transferred by evaporation. The heat
Gy at W/m? transferred by evaporation from the
water to the glass, as a function of convective heat,
] .

according to Cooper'™ is:

Doy = 16,273X10_3qc ” —vw
| 7 (Tw_Tw')
(15)

The values of the coefficients are related ac-
cording to Setoodeh™” by Equation 17, where the
heat of vaporization of water is assumed to be con-
stant.

-3 (Pw_Pw')

h, . =16273x10"h, —v-——

0T
(16)

The evaporative heat transfer coefficient ac-
cording to Sharma and Mullick?®" is defined by
Equation 18. This Equation includes the variations
of the heat of vaporization of water with tempera-
ture.

_6,86x107h,, (B, —P,)h,

e,w—v (TW —T;l-)

(17)

Total transfer coefficient between water and
glass. According to the balance expressed in Equa-
tion 2, the total transfer coefficient can be calculat-
ed by Equation 3¢,

External heat transfer. Heat is lost in the so-
lar still from the surface of the glass to the envi-
ronment by natural convection and radiation, and
from the walls and bottom of the solar still, which
have an insulating material, by radiation and con-
(261 Only the heat lost by the glass to the en-
vironment by natural convection and radiation
will be analyzed; assuming that in comparison with
those, the heat lost by the walls and bottom is neg-
ligible.

Heat transferred by convection. The convec-
tive heat losses q;,—q In W/m® of the distiller
can be expressed as a function of wind speed.
Aboul-Einein®, Shukla®" and Sampathkumar*®
use a correlation proposed by Duffie and Beckman
(1980) for the heat lost and the transfer coeffi-
cient between the glass and the environment:

qc,v—a = hc,v—a (]:/n - 7:1)

vection

(18)
h., ,=2,8+3,0V
(19)
Where:
V = wind speed [m/s].
The convective heat transfer coefficient lost by
the solar still from the glass to the atmosphere, or to

the sky, according to Sharma and Mullic®®" is de-
fined in Equation 21:
hC,V*a = hw (Tyo-Tq)
(Tvo B Tc)
(20)
Where
hcy—c = convective heat transfer coefficient
[W/m*], and
h,, = heat transfer coefficient due to wind
[W/m?].

Radiation heat transfer coefficient between
the glass and the environment. The radiation heat
transfer coefficient transferred between the glass
and the environment defined by Mullick*' is:

47



hr,v -a~ EVU (Tvzo - Tcz) (Tvo - Tc)
21)

Where:

gy = glass emissivity, dimensionless

T, =sky temperature, [K].

Coefficient of total heat loss between the
glass and the environment. This coefficient com-
prises the sum of convective and radiative losses,
and is expressed by Equation 23:

ht,g—s = hc,v—c + hr,v—aht,g—s = hc,v—c + hr,v—a
(22)

Where:

hig4-s = total heat transfer coefficient be-
tween the glass and the environment, [W/m’k],

Replacing the definitions of Equation 21 and
22 in Equation 23, we obtain:

hey-c= hy T Ta) + 6,0 (1~ T2) (To-T2)
(TVD - TC)
(23)

127,32 . .
27.32] e a correlation shown in

Some authors!
Equation 25 to calculate the coefficient of total
losses from the glass to the environment as a func-
tion of wind speed.

hey-q=57+38V
(24)

3.3 Performance indicators

Productivity using evaporation heat. The in-
stantaneous water evaporation rate 1, in kg/s,
according to Mowla'®?!, is given by:

m,, = e
hfg
(25)
The evaporation M, for a period of time t
is:

t
MEW = IO mewdt

(26)
If the time period is one hour, in seconds, you
havel20-22311.
m,, = e 43600
By
(27)

For Setoodeh®™ and Sampathkumar®® the
mass of evaporated water m., in a time period ¢
can be calculated by Equation 29.

— QewAwt

mL’W h

Jg
(28)
Sampathkumar®®! defines daily production, in-
cluding night hours, as:

24
M, = m,

i=l
(29)
Productivity using the dimensionless num-
bers Pr and Gr. This method!"**" uses the dimen-
sionless numbers of Prandt]l and Grashoff, as shown

in Equation 31.

hew-v=0,016273 % ¢ (GrPrY' %
(30)
Where:
k = thermal conductivity of humid air

[W/m °C], and

d = mean characteristic length between evap-
orating and condensing surfaces [m],

C = constant, dimensionless

Gr = Grashoff number, dimensionless and

Pr = Prandtl number, dimensionless.

The dimensionless Grashoff and Prandtl num-

bers are:
2 2 4
Grziﬁg '02 AT
Y7
(€29)
C
Pr= )
k
(32)
Where:

B = factor of the volumetric coefficient of
thermal expansion of air [K™'],

p = vapor density [kg/m’], and

U = viscosity of moist air [Pa-s].

Setoodeh®” also presents a correlation for cer-
tain properties that are evaluated at T,, which is the
average temperature between T,, and Ty:

T T,
TV — w-iz- g
(33)
=__1
(T, +273)
(34)
_ 353,44
(T,+ 273,15)
(35)
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k=0,0244 + 0,7673x10™T,
(36)

Where for T < 70 °C the latent heat of vapori-
zation of water hysg is:

hrg = 2,4935x109[1- 9,4779x107'T, + 1,3132x107T; -4,7974x10T,]

For viscosity:
u=1718x10"° + 4,620x10°T,,
(38)

The heat capacity of the air:

Replacing the definitions and clearing, it is es-
tablished" that the productivity m,,, can be cal-
culated using the Grashoff and Pandtl numbers by
means of Equation 41:

Cp=999,2 + 0,1434T, + 1,101x10*T; — 6,7581x10°°T;

(39)

(37)
Mew = 70'0;}?;73 A Ayt (Py = Py) C(GrPr)"

(40)
The values of C and n are calculated, as pro-

posed by Tiwari®”

, by regressions from experi-
mental data; in his work, Sampathkumar[26] states
that C and n depend on the specific design of each
solar still and the water temperature range in which
they operate, so they must be determined in each
particular case. Some reported values for C and n

are presented in Table 1.

Table 1. Reported C and n values and their range of validity

Author C N Validity interval
Kumar and Tiwari™  0.0322 0.4110 1.794%10° < Gr < 5.724*10°
Tiwaril® 0.0112 0.4088
0.0621 0.3999
Sampathkumar® 0.0750 0.3300 Gr>3.2%10°
Shuklal®" 0.079-0.065 0.329-0.378

Productivity using incident solar radiation.

P. I. Cooper'®

in his work presents a linear correla-
tion, valid for radiation levels I, between 0.4 and
1.39 kW/m® and for an ambient temperature of
30 °C, to calculate the instantaneous productivity

which is shown in Equation 42.
Mgy = 3,125 * 101, — 3,438,107

(41)

3.4 Efficiency

From evaporated water. To calculate the effi-
ciency 77, of a passive solar still from the heat of
vaporization, the mass of condensed water and the
measured incident radiation, Equation 43" is used:

_ Zm,h,
= (1,4, | At
(42)

Where:

A = distiller base area, [m], and

At = period of time, [s].

Theoretical maximum efficiency from solar

radiation. Cooper'®

presents an Equation to find
the maximum theoretical daily efficiency shown in
Equation 45. Using this Equation yields higher data
than those found using Equation 44 for the same

case.

6
n, =0,727—2,88><1021—5
(43)

Where:

n, = maximum theoretical daily efficiency,
dimensionless,

0, = daylight hours of a day measured from
sunrise to sunset, [h].

For the calculations, the data®™ of a solar still
are considered with the values presented in Table
2022;

Where x, and x, are the thickness of the wa-
ter and glass, respectively, and &, is the thermal
conductivity of the glass.

Table 2. Passive solar still parameters
A,, = 1,000m?4,, = 1,000m? R, = 0,05R,, = 0,05
A, = 1,035m24, = 1,035m? R,, = 0,05R,, = 0,05
x, = 0,040m x, = 0,040m ¢, = 0,95¢, = 0,95
x, = 0,004mx,, = 0,004m & = 094¢, = 0,94
d = 0,45md = 0,45m a, = 0,05a, = 0,05
k, = 0,0351W /mKk, 6 = 15°0 = 15°
= 0,0351W/mK

4. Results

Deviations of correlations for estimating
water vapor saturation pressure. The vapor pres-
sure of water between 0 and 100 °C calculated by
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the correlations of Antoine, Sharma, and Dunkle
differ from each other and from the data of Lem-
mon, McLinden, and Friend reported in Perry™;

their deviation is shown in Figure 4.
4.0

3.0 —&— Sharma
—&—Dunkle
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0 20 40 60 80 100
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Figure 4. Percentage deviation of water vapor pressure calcu-
lated according to Dunkle, Antoine and Sharma-Mullick (Kee-
nan-Keyes) correlations.

It can be seen that Dunkle’s correlation is the
one with the greatest deviations, between +2.7 and
-3.1%, while the lowest values are for Antoine’s
with -0.4 and 0.7%.

4.1 Internal heat transfer
4.1.1 Convection heat

Figure S shows the behavior of the convective
heat transfer coefficient as a function of the water
temperature 7, and the temperature of the internal
face of the glass 7. It can be seen that it increases
as T,, increases and T, decreases.

Tw{’C) gg

60
40
20

4
B ey (W/m?°C) 5

60
40

Tvi(oc) 20
Figure 5. Convection heat transport coefficient h.,,_, asa
function of water temperature T,, and glass temperature T,;.

4.1.2 Heat transferred by radiation

The behavior of the radiation heat transfer co-
efficient with respect to the temperatures of the wa-
ter 7, and the glass T,, is shown in Figure 6. The
coefficient can reach 9.0 W/m* °C when the tem-

perature difference is 50 °C, higher wvalues,

when both temperatures are equal or the tempera-
ture of the glass is higher than that of the water, are
physically meaningless. The magnitude of the coef-
ficient increases as the water temperature increases
and the glass temperature decreases.

60 T, (°C)

9
8 2

7 by uv(W/m™=°C)
6

5

40 7, (°C)
20

Figure 6. Radiative heat transport coefficient h,. ,,_,, asa

function of water and glass temperatures.

4.1.3 Evaporation heat

The behavior of the evaporative heat transfer
coefficient calculated from Equation 17 as a func-
tion of water and glass temperatures is shown in
Figure 7. The value reached by this coefficient is
much larger in magnitude than the convective heat
and radiant heat, around 120 W/m® °C for tempera-
ture differences of 60 °C, the segment where the
glass temperature is higher than the water tempera-
ture is physically meaningless.

60 Tul(C)
40

e

~__20
1
]100

{
50 Bose-s(WIM?°C)

T = ’é 0

Tw (°C)

0
Figure 7. Evaporative heat transport coefficient proposed by
Mowla and Tiwari h,,,_,, as a function of the temperatures of

the water T,, and the internal face of the glass T;.

|~\ e 100

| B 50 Po-u(WIM*°C)
=" _""';:.Ja
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Figure 8. Evaporation heat transport coefficient h,),,_, con-
sidering the variable heat of vaporization as a function of water
and glass temperatures.
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The values calculated with Equations 17 and
18 vary little. The behavior of the evaporative heat
transfer coefficient between the water and the in-
ternal surface of the glass calculated by Equation 18
is shown in Figure 8.

4.1.4 Total transfer coefficient between water
and glass

It corresponds to the sum of heat transferred by
radiation, convection and evaporation, is calculated
with Equation 3 and is shown in Figure 9. This co-
efficient may reach up to 135 W/m* °C for temper-
ature differences of 50 °C.

150 M wn(WImC)
4
1

~ o

40
Figure 9. Total heat transfer coefficient between water and
glass h;,_, asafunction of the temperatures of the water T,
and the internal face of the glass Ty;.

4.2 Performance indicators

4.2.1 Productivity using the heat of evapora-
tion

The behavior of the daily productivity calcu-
lated from the convective and evaporative transfer

coefficients by Equation 30 is shown in Figure 10
as a function of T, and Ty;.

Figure 10. Daily distiller productivity calculated using the
transfer coefficients, as a function of the water temperatures 7,
and the internal face of the glass 7;.

4.2.2 Productivity using dimensionless num-
bers

Figure 11 shows the behavior of productivity
as a function of water and glass temperatures,
where 0.0112 and 0.4088 have been used for C and
n, respectively. It should be noted that in this case,
the productivity values are lower than those shown
in Figure 10 at the same temperature conditions
calculated using the heat of evaporation. The max-
imum values reported in practice achieved for
productivity are around 0.550 kg/m*h"*?. It can be
seen that the productivity increases with the in-
crease of water temperature and decrease of glass

temperature.

40 Tw (°C)
Figure 11. Distillate productivity calculated using the dimen-
sionless numbers, as a function of water T,, and glass temper-
atures Ty;.

4.2.3 Magnitudes of transfer coefficients

Using the transfer models described above, a
range of values of heat transfer coefficients can be
calculated, which is shown in Table 3.

Table 3 shows that in conditions of low tem-
peratures and low wind speed, the total incident
energy can only be used by 37% without consider-
ing the losses due to reflection of the transparent
material that vary between 10 and 15% of the inci-
dent radiation'"® and in conditions of high temper-
ature and high wind speed this evaporative heat can
reach up to 62% of the total. This is under ideal
conditions, considering for example that all the time
the evaporator glass is perpendicular to the incident

Table 3. Values reached by heat transfer coefficients in passive solar stills

Heat transfer coefficient (W/mzh)

Minimum Maximum
Internal heat transfer Tv =40 °C and Tw =50 °C Tv=50°C and Tw =90 °C
Convection 2.61 3.98
Radiation 5.68 8.99
By evaporation 10.56 122.20
External heat transfer Wind speed V =1 m/s Wind speed V =15 m/s
Convection losses 5.8 47.8
Total losses 9.5 62.7
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Figure 12. Comparison of theoretical and experimental maximum productivities for four cases. a) Shuklal®'l, b)?", ¢)®! and d)

Dev*,

radiation, which is not true for passive solar evapo-
rators. Wind speed affects the process in two
ways; by cooling the outer face of the evaporator
glass and aiding in condensation, and at the same
time cooling the rest of the equipment, so high wind
speed increases convection losses.

4.2.4 Theoretical and experimental produc-
tivities

The
has been calculated from solar radiation using

theoretical maximum  productivity
Equation 44 and is shown together with data ob-
tained experimentally in several trials in Figure 12.

The theoretical maximum productivities are
located between 0.42 and 0.75 kg/h, while the ex-
perimental ones reach maximums between 0.15 and
0.30 kg/h. According to the atlas published by the
World Bank!*”), there are areas of high solar radia-
tion that reach an annual average between 7.2
and 7.4 kW.h/m’, using this model""®), the produc-
tivity value of 6.7 to 6.9 kg/m*/day represents a
theoretical maximum under ideal conditions.

The theoretical maximum efficiency has been
calculated using Equation 43 of the solar radiation
model and is presented in Figure 13, together with
the efficiency obtained experimentally in several
tests.

It can be seen that the theoretical maximum ef-
ficiency reaches values between 0.25 and 0.63,
while the experimental data range between 0.01 and
0.45.

5. Conclusions

still, there will

ways be convection and radiation transfer mecha-

(1) In a passive solar
nisms to the interior, as well as reflection and con-
therefore the
theoretical maximum usable heat to evaporate the
water will range between 33% and 56% of the total
solar radiation under ideal conditions.

vection losses to the exterior,

(2) The solar still performance calculated us-
ing the heat transfer coefficients model, and that
calculated using the dimensionless number correla-
tions provide data that accurately represent the
phenomenon, while the correlations based on solar
radiation present theoretical maxima for productiv-
ity and efficiency, which are consistently higher
than those measured in all cases.

(3) The productivity of passive solar stills as a
function of available solar irradiation has thermo-
dynamic limits defined for their productivity be-
tween 6.7 and 6.9 kg/m” day, which are deter-
mined by the intensity of incident solar radiation,
construction materials, local temperature conditions
and wind speed.
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