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Abstract Solar desalination is most encouraging an alternative solution for fulfilling
the requirement of clean and drinkable water in today’s world of energy crises and
water scarcity. Performance viability of solar desalination system is the main concern
in this fast and advance world/life. Albeit, conventional solar still is cheap in cost,
simple in construction, operation, and maintenance; its low productivity raises many
questions on its worldwide applicability. Pyramid solar still is an innovative idea and
design for the solar still that have higher productivity and many more other bene-
fits over conventional solar still. Performance of solar still depends on operational,
design and meteorological parameters. Thus, it is necessary to establish function that
describe the relationship, which can be utilized for optimization of system and fur-
thermore to anticipate viability and competitiveness of system. Therefore, thermal
modeling (theoretical/mathematical model) of system plays vital role before actual
implementation of system as well as after implementation for performance evalua-
tion and improvement. In this chapter, basic fundaments of pyramid solar still with
its advantages over conventional solar still are described. Further, thermal model-
ing (theoretical/mathematical model) is developed which can be useful to study the
pyramid solar still.
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Nomenclature

English Letters

C  Specific heat in kJ/kg K

hs, Latent heat of evaporation of water in J/kg
m  Mass in kg

Q Heat transfer rate in kW

R Reflectivity

T Temperature in K

Greeks

Absorptivity

Emissivity

Efficiency
Stefan—Boltzmann constant

Qs ® R

Subscripts

a Ambient air
b Basin

c Top Cover

cond Conductive
conv Convection
DW Distillate water
evp  Evaporation
eff Effective

i Instantaneous
rad  Radiative

t Total

Theo Theoretical
w Water

1 Introduction

Water is key element for sustain life on earth. It is also necessary for irrigation,
agriculture, sanitation, energy generation, industrial production, etc. In twenty-first
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century, the most burning worldwide problem for humankind is shortage of available
drinking water for current and future generation. One of the most adverse effects of
overpopulation is depletion of natural resources. It is estimated that the per capita
water availability may be reduced to 1137 billion cubic meters (BCM) by 2065 in
India as compared to 1614 BCM for 2011 [1]. However, the situation can be better
saved if sincere attempts are made to conserve water. On Earth, 96.5% of the planet’s
water is found in oceans that cannot be consume and utilize directly. Moreover,
many remote areas are not accessible to ocean water. Therefore, it is necessary to
find out solution to make brackish/contaminated water potable. Solar desalination
is one of the most promising and sustainable solution to fight against the problem
of water scarcity. Besides, the most attractive feature of solar desalination is that
it uses inexhaustible and pollution free renewable solar energy for conversion from
brackish/contaminated water into clean and pure drinkable. Thus, it is revolutionary
for energy sectors, too. Solar still is device used for solar desalination. Conventional
single basin single slope solar still is that in which saline/contaminated water is
filled in basin that covered with inclined highly transparent glass or acrylic or plastic
cover. Solar radiation penetrates into solar still through transparent top cover, that
raises the temperature of basin saline water and saline water gets evaporated due to
partial pressure. Evaporated water vapor raises up and condense at inner surface of
top cover, which is at low temperature. The condensed water droplets glide down
and collected by the collecting channel and drained out from solar still for end use.
This condensate water is clean and hygienic [2].

In real world, advancement in innovation and technology in any system acquires
priority. This concept tends to make system higher efficient, reliable eco-friendly
and inexpensive. Thus, engineers and designers have recently developed the range
of innovative and efficient configurations of solar still that can supply higher yield at
low cost than that of conventional solar still. Figure 1 represents the various solar still
configuration such as double slope solar still, multi-stage or multi-effect solar still,
inverted trickle solar still, stepped solar still, weir type solar still, hemi-spherical solar
still, spherical solar still, v-type solar still, pyramid solar still (triangular and square),
cylindrical solar still, tubular solar still, conical solar still, etc. [3, 4]. Many attempts
have been made to increase daily productivity of solar still by incorporating other
auxiliary system with solar still such as solar still integrated with solar collectors,
integrated with hybrid PV/T system, integrated with heat exchanger, integrated with
solar pond, etc. [35, 6].

2 Pyramid Solar Still

Unlike conventional single basin single slop solar still, pyramid solar still has pyra-
midal top glass cover. Based on shape of that pyramid top glass cover, pyramid
solar still: can be classified as shown in Fig. 2: (a) Triangular pyramid solar still and
(b) square pyramid solar still.
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Fig. 1 Classification of solar still based on geometry

Fig. 2 a Triangular pyramid solar still [8] b Square pyramid solar still [9]
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Pyramidal shaped glass cover of solar still potentially offer major several advan-
tages over conventional (single basin single slope) solar still [7]. Conventional solar
still must be placed in such a way that its inclined glass cover surface faces sun
directly and tracking is required to gain maximum solar radiation throughout the
day, whereas pyramid solar still can be placed irrespective of direction. The shading
of side wall on saline water surface in basin is lesser in case of pyramid solar still
than that of conventional solar still.

Till now very few but notable works on pyramid solar still has been reported in
literature. First ever work in the pyramid solar still was reported by Hamdan et al.
[10]. They have compared the performance of single, double and triple basin square
pyramid solar still under the climatic condition of Amman, Jordan and achieved
44% maximum daily efficiency and 4.896 kg/m? daily yield from triple basin square
pyramid solar still. 24% and 5.8% higher distillate water was obtained from triple
basin pyramid solar still than single and double basin pyramid solar still, respectively.
Fath et al. [11] have analytically compared the performance of square pyramid solar
still with conventional single slope solar still. In the study, they have utilized scale-
down dimension of the Great Pyramid of Giza, Egypt for construction of square
pyramid solar still and compared the performance from thermal and economic point
of view with conventional single slope single basin solar still. Also, many attempts
have been carried out for increasing daily productivity of pyramid solar still. Kabeel
[12] have attempted to increase the daily productivity of pyramid solar still with the
use of concave wick surface in basin and concluded that the concave wick surface
increases evaporation area that lead to enhancement in daily yield of pyramid solar
still. About 4.1 I/m? daily average productivity with maximum instantaneous effi-
ciency of 45% and average daily efficiency of 30% was achieved. Comparing cost of
this concave wick pyramid solar still with conventional solar still, cost of liter for this
pyramid solar still was 22% lower than that of conventional solar still. O Mahian and
A Kianifer [13] have carried out mathematical modeling and experimental study on
active and passive type square pyramid solar still. In active pyramid solar still, they
obtained 4.2 1 yield per day due to forced convection. At 4-cm saline water depth
in basin, percentage error of 11.4% for passive solar still and 25% for active solar
still was obtained between experimental and theoretical results. About 25% incre-
ment in daily yield was noted due to forced convection induced by placing small fan
inside solar still in experimental study conducted by Taamneh et al. [9]. Satyamurthy
et al. [8] have reported the effect of various operational parameters including mass
of saline water, phase change material (PCM), saline water temperature at different
depth of saline water, wind velocity over glass cover, etc. on the performance of
triangular pyramid solar still. The lowest cost of distillate output of 0.031 $/liter
was obtained for pyramid solar still which reveals that pyramid solar still is most
promising alternative of conventional solar still [7].
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3 Thermal Modeling of Square Pyramid Solar Still

Thermal/theoretical modeling of any system is the first step toward development of
system. The study of theoretical model can be utilized: for selection of critical design
criteria, for innovative development in system, for checking reliability and capability
of system for desired purpose before actual execution of system at full scale and for
performance evaluation or comparison between available alternatives. Performance
of any solar still is evaluated based on its daily productivity and efficiency. Although
working principle and construction of solar still is simple, its theoretical analysis is
complex and based on experimental conditions. Thermal modeling of any thermal
system can be carry out by two ways (i) Energy analysis based on first law of ther-
modynamics (first law energy efficiency) (ii) Exergy analysis based on second law
of thermodynamics (second law energy efficiency). In present section, theoretical
model of square pyramid solar still has been presented using energy balance equa-
tions based on first law of thermodynamics. The study involves the various heat flows
occurs in system. Dunkle [14] has developed the various heat transfer correlations,
which are utilized to calculate the heat transfer in solar still.

Fig. 3 illustrates the various heat transfer occured in solar still. Solar radiation
enters in solar still through highly transparent top cover, where some part of it is
reflected back, some is absorbed by top cover itself based on material of top cover
and remaining radiation is transmitted and reaches at surface of saline water in basin.
A part of solar radiation available at surface of saline water is transmitted and reaches
to absorber plate of solar still, a part is reflected back towards glass cover that produces
greenhouse effect inside solar still and a part is absorbed by saline water itself that
raises the temperature of saline water. The solar radiation transmitted through saline
water is absorbed by the absorber plate as it acts as a black surface that raises the
temperature of the absorber plate. The absorber plate supplies the heat to saline
water by convection and a part of heat is lost by conduction in surrounding through
bottom and side of still. Saline water receives the heat from basin and solar radiation,
which causes the evaporation of saline water. The evaporated water vapor rises up
and condenses at the inner surface of glass cover due to the difference between saline
water temperature and glass cover temperature. Thus, glass cover receives heat from
evaporated water vapor that condense on it, from enclosed air and from heated water
in addition to the direct absorbed solar radiation. The energy which is transferred to
the cover is conducted through it and is lost to the surrounding by convection and
radiation.

3.1 Energy Balance Equations

The performance of any solar still can be evaluated from its thermal model. In
present section, theoretical model is developed to study the transient analysis and
performance of pyramid solar still. For thermal system, theoretical model can be
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Fig. 3 Energy flow in solar still [15]

developed from energy balance equations of various component of system. Basin,
saline water and glass cover are main part of conventional solar still.

The assumptions considered in theoretical models are as follows: constant saline
water level is maintained in basin, no temperature gradients along the glass cover
thickness and along the saline water depth, physical properties of basin material,
saline water, glass cover, and insulation material are constant in operating temperature
range, and vapor leakage losses are neglected.

(a) Energy balance equation for basin:

Solar energy absorbed by basin = Energy stored in basin + energy lost to water mass
by convection + total energy lost to ambient

, a7,
I(I)Abab = mbeE + Qconv,bfw + Qloss (1)

where I(¢) is incident solar energy for solar still (W/m?), Ay is area of basin (m?),
oy is fraction of solar radiation absorbed by basin material, m;,Cy, is heat capacity
of basin material (W/m?K) and % is temperature gradient with respect to time in
basin.

Energy supplied to saline water from basin by convection and total energy lost to
ambient is estimated using Eqgs. (2) and (3), respectively.
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Qconv.b—w = hconv.b—wAb(Th — Tw) 2

Oloss = UpAp(Ty — To) (3)

Overall heat loss coefficient for basin (U}, ) represents combine effect of conductive

heat loss from basin to insulation material and convective heat loss from insulation
to surrounding and is estimated from Eq. (4) [16].

Yins 1 -
Uy, = + ship—a =5.7+3.8V “4)
kins ht,bfa

where yi,s and ki, are thickness of insulation () and thermal conductivity of insu-
lation material (W/m2K), respectively. A1, is convective heat loss coefficient based
on surrounding wind velocity (V in m/s).

(b) Energy balance equation for saline water

Solar energy absorbed by saline water + Energy received from basin by convection
= Energy stored in water + Total energy lost to inner surface of glass cover

dT,

I(I)Awa\/y + Qconv,b—w = mWCWd_tW + Qt,w—c )

Ay, is area of saline water that absorbs the solar radiation (m?), ay, is fraction
of solar radiation absorbed by saline water, m,,Cy, is heat capacity of saline water
(W/m?K) and % is temperature gradient with respect to time in saline water.

Energy lost to inner surface of glass cover from saline water is actually occur in
three mode thus total energy lost to glass cover from saline water includes energy
lost by conduction, by convection and by radiation.

Qt,w—c = ht,w—cAw(Tw 1) = (hconv,w—c + hrad,w—c + hevp,w—c)Aw(Tw -T)
(6)

In Eq. (6), convective and evaporative heat transfer coefficient between saline
water and glass cover can be calculated by Egs. (7) and (8), respectively, as suggested
in Dunkle’s model [14],

1
(pw = p)-Tw |°
s =088 x| = T+ oS0 | )
- (Pw — Pc)
h Vp,W—C — 16.273 10 3-hc P 4 3
evp, X . C(TW—TC) (8)

In above empirical relations, T, and T are temperature of saline water and glass
cover, respectively, in K. py and p. are saturation vapor pressure of saline water and
glass cover at respective temperature and are given by Eq. (9) [17].
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p = el2s317-3 9)

And radiative heat transfer coefficient between saline water and glass cover is
[14] ...

, 11 -
hrad,w—c = &effo (Tyy + Tc)(TW + Tc );Seff = 8_ + 8_ -1 (10)

(c) Energy balance equation for Top cover:

Solar energy absorbed by cover + Total energy received from saline water by con-
vection, radiation and evaporation = Energy stored in cover + Total energy lost to
surrounding

, dT.
I(t)Acac + Qt,W—c = mcCcE + Qt,c—a (11)

A, is area of glass cover that absorbs the solar radiation (m?), a is fraction of solar
radiation absorbed by glass cover, m.C. is heat capacity of cover material (W/m?K)
and dd? is temperature gradient in glass cover with respect to time.

Energy lost from top cover to surrounding occurs by convection and radiation.
Thus, total energy lost from cover to surrounding has main two components, viz.
convective heat loss and radiative heat loss which can be estimated by Eqs. (12) and

(13), respectively.

Qconv,c—a = hconv,c—aAc(Tc —T) (12)
Qrad,c—sky = hrad,c—skyAc(Tc - Tsky); Tsky =T,— 6 (13)

Convective heat transfer coefficient between top cover and surrounding can be
calculated as hconyc—a = 2.8 + 3 V [16], and radiative heat transfer coefficient is given
by Eq. (14)

heade-sy = 30 (T + Tuy) (TC2 + Tﬁky) (14)

Substituting values of different heat transfer and/or losses from Egs. (2), (3), (6),
(10), (12) and (13) in basic energy balance equations of various component of solar
still, i.e., Egs. (1), (5) and (11) and rearranging terms, one can get the governing
differential equations for the various components of solar still as below,

dTy, N Ap
dr mpCy

dr, A Ap A ;A
dilw + mwéw (Aiwhconv,bfw + hl,wfc) Tw = ﬁ (I(t)aw + Aiwhconv,bfwa + ht,wchc)
(16)

A /
(heonv.b—w + Up) Ty = ; (I(Z)Olb + heonv.b—wlw + UbTa) (15)
mbe
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d7, Ac (A

w
dr + mcCc A_Cht,w—c + hconv,c—a + hrad,c—sky)

A . Ay
Tc = mcéc (I(I)Otc + mht,w—cTw + hconv,c—aTa + hrad,c—skyTsky) (17)

Equations (15), (16) and (17) are the basic governing differential equations for
solar still, viz. basin, saline water and top cover, respectively.

The solution of above governing differential equations was obtained with assump-
tions that the time interval is very small, values of heat transfer coefficient are constant
during that small time interval and nearly steady-state condition is achieved during
that small time interval.

Applying initial conditions as Ty,(t = 0) = Ty, Tw(t =0) = Ty, I.(t =0) =
T.o, the solution obtained for Eqgs. (15), (16) and (17) are as below,

T, = (%)(1 —e M) + Type M (18)
1
T = (L)1 =) + Tyoe ™ 19
w = FZ ( — € )+ w0€ ( )
To= (L) (1= e Pr) 4 Tpe P 20
C—E(_e')"'c()e (20)
where
Ayp ,
bl :mbcb (](t)ab + heonv,b—wTw + UbTa) and
Py —m(hconv,b—w + Ub),

Ay , Ap
f2 = I(Z)Olw + Aihconv,bfwa + hl,wchC and

myCw w
A Ap
Py :mwzw (?whconv,b—w + ht,wfc>:
Ac , Ay
f3 = [(I)Olc + 7hl,w—cTw + hconv,c—aTa + hrad,c—skyTsky and
mcCe Ac

Ac [Aw
P3 = mcCc Tchl,w—c + hconv,c—a + hrad,c—sky

The average value of temperature for the time duration can be calculated as

_ t
T = % S TdT,Egs. (18), (19) and (20) can be represented as below,
0
= fi 1 —e P 1 —e Nt
== |l1——— )+ Too| —— 21
b <P1 Pt b0 Pt ( )
_ 1_ — Pyt 1_ — Pyt
oo (2 (1ol g (e (22)
P, Pt Pyt
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_ 1 —e b3t 1 —e Pt
@S )ee(Er) @
P; Pst Pst

Using initial temperature (initial condition), initial value of heat transfer coeffi-
cients can be calculated. After small interval of time, temperature of various compo-
nents of solar still can be calculated from Egs. (13) to (16). Thus, the temperature of
various components of solar still can be calculated by following similar procedure
for the time duration of experiment.

e Estimation of fraction of solar radiation absorbed by various component of
solar still

In energy balance equations of various component of solar still, i.e., Egs. (1), (5) and
(11), af, o, and o], are fraction of solar energy absorbed by basin material, saline
water and top cover material, respectively. These parameters depend on the individual
absorptivity and reflectivity of material used for basin, water and top cover.

From the solar radiation available at the surface of glass cover, a part of solar
radiation is reflected back based on reflectivity of cover material and then depending
on its absorptivity, a part of solar radiation is absorbed by itself and remaining part of
solar radiation is transmitted to saline water. Some amount of solar radiation which
is transmitted to saline water from top cover is reflected from top surface of saline
water, some amount is absorbed by it and remaining is transmitted to basin where
basin absorbed solar radiation based on its absorptivity after reflection. Figure 4
illustrates this simple mechanism.

Thus, fraction of solar energy absorbed by top cover material, saline water and
basin material are given as [18] ...

a, = (1 — R, (24)
o, = ay(1 — o) (1 — R)(1 — Ry) (25)
o = ap(l — ) (I — R)(1 — Ry)(1 — ay)(1 — Ry) (26)

3.2 Estimation of Hourly Yield and Efficiency

Hourly theoretical distillate output from temperature (°C) can be predicted by [19]
and represented as below,
mpw(Theo = 0.012(Ty — To) (T — Ty) — 3.737 x 1073 Ty (Te — Ty) — 5.144
X 1073 To (T, — Ty) +5.365 x 1073(Te — T)? +0.212(T. — T,) — 3.828
x 1073 Ty (T — Te) — 5.015 x 103 To(Ty — Te) +2.997 x 1073(T, — Ty)?
+0.217(Ty — Te) + 1.182 x 1073 T, Ty, +1.663 x 107372 — 0.106T:.
—0.065T,, +8352 x 107*T2 +1.992 27
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Instantaneous efficiency of solar still at any particular time can be estimated as
[16],

mpwhtg

T 1) ALAL @8

ni

4 Conclusion

Thermal model for the performance evaluation of solar still especially for pyra-
mid solar still is developed and comprehensively described in this chapter. Pyramid
solar still offers extremely great points of interest over conventional single basin
single slope solar still. Equation (27) is utilized to estimate distillate yield from the
solar still based on theoretical temperatures of various components of solar still as
described in Sect. 3.1, and these results also show the good agreement with exper-
imental results [19]. It is clear that the theoretical distillate yield mainly depends
on the temperature of main components of solar still as well as the temperature of
the surrounding. Furthermore, from the various relations obtained in this chapter for

1
Rc
(1-R)a, . Top cover
(1 = ac)(l = RC)R“' (1 —_ ac)(l _ Rc)
aw(i - ac)(l - Rc)(l‘; RK') Saline water
~
(1 T ac)(l TS R:)(l 22 Ru}(l = aw)Rb (1 -— ac)(l - Rc)(l - R“)(l i aw)
a,(1—a )A-R)(1-R,)(1 - “w)(l}Rb Basin
~

Fig. 4 Solar radiation absorbed by various solar still components
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temperature estimation, temperature of solar still component (i.e. basin, saline water
and glass cover) has great effect of various climatic parameters like solar radiation,
wind speed, surrounding temperature, atmosphere humidity, etc.; various design and
material parameters like top cover inclination angle, area and material of absorber
plate and condensing cover, salinity of saline water, depth of saline water, thickness
of absorber plate and top cover, thickness and material of insulation, etc. Thus, all
parameters mentioned above have a significant effect on the yield of solar still so it
is necessary to optimize those all parameters to achive maximum yield. Further, the
daily productivity of pyramid solar still can be improved by providing some addi-
tional accessories and add-ons in a simple solar still such as wick materials, storage
materials, nanoparticles, and additional solar collectors and reflectors, etc. Notwith-
standing the energy analysis carried out in this chapter, second law efficiency analysis
of pyramid solar still need to be developed as it identify areas required for improve-
ment in solar still. As pyramid solar still has large advantages over conventional solar
still, pyramid solar still can be thought as an alternative for conventional solar still.

References

1. Jain SK (2011) Population rise and growing water scarcity in India-revised estimates and
required initiatives. Current Sci 101(3):271-276
2. Al-Hayeka IH, Badran O (2004) The effect of using different designs of solar stills on water
desalination. Desalination 169:121-127
3. Yadav S, Sudhakar K (2015) Different domestic designs of solar stills: A review. Renew Sustain
Energy Rev 47:718-731
4. Sathyamurthy R, Harris Samuel DG, Nagarajan PK, El-Agouz SA (2015) A review of different
solar still for augmenting fresh water yield. J Environ Sci Technol 8:244-265
5. Kumar PV, Kumar A, Prakash O, Kaviti AK (2015) Solar stills system design: a review. Renew
sustain Energy Rev 51:153-181
6. Rufuss DDW, Iniyan S, Suganthi L, Davies PA (2016) Solar stills: a comprehensive review of
designs, performance and material advances. Renew Sustain Energy Rev 63:464-496
7. Nayi KH, Modi KV (2018) Pyramid solar still: a comprehensive review. Renew Sustain Energy
Rev 81:136-148
8. Sathyamurthy R, Kennady HJ, Nagarajan PK, Ahsan A (2014) Factors affecting the perfor-
mance of triangular pyramid solar still. Desalination 344:383-390
9. Yazan Taamneh, Madhar Taamneh (2012) Performance of pyramid-shaped solar still: experi-
mental study. Desalination 291:65-68
10. Hamdan MA, Musa AM, Jubran BA (1999) Performance of solar still under Jordanian climate.
Energy Convers Manag 40:495-503
11. Fath HES, El-Samanoudy M, Fahmy K, Hassabou A (2003) Thermal-economic analysis and
comparison between pyramid shaped and single-slope solar still configurations. Desalination
159:69-79
12. Kabeel AE (2009) Performance of solar still with a concave wick evaporation surface. Energy
34:1504-1509
13. Mabhian O, Kianifar A (2011) Mathematical modelling and experimental study of a solar dis-
tillation system. Proc IMechE Part C J Mech Eng Sci 225:1203-1212
14. Dunkle RV (1961) Solar water distillation: the roof type still and a multiple effect diffusion still.
In: International development in heat transfer, ASME, proceedings of international transfer Part
V. University of Colorado



218 K. H. Nayi and K. V. Modi

15. Garg HP, Dayal M, Furlan G, Sayigh AAM (1987) Physics and technology of solar energy
(vol-1): thermal applications, 1st edn. D. Reidel Publishing Company, Holland, p 528

16. Elango C, Gunasekaran N, Sampathkumar K (2015) Thermal models of solar still—a compre-
hensive review. Renew Sustain Energy Rev 47:856-919

17. Morad MM, El-Maghawry HA, Wasfy KI (2015) Improving the double slope solar still per-
formance by using flat-plate solar collector and cooling glass cover. Desalination 373:1-9

18. Sakthivel M, Shanmugasundaram S (2008) Effect of energy storage medium (black granite
gravel) on the performance of a solar still. Int J Energy Res 32:68-82

19. Kalidasa Murugavel K, Sivakumar S, Riaz Ahamed J, Chockalingam Kn KSK, Srithar K (2010)
Single basin double slope solar still with minimum basin depth and energy storing materials.
Appl Energy 87:514-523



	Thermal Modeling of Pyramid Solar Still
	1 Introduction
	2 Pyramid Solar Still
	3 Thermal Modeling of Square Pyramid Solar Still
	3.1 Energy Balance Equations
	3.2 Estimation of Hourly Yield and Efficiency

	4 Conclusion
	References




