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ABSTRACT

A solar still coupled with evacuated tube collectas designed and developed for distillation ofenaks the
wind velocity increased, the convective heat loemfglass cover to ambient increased, hence thes glaver temperature
decreased which helped to increase the water gtags temperature difference thereby the overalidyincreased. Heat
loss coefficient increases until it reaches maxinirsolar noon due to high temperature differenetevben the inside still
and the ambient temperature at this time, theedtehsed at afternoon. The average internal heafar coefficient i.e.
convective, radiative and evaporative was foundbeo3.7, 8.33, 99.24 W/, respectively. The external heat transfer
coefficient such as average overall top heat losdficient was found to be 9.92 Wikhas compared to bottom heat loss

coefficient 0.31 W/fK. Therefore distillate yield was found to be mawim
KEYWORDS: Evacuated Tubes, Heat Transfer Coefficients, Hemtsfer Rate, Solar Still
INTRODUCTION

As world population and social-economic growth,isties are challenged to provide fresh water totrniesse
needs for all of their people. Water is the basicassity for human along with food and air. Theralmost no water left
on Earth that is safe to drink without purificatiabnly 1 per cent of Earth's water is in a fregit state, and nearly all
of this is polluted by both diseases and toxic dbafs. For this reason, purification of water sipplis extremely
important. Moreover, typical purification systente &asily damaged or compromised by disastersraiaiu otherwise.
This results in a very challenging situation fodiinduals trying to prepare for such situationsd &eep themselves and
their families safe from the myriad diseases améctohemicals present in untreated water. Everyeaets to find out the
solution of above problem with the available soaroé energy in order to achieve pure water. Fotklpahere is a

solution to these problems.

Desalination refers to the removal of salts andemals in order to convert brackish/salt water &slfr water to
make it suitable for human consumption. Conventigotar still continues to be a choice mainly femote areas, due to
the known advantages it has, such as use of figgreco-friendly, simple technological and comgtional solutions that
can be implemented locally (E. Mathioulakis, 2008)bar (2006) has carried out mathematical modelorgan inclined
solar water distillation system. Tiwari and Tiwé2007) have recommended an optimum inclination&dlglass cover

equal to the latitude of the place.
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MATERIAL AND METHODS

Details of Experimental Set Up

A solar still coupled with evacuated tube colleat@s developed and installed at Department of Uveotional
Energy Sources and Electrical Engg. Dr. PDKV, Akdtaconsisted of water basin, top cover, evacuatibe collector.

A schematic view of solar still coupled with evataditube collector is shown in Figure 1

As per design specifications of solar still coupleith evacuated tube collector having capacity @fli@batch
was designed and fabricated. The water basin wagéded in square shape. Ten evacuated tube et ih the water
basin. The basin was fabricated with mild still.eTHistillate channel was provided at the bottomsioping side.
The sloping side was covered with toughened glagsnm thickness. On the bottom side of the sloinlg drain outlet
was provided which was 0.75 inches. The evacuaibdst used in solar still were 2100 mm length andnb8 outer
diameter (Gnanadsa al, 2011).

Insulation

Evacuated tube
collector

e
Figure 1: A Schematic View of Solar Still Coupled wh Evacuated Tube Collector

Heat Transfer Mechanisms in a Solar Still

The heat transfer process in a solar still canrbadly classified into internal and external heahsfer processes
based on energy flow in and out of the enclosedespahe internal heat transfer is responsible lerttansportation of
pure water in the vap our form leaving behind infipes in the basin itself, whereas the externak teasfer through the

condensing cover is responsible for the condensatigpure vapour as distillate (Elangoal, 2014).
Internal Heat Transfer in a Solar Still

The heat exchange between water surface and giass ioner surface of the solar still is known ateinal heat
transfer (Badran, 2011). There are three modesgiyaoconvection, radiation and evaporation procesksgswhich the
internal heat transfer process within the soldr istigoverned. These three modes of internal teaisfer process are

described as follows:
* Convection Heat Transfer

Convection heat transfer process is complicatathinre by the fact that it involves fluid motionasll as heat
conduction. The convection heat transfer stronglyethds on fluid properties and geometry and rougghoésolid surface

involved. In a solar still, the convection heanster takes place between basin water and glags aaver surface across
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humid air due to temperature difference betweemthe

The convective heat transfer rate inside the sstifircan be expressed in terms of water tempeeaftly) and

glass cover inner surface temperaturg) @y the following relation:
Howgi — hcw_gi [Tw - Tg:')

In the above expression,j is the convective heat transfer coefficient betwagter mass and glass cover inner

surface and can be calculated as follows:

1
(P, —P,)(T, +273)

h
2689 X 10° — B,

=0884 % [(T,, — T,;) +

cwggi

The saturation vapour pressures at water temperana glass cover inner surface temperature afteated by

the following expressions:

P = 25317 2144

w Exp[ " (T“_ z?gj]
F .= 25317 o144

ai = €XP[25. [Tgi + 2?3]]

Radiation Heat Transfer

The radiation heat transfer occurs through a mashathat involves the emission of internal enerfithe object.
The energy transfer by radiation is the fastestiasdffers no attenuation in a vacuum. Also, thdiation heat transfer
occurs in solids as well as in liquids and gase®nHt can occur between two bodies separated tmgdium which is
colder than both the bodies. The radiative heaisfea occurs at inside of the solar still betweeater mass and glass

cover inner surface.

The view factor plays a major role in determinihg tate of radiative heat transfer. In solar dti view factor is

assumed as unity since the inclination of glas&ceith horizontal is small.

The radiative heat transfer rate between watergasks cover inner surface can be obtained by thewing

relation.
e hm‘gi (Tw - Tgij
Prgs = £opy X 0 X (T, +273)% + (T, +273)°|(T,, + T, + 546)

The effective emittance between water mass and glager is given as

Ferr N T T
Ew g
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e Evaporation Heat Transfer

Evaporation occurs at the liquid vapour interfadeew the vapour pressures less than the saturatimsyre of
the liquid at a given temperature. The evaporatieat transfer occurs in the solar still betweenrewand water vapour

interface.

The rate of evaporative heat transfer between wades and glass cover inner surface is given by

qawgi = hawgi [Tu - Tgi)

h

swgi

P,—P_
=16273X 107° X h_,,.; {u]
T — Ty

The total internal heat transfer rate is the sunonatf convective, radiative, and evaporative heatsfer rates

between water mass and glass cover inner surfaioch vehgiven as.
qru;gi = qsu‘gi + q:"wgi +q9u‘gi

The total internal heat transfer coefficient betweeter mass and glass cover inner surfagg)(is obtained by

the following expression:
'hrwgi = hcwgz' + hm‘gi +h’awgi

The rate of conductive heat transfer from glasscawer surface to the glass cover outer surfagéven by
K
— g
Hedgio — L_ (_Tgi - Tgo-)
g

External Heat Transfer in Solar Still

The external heat transfer consisted of conductionyection, and radiation processes which arepiedent of
each other (Guptet al, 2013). It is considered as the loss of heat gnayn the solar still to the atmosphere. The heat
lose in the solar still from glass cover outer aoef to the atmosphere is called as top loss heafar process and from
water mass to the atmosphere through insulatiaralied as bottom and side loss heat transfer psoddse higher the

former the higher will be the yield from the sodifl and lower the latter better will be the yield

e Top Loss Heat Transfer

The heat energy from the glass cover outer surifadest to the atmosphere by convection and rautiatieat

transfer processes. The convection heat loss ftass gover outer surface of the solar still todtreosphere is given by

=h,poalToo — Ta)

chpﬂ cgoa [ ge

The convective heat transfer coefficient;{h is expressed in terms of wind velocity (v) asdais:
hcgm =28+ (3XV)

The radiation heat loss from glass cover outeaserbf the solar still to the surroundings is gitign
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=h, (T, —T.)

qrgpﬂ rgoa [ ge

The radiative heat transfer coefficient betweesgleover outer surface and the surrounding is gigen

(T,, +273)" = (T, + 2?3)"]

n =z XagX
rgoa g Tg’p — TE
oy =To— 6

The total top heat loss is the summation of corive@nd radiative heat losses which is given as

qrgorz = choﬂ + qrgoa

The total top heat loss coefficient between glasgec outer surface and atmosphere can be obtainetieb

following relation:

h =h

tgoa cgoa + h’rgoﬂ

The overall heat loss coefficient from glass cameer surface to the ambient is given as

tgiE_K
.th
g

tgoa

The overall top heat loss coefficient from waterssto the atmosphere ) through the glass cover is expressed

as

u — hrwgi * 'Utgz'rz
o
. hrwgi +'Urgirz

* Bottom and Side Loss Heat Transfer

The heat energy is lost from water to the atmogpti@ough basin liner and insulation by conductmmvection

and radiation processes.

The rate of convective heat transfer between Hasnand the water mass,fgs given by

G = hv.[Tb - Tv.:l

Convective heat transfer coefficient from basimtito water () is expressed by follow
— KW n
w

The rate of conduction heat transfer between Hasenand the atmosphere,(ds given by

qy = hy (T, — T,)
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The heat transfer coefficient between basin limgl the atmosphere fithrough the insulation is

il _[Lins_l_ 1]
>k, h

ing tha

-1

e = 57+ (3.8XV)

The overall bottom heat loss coefficient betweetewmass and atmosphere is given by.

y = X R
® h,+h,

The overall side heat loss coefficient between wai@ss and atmosphere is expressed as
A

Uss = ( ﬂ)”b
Ay

For lower water depth, the overall side heat lassfficient (U can be neglected since the area of side walls

losing heat (A) is very small compared with area of basin)(éf the solar still.

The total bottom and side heat loss coefficient)(fdlom water mass to atmosphere can be given by

Uy =U, + U,

For lower water depth, the overall side heat lassfficient (i) can be neglected since the area of side walls
losing heat (A) is very small compared with area of basig)(8f the solar still.

The overall external heat loss coefficient fromavanass to the atmosphere through top, bottom ided §U )

of the solar still is expressed as.

Ul-s = Urwrz + Ubs

Inietv\\ Qcgoa

L.

Uspia & 1 q;”

q:'.T'ng ng- I:w gi

Figure 2: Schematic of Energy flow in a Single BasiSolar Still
Theoretical Distillate Yield

The hourly distillate yield (kg/fin) obtained from solar still canbe evaluated fromown values of  and Ty

obtained as
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R, (T, —T,) X 3600

M_..
L

Heat Transfer in Evacuated Tube

In a steady state, an energy balance that inditiaedistribution of incident solar energy into fuse&nergy gain,

thermal losses, and optical losses describes tffierp@nce of an evacuated tube (Aretal, 2011).

Qu = Qﬂbmrhﬂr‘ - thﬂrmﬁttﬂ_ﬁﬂs
Qﬂbsorbsr = Arz X no'pr X1

thsrma!!ossas = erzri X Qcon
The heat lost by the tube is given by:
Q= UL-AEH (Tég_Trzj

The heat loss coefficient Us calculated from thermal resistance betweeratisorber tube and the outer glass

tube and between the outer glass tube and theuswirgy air such that:

= 1 L -
L h’rog + hwg: h’rig

* Radiation from the Outer Glass Tube

The radiation loss from the outer glass tube serfaacounts for radiation exchange with the skyemaiperature,
Ts. For simplicity, it is referenced to the ambiemttamperature, Jso that the radiation heat transfer coefficieatrfrthe

outer glass tube surface can be written in follgnéguation (Hlaing and Soe, 2015).

4 m4
Rpgg = 85 X O X—(Tﬂg ik )

rog [Tog _ TE)

T, = 0.0552x T, **°

Sky temperature to the local air temperature insthwle relationship shown below

e Outer Glass Tube Convection

The wind loss coefficient or adjusted convectioatheansfer coefficient,fy of the outer glass tube surface is

approximated by heat transfer coefficient aroureddhter glass tube.

Wind loss coefficient (k)

AI‘.’)
hp =—2X06Xh,
A,

h, =57+ (3.8XV)
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» Radiation between Absorber Glass Tube to the OuteGlass Tube

The coefficient of radiation heat transfer betwd@nabsorber tube and outer glass tube can bemwst:

[Tt'g4 - Tog4)
[Tﬁg - Tog]

Wheregjq is the effective emissivity between the absorthasgytube (inner tube) and the outer glass tube

figog — )2 T 7 \a
T ey A \Agy

Glass cover Qabs-oq

h. =&

rig igog xa

Vacuum
Qraﬁ

QC|g

QJQ—DQ

Figure 3: Energy Components in an Evacuated Tube

RESULTS AND DISCUSSIONS

Performance of Solar Still

The solar still coupled with evacuated tube cotleetas evaluated at full load conditions. Tempemtf water
in the basin, glass cover inner surface, glassrcowvter surface and water temperature in evacuatsel were recorded
with the help of calibrated thermocouple in comkiora with digital temperature indicator. The resutibtained from

experiments are summarized as follows:

Figure 4 and Table 1 depicted the values of comedteat transfer coefficient between basin wadehe inner
glass surface (hq), radiative heat transfer coefficient,{{)) and evaporative heat transfer coefficient,ghwere found to
be 3.70, 8.24 and 99.23 WK respectively throughout the day at water defith.63 m in the basin coupled with 10
number of evacuated tubes (Panchal, 2013). Theoeatipe heat transfer was found more than convedivd radiative
heat losses which may be due to basin water termperacreased due to integration of 10 numbervaceated tubes.

Total heat transfer coefficient from water to glasser (h.q;) was found to be 111.27 W (Patel and Meena, 2011).

From Table 2 it was observed that the convectivat ansfer coefficient from glass cover outer acef to
ambient (kg9 and radiative heat transfer coefficient betwekasg cover outer surface and ambienf,fhwere found to
be 9.40 and 11.20 WAK.The total top heat loss k) thus observed to be 20.60 WHn The overall heat loss coefficient
from glass cover inner surface to the ambient aretadl heat loss coefficient from water mass to dtmosphere was
found to be 9.92 W/fiK and 8.66 W/IfK, respectively (Ziabart al, 2013).
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Table 1: Internal Heat Transfer Coefficient for Solr Still

Time ,(h) | Newg, W/M?K) | N, (W/mM?K) | hewgi (W/IMK) | by, (W/m?K)
7.00 1.92 6.13 10.66 18.72
8.00 3.06 6.57 23.74 33.38
9.00 4.06 7.14 47.42 58.61
10.00 4.36 7.73 71.25 83.34
11.00 4.49 8.37 103.74 116.60
12.00 4.58 8.84 133.92 147.34
13.00 4.40 9.42 167.20 181.02
14.00 4.77 9.51 189.13 203.40
15.00 4.67 9.52 186.07 200.26
16.00 3.73 9.36 137.05 150.14
17.00 2.67 8.90 80.24 91.80
18.00 1.72 8.44 40.42 50.58
Average 3.70 8.24 99.23 111.27

In bottom and side of solar still the convectivatigansfer coefficient from basin liner to watby)( conduction
heat transfer coefficient between basin liner atmoaphere () were found to be 56.89 and0.31 \¥km The overall
bottom loss coefficient between water mass and spihvere (i) and overall heat loss coefficient from water miasthe

atmosphere were determined as 0.31 and 8.8#KV/raspectively.

Table 2: External Heat Transfer Coefficient for Sohr Still

Time.h hcq%a. hrqog. htqoazl. hb.2 hw.2 Ub.2 ULSZ. thig Utwazl
' W/m-K) W/m°K W/m°K W/mK | Wm°K | WimK W/m°K | WmK | Wm°K
7.00 7.83 29.74 37.56 0.31 56.89 0.31 7.82 12]76 39 7|
8.00 9.48 12.23 21.71 0.31 56.89 0.37 8.19 1035 87 7,
9.00 12.40 10.94 23.34 0.31 56.84 0.3] 9.29 10{70 .37 9
10.00 9.85 9.54 19.39 0.31 56.8¢9 0.31 9.09 982 790
11.00 9.18 8.97 18.14 0.31 56.8¢9 0.31 9.03 9.43 192
12.00 7.98 8.80 16.78 0.31 56.8¢9 0.31 8.8§ 9.10 18p9
13.00 8.73 8.83 17.55 0.31 56.89 0.37 9.13 9.27 18J
14.00 11.73 8.94 20.67 0.31 56.84 0.3] 9.89 10/05 .44 9
15.00 10.08 9.00 19.08 0.31 56.84 0.3] 9.56 9.69 92 8,
16.00 8.20 8.89 17.10 0.31 56.8¢9 0.31 8.94 9.16 790
17.00 9.33 9.24 18.56 0.31 56.8¢9 0.31 8.86 9.48 98p2
18.00 8.05 9.34 17.39 0.31 56.89 0.31 8.05 922 676
Avg. 9.40 11.20 20.60 0.31 56.89 0.31 8.89 9.92 8.66

As the wind velocity increased, the convective Heas from glass cover to ambient also increasexten¢he
outer glass cover temperature decreased whichasededifference between water glass cover temperétus overall
distillate yield increased. Heat loss coefficiamtreased until it reaches maximum in solar noontdugigh temperature

difference between the inside still and the ambiemperature then it reduced in the afternoon hours
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Figure 4: A Hourly Variations in Convective, Radiative and Evaporative Heat Transfer Coefficient

CONCLUSIONS

Internal heat transfer coefficient i. e. the evapioe heat transfer coefficient was found to béhim range of 10.
66 to 89.13 W/TK. The radiative and convective heat transfer d¢oiefit were found to be in the range of 6.13 ta29.5
1.72 to 4.17, respectively for solar still As radia and convective heat transfer coefficient wirend to be less as
compared to evaporative heat transfer coefficiearice rate of evaporation increased therefore th#llatie yield was
found to be increased. The external heat transfefficient such as average overall top heat logdficeent was found to
be 9.92 W/rfK as compared to bottom heat loss coefficient @K

NOMENCLETURE
A, Aperture area of the absorbe? m
A,: Area of basin liner, f
A.: Area of collector,
Aig: Area of the inner glass tube’m
A Area of side wall of solar still in contact with tea mass, m
G,: Grashof number
H: height of basin
h,: Heat transfer coefficient between basin liner ambient (W/r K)
hegoa Convective heat transfer coefficient from glasgscmuter surface of solar still to atmosphere, Ym
hewgi is the convective heat transfer coefficient betweater mass and glass cover inner surface
hewgi: Convective heat transfer coefficient from wateglass inner surface, W
hewgi: Evaporation heat transfer coefficient from wategl@ss cover inner surface, WA
hig: The adjusted convection heat transfer coeffiaiébhe outer glass tube, Wika
hiog: The radiation heat transfer coefficient of thesowgjiass tube, WK

hwgi: Radiative heat transfer coefficient from wateglass cover surface, W
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hwa: Total heat transfer coefficient between basin lared atmosphere (WAK)

h,: Convective heat transfer coefficient between bhiser and water mass WA

h,: Convection heat transfer coefficient around thepgtass tube,

h,: Convective heat transfer coefficient from basietito water, W/rh

I: Solar radiation on horizontal surface, Vf/m

| The solar radiation on collector, W/m

K4 Thermal conductivity of glass, W/mK

Kins: Thermal conductivity of insulation, W/mK

Kw: Thermal conductivity of water, W/mK

L: Length of basin

L4 Thickness of glass, m

Lins: Thickness of insulation, m

Pgi: Partial vapour pressure at glass inner surfacpeeature, N/rh

P,: Prandlt number

P,: Partial vapour pressure at water surface temperatnf

Q: Sloping side of basin

Qabsorver: The solar radiation absorbed by the tube, W

Jeagioo CONductive heat transfer from glass cover innefaserto glass cover outer surface, W/m
Jcgoa CoONvective heat loss from glass cover outer sartdolar still to atmosphere, Wim

Qcon The convection heat transfer from outer glass,t\We

Jewgic Convective heat transfer rate within solar stdinh water to glass cover inner surface, Wim
Jewgi. Evaporative heat transfer rate within solar $tidim water to glass cover inner surface , W/m
Qrag: The radiation heat transfer from outer glass Wbe,

Owgi: Radiative heat transfer rate within solar stillifrevater to glass cover inner surface, W/m
Q.: The useful energy output of an evacuated tube, W

Qu: The useful energy output of an evacuated tube, W

T, Ambient temperature, K

T, Ambient temperature, K

Ta: Ambient temperature,’C

www.iaset.us edit@iaset.us



52 S. R. Kalbande, Priyanka Nayak, Sneha Deshmukh & \P. Khambalkar

Ty Temperature of basin liner,”C
Tqi: Temperature of glass cover inner surface,’C
Ty Initial temperature of glass cover, °C
Tiq: Temperature of the inner glass tube, K
Tog Temperature of the outer glass tube, K
Ts Equivalent sky temperature as a function of theiant air temperature, K.
Tsk: Temperature of sky,”C
T.. Temperature of water,”C
T.. Temperature of water in basin,’C
Uy: The overall bottom heat loss coefficient betweaewmass and atmosphere, \im
Ups Total bottom and side heat loss coefficient betweater mass and ambient, W/k
U,: Overall heat loss coefficient of the tube, Vf#m
U,s: Over all heat loss coefficient between water massaamosphere, WK
U,: Over all top heat loss coefficient between watessrand atmosphere, Wih
V: The wind speed (m/s).
Xw: Mean character length of solar still between basith water surface, m
GREEK SYMBOL
B: Latitude of place
€. Effective emissivity
€5 Emissivity of water
€. Emissivity of the outer glass.
€,- Emissivity of glass
Nope: Optical efficiency, %
¢ : Stefan —Boltzmann Constant (5.6697%L0v/m?K*
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