Chapter 4

THEORETICAL MODELLING

4.1 Introduction

Theoretical research on solar stills is completed and generalized for use on single slope solar
stills with any fabrication material and climate condition. Furthermore, this mathematical
modelling incorporates the influence of quantum dot coating by altering the convective heat
transfer coefficient from basin-to-basin water. The solar analytical solution is written in

MATLAB.

4.2  Assumptions

The mathematical modelling of solar still need some assumption to compute the results on

MATLAB. Basically,

1. A regular supply of brackish water keeps the basin water level at a constant
height.

2. One-dimensional heat flow-based analysis is performed.

3. The fabrication of solar still is leaked proof to water and vapor.

4. Initially, the inner glass temperature and outer glass temperature are the same.
5. The thickness of the glass cover is assumed to be thin enough so that

temperature gradient can be conveniently neglected.

6. It 1s assumed that all condensed water droplets reached to trough collector
without falling back into the basin.

7. Thermophysical property of basin water remain.

8. Conductive heat loss from side walls is assumed to be negligible.

54



9.

Air velocity is assumed to be constant throughout the experiment.

10. Temperature gradient along the thickness of solar still is negligible.
Nomenclature
m Mass (kg)
C Specific heat capacity (kJ/kg.K)
T Temperature (K)
t Time (s)
a Absorptivity
U Dynamic viscosity (Pa.s)
A Area (m?)
Q Heat Transfer (W)
I Intensity
h Heat transfer coefficient (W/m?K)
P Pressure (Pa)
Nu Nusselt No.
Gr Grashof No.
Pr Prandtl No.
Ra Rayleigh No.
Subscript
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w Water (basin water)

g Glass

bs Basin

con Convection heat Transfer
rad Radiation Heat Transfer
evap Evaporation heat transfer
cd Conduction heat transfer
sky Sky

amb Ambient

w-g water to glass

g-sky glass to sky

g-amb glass to ambient

bs-w basin surface to basin water
bs-amb basin to ambient

bs-in Basin to insulation

4.3 Modelling

Considering different elements to analyze the overall solar still, energy balance is required,
like Condenser surface, basin water, and basin absorber. Quantum dot material affects the

inner basin surface, which absorbs more heat than without QD-dye coating. It happens due
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to the high solar absorptance property of QD that is observed by the rate of increase of basin
water temperature. It is also seen that the convective heat transfer coefficient from the basin
surface to the basin water is affected by a change in the concentration of QDs. To understand
the heat transfers associated with SS thermal network diagram is drawn as shown in Figure

4.1. The nodes are defined as temperature points, and resistances are defined as the heat

R4z = Convective Resistance between
Glass & Ambience
R4 Ryp = Radiative Resistance between
Glass & Ambience

lbg

transfer coefficients.

Raz = Convective Resistance between
Glass & Water
Rap = Radiative Resistance between
Rac Glass & Water
Ra. = Evaporative Resistance between
Glass & Water

Rap

la

R4a
R

4
Tbs

R25 = Convective Resistance between
Basin Liner & Water
2a Rap Rzt = Radiative Resistance Between
Basin Liner & Absorber
R4 = Conductive Resistance of Insulator

Ta

T

[ Tw
Ry

Ta

Figure 4. 1 Thermal network diagram of Solar still with QD
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4.3.1 Energy balance on Basin water

Here, the rate of change of internal energy in the basin water will be equal to the energy
received in the form of solar intensity (I1) on basin water area (Aap) convective heat transfer
from the basin surface and energy liberated from the glass in the form of convection,

radiation, and evaporation.

daT,,
my, Cy F = Tgawls ()Ag + Qcon,bs—w

- (Qcon'w_g + Qrad,w—g + Qevap,w—g) aes s was sszowow (1)

Heat received

I
l l Qcon,bs—w

___________________

1 1
i Basin water Area :
: (Aab) :

I

l l l Heat released

Qcon,w—g = hcon,w—g (TW - Tg)
Qrad,w—g = hrad,w—g (Tw — Tg)
Qevap,w—g = hevap,w—g (T — Tg)

The heat transfer coefficients have to calculate to find out before to calculate total heat

transfer by Eq.1. The radiative heat transfer coefficient is calculated by Duffie and Beckman

Rraaw—g =€err X 0 X (Ty? + Ty?) X (T + Ty) v cee v e (2)
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Where, eeff=i+i— ) TR (<))

&w &g

1

Pyy—Pg)XTyp . 1
hcon,w—g=0-884 x (T, = Tg) + (ﬁ))-’» ST -3

Here, to find the partial pressure of water and glass at corresponding saturation temperature

Dunkle’s equation [121] is used as follow,

p, = o 25:317= (5;%) -.(5)

) = 625.317— (5;—;4) (6
hevapw—g = 0-016276X hepny—g X ::::j (D)
Reotw—g= Mradw—g+ Peonw—g+ Revapm—gloe e ws s s oe e e (8)

4.3.2 Energy balance on Glass (Condenser)

Here, rate of change of internal energy the condenser surface (glass) will be equal to energy
received in the form of solar intensity plus heat energy transferred from water to glass and

energy released to ambient in the form of radiation and convention.

dT,
mgCgE = Is(t)Ag + (Qcon,w—g + Qrad,w—g + Qevap,w—g)

- (Qrad,g—sky + Qconv,g—amb) e v nanes (9)
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Condenser surface
(Glass) (Ag)

Qconv,g—amb l l Qrad, g—sky

Modelling of solar still in transient condition can be perform as,
Toky = 0.0052 X Tomp ™™ wev cev vvs o ver eee oo (10)
Where, heat exchange from and to the glass surface can be considered as,
Qconv,g—amp = Peong-a(Ty = Tamp) - wwe e - (11)

Qrad,g—siy = Mrad,g-sky(Ty = Tsicy) e vev vee weer (12)
The heat transfer coefficients are calculated from following equations,
Rradg g-siy = € X 0 X (Ty? + Tgpy?) X (Ty + Tsiy) v voe o (13)
The convective heat transfer from glass to ambient is a function of velocity.

heong—amb = 28+ 3 XV s ee s e (14)

htot,g—amb = hcon,g—amb + hrad,g—sky
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4,3.3 Energy balance on Basin liner

The basin liner is the total basin surface area (Aps) receiving solar energy (I2). This surface
has absorptivity (a,s), heat capacity (Cps), and mass (mys). The basin surface heat capacity is
lower than basin water to primarily facilitate heat transfer from the surface to water via

convective mode.

dTys

mbsts W = Tg“bs’s(t)Abs - (Qtot,bs—w + Qconv,bs—amb + Qcond,bs—ins) rer e (15)

Basin surface area

(Abs)

l

The convective heat transfer coefficient from basin surface to basin water can be expressed

Qcon,bs—w Qps—amb

as,

hconv,bs—wL

Nu = =C(Gr.Pr)™ e e et vt e v e . (16)
Kbs
C n
hoonvps—w = I X Kps X (Gr X Pr)™ oo s v v e e (A7)

Here, ‘C’ and ‘n’ are assumed to be depends upon Gr. [122].

a) For Gr < 10, C = 1 and n = 0; (magnitude of convection is neglected)

b) For 10° < Gr < 2x107, C = 0.54 and n = 1/4; (Convection in laminar phase)
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c) For 2x107 < Gr < 3x107, C = 0.14 and n = 1/3; (Convection in Turbulent
phase)

Heat loss from boundary wall insulation,

dT
QCOTl,bS—iTLS - KiTlSAinSE T T (18)

4.3.4 Heat balance on Insulation

dT;
mmcmd—? = (Qeondps—in — Quoss) - e er een sen=- (19)
Here, Qioss = Ui(Ting = Tamp) v woe ver ven ve - (20)

In this experiment Air velocity throughout the day was varying so at average velocity of 5

m/s different parameters are calculated.

The htot ps—amp represents total heat transfer coefficient between basin and air through mode

of conduction via basin and insulation that is calculated by following expression,

h :Kbs_l_ KinXhair
tot,bs Lbs Lin < hair n Kin

e e (21)

Here, initially we assume water temperature is more than basin surface temperature. From

water to basin heat transfer coefficient depends on the Grashof No. (Gr)

3
[4

Gr =g X By X (T, —Tp) X —5 ...
VW

N 7))

Area
v e e e e e (23)

c Perimeter

By putting all constant values, we get,
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1

64
=1 ; 41 T, —T, . .........(24
Gr 0 x 0.00041 x (T, b) X 5000000892 (24)

Hw
r = C, X X, (25)

On putting all constant values, we get,

0.00089

Pr =418 x 062

Ra;, = Pr X GT . v vee v e e e . (26)
Here, Ra, lies between 10* to 107 so, value of C=0.54 and n=0.25.

Conduction would be the main mode of heat transport when Ra < 10°. At high Rayleigh
number (Ra), convection currents dominate. The buoyant force increases and the viscous

force decreases by raising the Rayleigh number.

It is assumed that inner glass temperature and outer glass temperature is same and heat
absorption by the glass cover is negligible so heat come in and goes out from glass cover is

equal.

heotw—g(Tw — Tg) = Reot.g—amp(Ty = Tamp) o oo v vee wee vee e (27)

_ htot,w—g X TW + htot,g—amb X Tamb

T, e eee e wee e e (28)

htot,w—g + htot,g—amb

Heat absorption by basin liner will be equal to the absorptivity (a;s) times of solar heat
intensity (Is) that will play a crucial role to improve the yield of solar still. At particular

concentration of QD dot on the surface, absorptivity would remain constant. Although with
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increase in the concentration, absorptivity increases results in higher temperature difference

(Tbs - W)‘
Typs X Is(t) = htot,bs—w (Tbs - Tw) + hconv,bs—amb (Tbs - Tamb) --------- (29)
From above equation, Tps 1s expressed in term of Tw and Tamp.

Tbs — htot,bs—w X Tw + hconv,bs—amb X Tamb + Tgabs X Is(t) (30)

htot,bs—w + hconv,bs—amb

By putting these two Eqgs. (28) and (30) in Eq. (1),

dT
%awxg@)+hwwkwx(n—-W)=nMQVE%+hwmhgxU@—T@"nm(3D

As we know heat equation in 1-D is written in the form of

dTw

After putting value of Ty, Ty in term of Ty, Ty in energy balance equation of basin water

after rearranging and comparing it with heat transfer equation in 1-D, we get expression of a

and C as,

a= htot,bs—w X hconv,bs—amb htot,w—g X htot,g—amb ( 1
mew

)mmmm@m

htot,bs—w + hconv,bs—amb htot,w—g + htot,g—amb

C =

mWCW hconv,bs—amb + htot,bs—w

( 1 ) ((htot,bs—w X Tgabs X Is (t) + hconv,bs—amb X htot,bs—w X Tamb)

Riot g— X h _g XT
+<ww“m fotw=g “m>nmmmmmm_@®
hconv,bs—amb + htot,bs—w
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So, ‘a’ and ‘C’ are constant value for first step hour and the solution of Eq. (32) is,

(va'/e—%ooa +Cx(1- e—3600><a))

Ti+1 —
w a

N 1)

Fis1 (hgw X TS + hyq X TIH)
! (hgw + hga)

e (36)

Tast = TgslsWang () + oy X Ty ¥ by XTy 37)
hbw + hba

Mass of water evaporated is given by below equation ,

3600

mevaporation = hevap,w—g X (Tw - Tg) X Aab X

hevapw—g = 16.273 X 10 3hcon, e (38.4)

—g e e e

To calculate the different heat transfer coefficients some constant values have to use which

are taken from different literatures and books [123,124].

Constant Values

g=10 Gravity constant (m/s?)

K;,=0.8 Thermal conductivity of basin (kW/mK)
C,=4.18 Specific heat constant of water (kJ/kgK)
K;;,=0.03 Thermal conductivity glass wool (W/mK)
L;,=0.07 Thickness of insulation material (m)
L,=0.01 Thickness of basin (m)
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hqir=13.75
Vavg=4

Aps=1
K,,=0.60
a,,=0.85
aps=0.68
aps=0.99
v,,=0.599x107°
Uyy=5.99x10"
Bn=2.95x10"
&y=0.9

£4=0.9
K,s=0.577

K}, s=0.577
Cos=1.5

0=5.67x10"

Average free heat transfer coefficient of air (W/m?K)
Avg. velocity of air (m/s)

Area of basin (m?)

Thermal conductivity of water (W/mK)

Absorptivity of water

Absorptivity of basin (FRP)

Absorptivity of basin (with QD)

Kinematic viscosity of water (m*/s) @ 45 °C
Dynamic viscosity of water (N.s/m?) @ 45 °C
Volumetric expansion coefficient of water (K!)
Emissivity of water

Emissivity of glass

Thermal conductivity of basin (FRP) (W/mK)
Thermal conductivity of basin (FRP with QD) (W/mK)
Specific heat capacity of FRP (kJ/kgK)

Stephen-Boltzmann Constant (Wm2K™!)
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4.3.5 Block diagram of algoritham

Various heat transfer coefficients must be calculated through the above formulations to find
the yield from a solar still. After several iterations, the following algorithm can calculate the

heat transfer coefficients, as shown in Figure 4.1.

Energy balance Equation
Derive equations to find HICs viz. b, o, b, o, by
Range of Rayleigh No. decides hy,
Consider various constants and designed values

Develope a Linear Differential Eq. dEt () ale =€

Initialization of T, , T,, T,

Estimation of HTCs based on initialized value
Iteration of
HTCs

Calculate next step T, T+, Pt

Calculate yield of SS

Figure 4. 2 Mathematical algorithm to find the yield and HTCs of modified solar stills
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