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ABSTRACT

The current research aims to implement the optimization technique to identify the best process
parameters environment for single slope passive solar still located at the solar energy laboratory
of MITS, Gwalior (M.P.). For this purpose, three parameters at three levels have been selected. The
parameters are water depth (1, 2 and 3 cm), glass tilt angle (11°, 26° and 41°), and CuO nanoparticle
concentration (0.1%, 0.15%, and 0.2% by weight). Response parameters are convective heat trans-
fer coefficient, radiative heat transfer coefficient, evaporative heat transfer coefficient, and distilled
output. The experiments were conducted as per the proposed Taguchi’s L, orthogonal array exper-
imental design on three sunny days of every month. K-type thermocouple used for recording all
temperature inside and outside of solar still. The optimal parameter setting and most influencing
parameter for all responses were investigated through signal-to-noise ratio (SNRN). Also, entropy
measurement techniques are applied to find each response’s entropy weightage. The grey relational
analysis combines numerous responses into a single one, that is, grey relational grade. A regression
equation for individual and combined responses is developed. Analysis of variance data demon-
strate the percentage contribution of each parameter to solar still performance, which shows that
glass tilt angle played an essential role during the study. The predicted SNRN results (16.4751,
4.15290, 23.1176, 65.7640, —0.94633 for h, h, h,, Y_and T, respectively) for optimal parameter set-
ting show the justified implementation of entropy GRA-DoE method for performance improvement
in single slope passive solar still.

Keywords: Solar still parameters; Heat transfer coefficients; Distilled output; Grey relational analysis
(GRA); Design of experiments (DoE); Signal-to-noise ratio (SNRN)

1. Introduction

As the world population is increasing continuously, the
demand for fresh drinkable water is also increasing. Around
50 y ago, humans were not supposed to pay for drinking
water, but the scenario has changed; due to drastic industri-
alization and pollution, normal water is very hard to drink.
Due to electricity constraints, the reverse osmosis plant can-
not be installed at every location. Therefore, the best eco-
friendly alternative is solar still. In solar stills, saline water
gets heat from sun rays inside a black painted flat basin
enclosed with a sealed glass canopy. The glass surface may
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be in a single slope, double slope as in traditional stills, or
V-form [1]. Water desalination is necessary for many regions
due to a lack of potable water with total dissolved salts less
than 500 ppm [2]. Many authors report attempts to increase
the performance of solar still in various ways. The distilled
output of solar still is also affected by wind speed signifi-
cantly [1-5]. However, wind speed’s effect is sometimes less;
this may be due to the seasonal change in the authors’ study
[6]. Solar still productivity is maximum at less water depth
is reported by most of the authors [2,3,6-17]. Glass tilt angle
is also a major parameter for study. The optimum tilt angle
is reported by different authors 10° [18,19], 10° for summer
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and 50° for winter [20], 35° [16,21], 15° [22], 33.31° [23], 45°
[24], close to latitude [25], greater than 15° [26], 30° [27], 10°
double slope [28], up to 35° [29], 32.5° [30]. Ambient tem-
perature [2,9,10], initial temperature of brine [11,31], salinity
of water [32], and brine feed water temperature study were
reported in the literature [33]. Reflectors show significant
productivity improvement [19,34]. The modified stepped
solar still with reflectors has better productivity than tradi-
tional stills [35-43]. Adding nanoparticles (cuprous oxide,
aluminium oxide, nano-ferric oxide, and graphene oxide)
enhanced the performance of solar stills by 10% to 25%
[42,43]. Sensible heat storage material, stone bed, and glaz-
ing [44], absorptive material (black paint aluminum sheet,
coal, jute cloth) [19,45], marble, pebbles, blue metal stone,
basalt stone improved the productivity of solar stills [46].
Passively cooled condensers [47], modified condensation
process [48], cone shape condenser [49], condenser material,
and condenser area affect productivity. In contrast, the thick-
ness of the condenser does not participate in the productivity
enhancement of solar stills [50]. Effects of some other param-
eters are also taken into consideration by some authors, that
is, thickness of glass cover [51], still coupled with flat plate
collectors [52,53], sponge cube [54], alcohol distillation [55],

inclined solar water distillation (ISWD) system [56], the tem-
perature difference between water and solar collector [57],
solar still axis orientation [17], the volume of the storage
tank, and the size of the heat exchanger [5], hourly radia-
tion [5,10], insulation [10,50], basin area, external power, air
blowing system and make-up water [50], parabolic trough
solar collector (PTSC) [58], Fresnel lens [8]. The effects of
variables are shown on daily/hourly productivity of solar
still, various changes in design [59,60], Taguchi techniques
[61,62], response surface methodology [63], fuzzy logic [64],
artificial neural network (ANN) [65], analytical hierarchy
process (AHP) for geographical preference for installation
of solar still [66], flower inspired solar still developed for
high productivity and low cost [67], Taguchi methods have
applied for maximum solar still productivity [68]. A review
of past research concluded that solar still productivity is
influenced by water depth, glass tilt angle, and nanopar-
ticles. Results are interpreted according to the locations;
therefore, effects may be seen in the same parametric study.

The study for current research is carried out with water
depth, glass tilt angle, and nanoparticles. A summary of
previous work with these selected parameters is shown
with different world locations in Table 1.

Table 1
Parametric study and their finding

Author(s) Parameter Finding(s)/optimum value Location Latitude

Tiwari [11] Water depth For higher initial water temperature, daily yield Delhi, India 28.7041°N
increases as water depth increase (Here 45°)

Farid and Hamad [2] =~ Water depth At relatively lower water levels, the efficiency was Basrah, Iraq 30.5258°N
around 50%, but it dropped to as low as 35% at
deeper depths

Singh et al. [12] Water depth With increasing water depth, instantaneous Delhi, India 28.7041°N
thermal efficiency falls

Toure and Meukam [6] Water depth With decreasing water depth, daily total Abidjan (Cote 5.3600°N
production rises d’Ivoire)

El-Sebaii [3] Water depth Lowest mass of water yields the most daily Tanta, Egypt 30.7865°N
productivity

Tiwari and Tiwari [13] Water depth Fluctuations in the value of 1, as seen at lower water ~ Delhi, India 28.7041°N
depths, decrease as water depth increases

Phadatare and Water depth With a WD of 2 cm in the still basin, the maximum Lonere, India 18.1577°N

Verma [14] distillate output of 2.1 L/m?>-d was achieved

Tiwari and Tiwari [15] Water depth In summer and winter conditions, the daily yield of Delhi, India 28.7041°N
lower WD 0.02 m was 32.57% and 32.39% higher than
the daily yield of higher WD 0.18 m, respectively

Al-Garni et al. [16] Water depth 1 cm of WD is ideal for maximum productivity Dhahran, Saudi 26.2361°N
in summer and winter Arabia

Ajeet Kumar Rai and ~ Water depth Highest output is obtained at a lower depth Allahabad, India ~ 25.4358°N

Kumar [17]

Parekh et al. [7] Water depth Maximum output 2.601 L/d was found at a Ahmedabad, India 23.0225°N
water depth of 3 cm

Johnson et al. [8] Water depth With increasing WD, the percentage New Mexico 34.5199°N
improvement in productivity rises

Abu Abbas et al. [50]  Water depth WD influences the water temperature of the system Irbid, Jordan 32.5568°N

Rejeb et al. [10] Water depth Comparison to insulating thickness, water depth sub- ~ Sharjah, United 25.3462°N

stantially impacts determining solar still efficiency

Arab Emirates

(Continued)
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the distilled water by 10% and 8.5%, respectively

Table 1
Author(s) Parameter Finding(s)/optimum value Location Latitude
Tiwari et al. [18] Glass tilt angle  10° in summer, inclinations should be as Delhi, India 28.7041°N
large as possible in winter
Aboul-Enein et al. [20]  Glass tilt angle 10° and 50° during the summer and winter seasons Tanta, Egypt 30.7865°N
Elkader [21] Glass tilt angle 35° for summer conditions Port Said, Egypt 31.2653°N
Kumar et al. [22] Glass tilt angle 15° for both summer and winter Delhi, India 28.7041°N
Ali Samee et al. [23] Glass tilt angle 33.3° for both summer and winter Islamabad, Paki- 33.6844°N
stan
Hashim and Alram- Glass tilt angle (Double slope) 45° for both summer and winter Basrah City, South  30.5258°N
dhan [24] of Iraq
Al-Garni et al. [16] Glass tilt angle  35° for both summer and winter seasons Eastern Saudi 23.1670°N
Arabian
Khalifa [25] Glass tilt angle GTA should be near the latitude angle Baghdad, Iraq 33.3152°N
of the test location
Edeoja et al. [26] Glass tilt angle More than 15° glass tilt angle Makurdi, Nigeria ~ 7.7322°N
Verma [27] Glass tilt angle  30° glass tilt angle for summer and winter Allahabad, India ~ 25.4358°N
El-maghlany [28] Glass tilt angle 10° for double slope and almost Alexandria, Egypt 31.2001°N
equal to latitude angle
Begum [29] Glass tilt angle Up to 35° the tilt angle has a significant effect Dhaka, Bangla- 23.8103°N
desh
Sahoo and Subudhi Glass tilt angle 10° is the optimum glass tilt angle Dhenkanal, India ~ 20.6505°N
(19]
Goshayeshi and Safaei  Glass tilt angle Optimal angle for solar still is 32.5° to the Mashhad, Iran 36.2605°N
[30] horizontal axis
Kabeel et al. [35] Nanoparticles ~ Cuprous oxide (133.64% and 93.87%) and alumin- Egypt 26.8206°N
ium oxide (125.0% and 88.97%) increase distilled
productivity with and without the fan
Dsilva Winfred Rufuss Nanoparticles Addition of nanoparticles with PCM is superior to Chennai, India 13.0827°N
et al. [36] conventional solar stills in all aspects
Gupta et al. [37] Nanoparticles  Significant improvement in distilled Jabalpur, India 23.1815°N
productivity is observed
Kabeel et al. [38] Nanoparticles Addition of CuO nanoparticles increased the Kafr El-Shaikh, 31.1107°N
distillate by 16% and 25%, respectively Egypt
Mabhian et al. [39] Nanoparticles  Using nanofluids as the working fluid in a heat Bangkok, Thailand 13.7563°N
exchanger can improve performance indices by 10%
Rashidi et al. [40] Nanoparticles Increasing the nanoparticle concentration from 0 to Semnan, Iran 35.5788°N
5% results in a 22% increase in hourly productivity
Safaei et al. [41] Nanoparticles Compared to a solar still with simply PCM, the solar ~ Vietnam 14.0583°N
still containing graphene oxide/paraffin increased
productivity by 25%
Balachandran Nanoparticles Adding nano-ferric oxide in a weight proportion Tamil Nadu, India  11.1271°N
et al. [42] of 10% significantly improves yield and thermal
efficiency
Bataineh and Abu Nanoparticles At 0.5 cm depth of water and 0.2% nanoparticles con-  Irbid, Jordan 32.5568°N
Abbas [43] centration, AL,O, and SiO, nanoparticles increased in

The hybrid technique, that is, entropy-grey relational

2. Experimental plan

analysis (GRA) — design of experiments (DoE), is used to
optimize single slope passive solar still process parameters.
This research paper presents the single and multi-response
optimization for heat transfer coefficients and distilled
output. Regression and ANOVA analysis were also per-
formed to give an in-depth view of the process.

The schematic diagram in Fig. 1 shows the solar still set-up
arrangement. Three solar stills were designed and fabricated
as per the Taguchi’s orthogonal array experimental design.

The experimental setup is located at the solar energy lab
on the MITS, Gwalior campus. The solar still experimental
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setup is 1 m? in size, with all solar still pointing south. The
front and back walls of solar stills are 20 and 112 cm tall,
respectively. All solar stills are made of 2 mm stainless steel
sheets with a zinc coating. The side and bottom of the still
are insulated with a 20 mm thick thermo-col sheet. From
the outside, it is supported by 20 mm thick plywood. Basin
is covered by a 4 mm thick glass plate with an angle set
by the level of the orthogonal array (Fig. 2).

An airtight setup is prepared with a small tank to com-
pensate for evaporated basin water. The tray collects the
droplets and transfers them to the bottle. The simple water
motor is placed in the basin to stir nanoparticles as they
get placed in the bottom due to high density.

The setup includes instruments for measuring the
responses of various parameters at various points (Fig. 3).

Water Droplets——
P! \\ =

Droplet Collecting Tray
T

Base Stand

K-type thermocouple with temperature indicator is used
to record glass inside temperature and glass outside tem-
perature, water temperature, vapor temperature, ambient
temperature, and daily distilled output as per the paramet-
ric combination experimental run is collected in the boro-
silicate bottle.

The latitude of Gwalior (M.P) city is 26.2183° N, the
angle of glass is chosen close to latitude 26° [23,25], larger
41° (& + 15°) for all seasons [69], larger and smaller angle
(& + 15° & — 15°) for winter and summer season respec-
tively [18,20]. Water depth is considered 1, 2, and 3 cm for
the present study as lower water depth gives higher pro-
ductivity, as reported by most of the researchers [2,3,6,12,17].

Literature reveals that adding nanoparticles increases
the conduction rate of water. However, CuO nanoparticles

Control Valve

e Solar Still body
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Water Pump
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Fig. 1. Solar still set-up.
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Fig. 2. Solar stills installed at MITS, Gwalior.
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Fig. 3. Temperature indicator s.

are widely used due to their higher conductivity, density,
and availability. Also, it is more effective than ALO, [35]
and ZnO. According to the orthogonal array, three lev-
els of nanoparticles percentage by weight are selected for
experimental purposes (i.e., 0.1%, 0.15%, and 0.2%). The
experimental design is prepared according to Taguchi’s
orthogonal array [70]. The variable parameters are water
depth, glass tilt angle, and CuO nanoparticle concentration.
The three levels are selected for the present study.

The experiments are planned according to avail-
able control parameters and their set levels shown in
Table 2. Taguchi’s OA (L,) is selected for the present study.
Experiments are planned for July 2020-June 2021, 3 d in a
month (considered sunny days) per the experimental design.
There are three solar stills setups with different paramet-
ric combination settings. Therefore, in 1 d, three experi-
ments are scheduled to be performed during July 2020-
June 2021, and a total of 108 experiments were conducted.
The methodology adopted in this research is shown in
Fig. 4. Table 3 shows the experimental design with coded and
real values of levels corresponding to variable parameters.

2.1. Procedure adopted to prepare nanofluids

Because of their hydrophobic nature, nanoparticles
are not soluble in water. Also, they settled down on the
surface after some time. Therefore, the nanofluids were
prepared by adopting the steps shown in Table 4.

The nanoparticles acquire hydrophilic characteristics
due to the high temperature and vibration. Nanofluid may
remain suspended in water for 24 h with this property.

The specific heat capacity at constant pressure (C) of
a nanofluid [71,72] can be calculated using the following
equation:

_ [(1 B (D)pfcp.f + (Dpnpcpmp]
- ©p,+(1-D)p,,

)

where ¢ is the volume concentration of nanoparticles, and
the subscripts 7, f, and n, represent nanofluid, base fluid,
and nanoparticle, respectively.

Table 2
Variable parameters and levels

Parameters Level

1 2 3
Water depth (cm) 1 2 3
Glass tilt angle (°) 11 26 41
CuO nanoparticle 0.1 0.15 0.2

Concentration (weight %)

For estimating nanofluids’ specific heat capacity and
analyzing nanofluids’ heat transfer performance [73-75],
use the Eq. (2).

Cpu = (1 - (D)cp, PR . )

However, it is only approximately correct for dilute
suspensions when the base fluid and nanoparticles have a
tiny density difference. The thermal conductivity of nano-
fluids [76] is derived from the following equation:

- k, +(n=1)k, - (n-1)(k, _k”)kbf 5
k,+(n=1)k, +®(ky ~k,)

where ¢ is particle volume fraction, the subscript “b;” refers
to nanofluid, and “p” refers to a particle.
Nanofluid density [77] is calculated as per the following

equation:

my+m,  py Vol +p, Vol
Vol + Volp
= (1 - (I))pbf + <I)p’7

nf  _

m
Pre = Vol , - Vol + Volp

4)

Indices of p, “b and “n/ refer to nanoparticles, base
fluid, and nanoﬂuic{, respectively.
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Design and Problem formulation Design of experiments
Fabrication of 1. Input (Factors) -Taguchi Method .
solar still |,/ 2.Output (Response) | |  (Orthogonal Array) Conduct Experiments
according to 3. Levels of Factors
Taguchi’s OA (1, 2, and 3)
Results prediction Selection of optimal Analyze Result for
using optimal . . factors for individual individual response
— parameter setting <« Regression Analysis response a (ANOVA) <—
(S/N ratio)
Apply entropy Find entropy Convert multiple Find rank of each
Ly measurement weightage of each response into single experimental run
technique response response
(GRG)
Results prediction Selection of optimal Analyze Result for
using optimal . . factors for GRG GRG response
parameter setting [+ Regression Analysis i« response N (ANOVA) D
For GRG (S/N ratio)
Fig. 4. Flow chart of the proposed approach.
Table 3
Taguchi’s L, orthogonal array
Coded value Real value
Experiment Water depth ~ Glass tilt CuO nanoparticle concen- Water depth ~ Glass tilt CuO nanoparticle con-
No. (cm) angle (°) tration (weight %) (cm) angle (°) centration (weight %)
1 1 1 1 11 0.1
2 1 2 2 1 26 0.15
3 1 3 3 1 41 0.2
4 2 1 2 2 11 0.15
5 2 2 3 2 26 0.2
6 2 3 1 2 41 0.1
7 3 1 3 3 11 0.2
8 3 2 1 3 26 0.1
9 3 3 2 3 41 0.15

The consumption of CuO nanoparticles for year-round
experiments according to L, orthogonal array is shown in
Table 5.

2.2. Uncertainty and error analysis

Type B standard uncertainty may be observed using ref-
erence [78]. The following expression may be used:

I

where Ax = uncertainty level.

©)

The other source of type B measurement uncertainty
may be the invigilator’s uncertainty (Ax); its value is esti-
mated on the basis of the experimental skills of invigila-
tors. Both standard deviations should be added in this case
since there are two sources of type B uncertainty.

(6)

The effectiveness of solar stills is calculated using a
various parameter. Glass inner temperature and glass
outer temperature, water temperature, vapour tempera-
ture, ambient temperature is measured by using copper
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Table 4
Procedure of nanofluids preparation

Step Description Image

Nanoparticle quantity measured as per orthogonal array design (Level 1, 2,

1

and 3, that is, 0.1%, 0.15% and 0.2%)
2 Nanoparticles are poured into a water filled beaker
3 Mixture was stirred manually for 30 min

4 Placed on the magnetic stirrer for 30 min (at 200 rpm and 40°C)

5 In a conical flask, the mixture is poured

Conical flask is placed in a small tank of ultrasonic vibrator machine to

6
produce a sonication effect for 1 h (at 50°C)
7 Pouring in solar still tank
Table 5

CuO nanoparticle consumption for year-round experiments for L, OA

Experiment Water CuO nanoparticle Area of each Volume of solar still fora Mass of CuO nanoparticle
No. depth (cm) concentration (wt.%)  solar still (cm?)  given water depth (cm?®) water (kg) required (g)
1 1 0.1 10,000 10,000 10 10

2 1 0.15 10,000 10,000 10 15

3 1 0.2 10,000 10,000 10 20

4 2 0.15 10,000 20,000 20 30

5 2 0.2 10,000 20,000 20 40

6 2 0.1 10,000 20,000 20 20

7 3 0.2 10,000 30,000 30 60

8 3 0.1 10,000 30,000 30 30

9 3 0.15 10,000 30,000 30 45

For the one-month experimental run, the CuO nanoparticle required 270

For July 2020-June 2021, the CuO nanoparticle required 3,240

constantan type thermocouple with an accuracy (+1°C), range  a) The solar stills are vapor leakage-proof and operate in a

(-50°C-110°C) and wuncertainty (+0.57%) is attached to quasi-steady mode.

digital temperature indicator. b) Water absorption, heat capacity of the glass cover,
Solar radiation was measured on glass surface and solar still insulating substance are all insignificant.

level by Megger PVM210 Solarimeter with a range of «¢) The bottom and sides of the solar stills and the con-

0-1,999 W/m? the accuracy of +5%-10% and uncertainty necting pipes are entirely insulated.

+0.57 W/m? Borosilicate bottle with a range of 0-5,000 mL,

accuracy =10 mL, and uncertainty 5.77%. The following is the energy balance for the glass cover

(while neglecting its heat capacity) and the water mass in
2.3. Thermal analysis the basin: [11].
The energy balance equation is written according to the
following assumptions [12]: h, (T -T ) =h, (Tgli - Ta) 7)

w gli
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and

aT,
ZUT::T1H5 _hl (Tw _Tgli)+h3(wa _Tw) (8)

The total heat transfer coefficients from the water surface
to the glass and from the glass to the ambient air are pro-
vided by the formulas k, and F,.

hy=h +h +h, )

where radiative heat transfer coefficient is calculated as:

h eff
= 10
: 7 (10)

w gli

e G[(Tw +273)' (T, + 273)4}

where o is the Stefan-Boltzmann’s constant and taken as
5.67 x 10 W/m>K*.

-1
ee“:(l_}_l_lJ
8w 8gl

where the emissivity of water (¢,) and the emissivity of
glass (eg]) is considered 0.95 and 0.94, respectively [8]. The
convective heat transfer (k) and evaporative heat transfer
(h,,) is derived from Egs. (12) and (13), respectively.

(11)

Convective heat transfer coefficient:

(P, —Py)+(T, +273) :

h.=0884|T, -T,  + 12
‘ v 268.9x10° - P, 5%
Evaporative heat transfer coefficient:
P, — Py
h, =16.273x107 xh_x . (13)
' Tw - Tgli
and,
Table 6

Physical properties of vapor [13]

h,=5.7+3.8v (14)
The energy balance for basin linear is given by [11]:

o H, =h(T,,~-T,)+h(T,~T,) (15)
The evaporative heat flux is given by [11]:

Tor = (T = i) (16)

The amount of distilled/unit area/unit time is given
by [11]:

M :Mxt, kg/m’h

= a7)

On the sloped condensing surface, the rate of solar
radiation can be calculated as [12]:

I, (t) =IR,+I,R, + (1,, - Id)Rr (18)
CosH

" Cos 0, (19

R, - (1+cosp) 20)
2

R = @ 1)

Experiments were performed according to Taguchi’s L,
OA. The study period is considered from July 2020 to June
2021, and 108 experiments are carried out. The tempera-
ture of the outer surface of the glass (T,,), temperature of
the inner glass surface (Tgh), vapor temperature (T ), and
water temperature (T ) were recorded by digital tempera-
ture indicators (Fig. 3). The expression for temperature-
dependent physical properties of vapor is given in Table 6.

Quantity Expression

P

353.44/(T, + 273.16)

= >°_N

= g

1/(T, +273.15)

999.2+0.1434 x T, +1.101 x 10 x T2~ 6.7581 x 10 x T ?

0.0244+0.7673 x 10 x T,

1.718 x 105+ 4.620 x 10 x T,

3.1615 x 10° x [1 - (7.616 x 10 x T))]; for T, > 70°C

24935 x 10° % [1 - 9.4779 x 10 x T, + 1.3132 x 107 x T2~ 4.7974 x 10 x T ?]; for T, < 70°C
Exp[25.317 - 5,144/(T, + 273.15)]

Exp[25.317 - 5,144/(T, + 273.15)]
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The radiative heat transfer (), convective heat trans-
fer (h), and evaporative heat transfer (h,) were calculated
using no. 10, 12, and 13, respectively. Also, cumulative dis-
tilled output (Y) is measured directly in a borosilicate bot-
tle. The theoretically calculated cumulative distilled output
(Y)) could differ from the directly measured output due to
environmental/experimental factors. Therefore, directly
measured cumulative distilled output (V) is taken in the
present study.

The present study was performed from 12 pm to 6 am
of the next day. Therefore, the positive value of (AT) is
considered.

Fig. 5 reveals that the radiative heat transfer coefficient
(h) values vary according to the different parametric combi-
nations of water depth, glass tilt angle, and CuO nanopar-
ticle concentration. The average value of hourly radiation
from 12 pm to 6 am of the next day is used to calculate the
radiative heat transfer coefficient.

The yearly value (avg. of all months) is used to ana-
lyze the parametric effect. The average value of radiative
heat transfer coefficient (i) in Fig. 5 shows that the para-
metric combination water depth (WD = 3 cm, GTA = 41°,
CuO = 0.15%) has a higher average radiative heat transfer
coefficient.

Fig. 5 shows the season-wise effect of solar still param-
eter; during July 20 to Oct 20, the parametric combination
(WD =3 cm, GTA = 41°, CuO = 0.15%) gave maximum radi-
ative heat transfer coefficient. During Nov.20-Feb.21, the
parametric combination (WD =1 cm, GTA=41°, CuO=0.2%)
gave maximum radiation; this may be because, in winter,
water takes much time to warm. Therefore, a lower depth
of water increases the warming rate of water. Also, nanopar-
ticle concentration is at a higher level which increases
heat transfer.

In the case of March 21-June 21, the parametric com-
bination (WD = 2 cm, GTA = 11°, CuO = 0.15%) gave the
maximum radiative heat transfer coefficient. This may be
because, in summer conditions, water depth does not affect

—&— WD=1 cm, GTA (Degree) =11, Cu0=0.1%

WD=1 cm, GTA (Degree) = 41, Cu0=0.2%
—&—WD=2 cm, GTA (Degree) =26, Cu0=0.2%
—e&— WD=3 cm, GTA (Degree) =11, Cu0=0.2%

—&— WD=3 c¢cm, GTA (Degree) =41, Cu0=0.15%

Fig. 5. Radiative heat transfer coefficient for twelve months.
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much as the water gets warm very early; the tilt angle is 11°,
which is (& — 15°).

Fig. 6 shows the convective heat transfer coefficient
(h,) values, and overall yearly performance for the para-
metric setting (WD =2 cm, GTA = 41°, CuO = 0.1%) shows
a good result. However, Fig. 6 shows that in the case of
seasonal performance, during July 20-Oct 20 (WD = 3 cm,
GTA = 41°, CuO = 0.15%) and for winter Nov.20-Feb.21
(WD =1 em, GTA = 41°, CuO = 0.2%) the parametric condi-
tion for maximum convective heat transfer is same as radi-
ative heat transfer. The maximum convective heat transfer
condition for March 21-June 21 is (WD =3 cm, GTA = 11°,
CuO = 0.2%); this may be due to the good conductivity of
CuO nanofluids.

Fig. 7 shows the values of evaporative heat transfer
coefficient values (h, ), the yearly average value is max-
imum for (WD = 3 cm, GTA = 41°, CuO = 0.15%), as the
water depth increase the heat capacity also increase, it sig-
nificantly increases the evaporation even after sunset also
balanced amount of nanofluids push the heat transfer rate.

Parametric combination setting for evaporative
heat transfer coefficient (), during July 20-Oct.20 and
Nov.20-Feb.21 the maximum rate of heat transfer found
in (WD =3 cm, GTA = 41°, CuO = 0.15%) and (WD =1 cm,
GTA = 41°, CuO = 0.2%) which is same as optimal paramet-
ric condition of k, and h . Slightly change is observed for
March 21-June 21 where parametric condition is (WD =3 cm,
GTA =41°, CuO =0.15%).

The cumulative distilled output is measured directly
in the Borosilicate bottle. It is observed in Fig. 8 the yearly
average value of output in mL is maximum for the para-
metric setting (WD =2 cm, GTA =11°, CuO =0.15%),

Seasonal distilled output during July 20-Oct.20 is max-
imum for (WD = 3 cm, GTA = 26°, CuO = 0.1%), during
Nov.20-Feb.21 the maximum output is observed for
(WD =1 cm, GTA = 41°, CuO = 0.2%). However, maximum
output for the summer season March 21-June 21 is observed
for (WD =3 cm, GTA = 11°, CuO = 0.2%).

Radiative Heat Transfer (Average of 12noon-6 am)

Months

—&—WD=1 cm, GTA (Degree) =26, Cu0=0.15%
WD=2 cm, GTA (Degree) =11, Cu0=0.15%

—&—\WD=2 cm, GTA (Degree) =41, Cu0=0.1%

—&— WD=3 cm, GTA (Degree) =26, Cu0=0.1%
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16

15

14

Convective Heat Transfer (hc), W/m?°C

—8—WD=1 cm, GTA (Degree) =11, Cu0=0.1%
WD=1 cm, GTA (Degree) = 41, Cu0=0.2%
—&—WD=2 cm, GTA (Degree) =26, Cu0=0.2%
—e— WD=3 cm, GTA (Degree) =11, Cu0=0.2%
—e—WD=3 cm, GTA (Degree) =41, Cu0=0.15%

Fig. 6. Convective heat transfer coefficient for twelve months.

20

15

10

Evaporative Heat Transfer (hev), W/m?°C

—&—WD=1 cm, GTA (Degree) =11, Cu0=0.1%
WD=1 cm, GTA (Degree) = 41, Cu0=0.2%
—o—WD=2 cm, GTA (Degree) =26, Cu0=0.2%
—8—\WD=3 cm, GTA (Degree) =11, Cu0=0.2%
—&—WD=3 cm, GTA (Degree) =41, Cu0=0.15%

Fig. 7. Evaporative heat transfer coefficient for twelve months.

The above interpretation of 1, h, h_ and Y, for optimum
parametric setting reveals that parameter affects the per-
formance of heat transfer and distilled output significantly.

2.4. Taguchi’s approach

To analyze the result of the experiments for radiative heat
transfer coefficient (h), convective heat transfer coefficient
(h), evaporative heat transfer coefficient (h_ ), and cumula-
tive distilled output (Y ). The signal-to-noise ratio (SNRN)
was utilized.

In this respect, larger characteristics for all responses
were selected to get maximum output to access the solar
still performance.

Convective Heat Transfer (Average of 12noon-6am)

8 10 12 14
Months
—8—WD=1 cm, GTA (Degree) =26, Cu0=0.15%
WD=2 cm, GTA (Degree) =11, Cu0=0.15%
—&—WD=2 cm, GTA (Degree) =41, Cu0=0.1%
—a—WD=3 cm, GTA (Degree) =26, Cu0=0.1%

Evaporative Heat Transfer (Average of 12noon-6am)

Months

—o—\WD=1 cm, GTA (Degree) =26, Cu0=0.15%
WD=2 cm, GTA (Degree) =11, Cu0=0.15%

—&—WD=2 cm, GTA (Degree) =41, Cu0=0.1%

—8—WD=3 cm, GTA (Degree) =26, Cu0=0.1%

The signal-to-noise ratio (SNRN) was calculated using
the following Eq. (22) [70]:

SNRN =10log (1212] 22)

i=11;

where SNRN is the signal-to-noise ratio calculated based on
the larger-the-better criterion, # is the total number of runs,
and r, is the response at run number i.

In addition, a quantitative investigation using vari-
ance analysis was conducted to assess the effectiveness of
these parameters and determine the confidence level for
each parameter to attain maximum productivity. Statistical
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Cumulative Distilled Output (Yc)
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—&— WD=1 cm, GTA (Degree) =11, Cu0=0.1%
WD=1 cm, GTA (Degree) = 41, Cu0=0.2%
—8—WD=2 cm, GTA [Degree) =26, Cu0=0.2%
—&— WD=3 cm, GTA (Degree) =11, Cu0=0.2%
—@&— WD=3 cm, GTA (Degree) =41, Cu0=0.15%

Fig. 8. Cumulative distilled output for twelve months.

analysis was also performed using the analysis of variance
(ANOVA) technique to determine every parameter’s sta-
tistical significance. The F-test was implemented to find
the most influential parameter for the solar still produc-
tivity with the highest ratio between the two variances.
Variances measure deviation of data from the mean. The
larger the ratio, the greater the effect of the parameter on the
solar still responses [79]. The ANOVA terms and formulas
have shown in Table 7.

2.5. Signal-to-noise ratio

The signal-to-noise ratio for each response is calculated
using Eq. (22) and is listed in Table 8.

Regression equation for SNRN of radiative heat trans-
fer coefficient

SNRN (k) =16.3971 + 0.0187 water depth (cm)_1 + 0.0074 wa-
ter depth (cm)_2 — 0.0261 water depth (cm)_3 - 0.0133 glass
tilt angle (°)_11 — 0.0233 glass tilt angle (°)_26 + 0.0366 glass
tilt angle (°)_41 - 0.0323 CuO concentration (%)_0.10 + 0.0227
CuO concentration (%)_0.15 + 0.0095 CuO concentration
(%)_0.20.

Regression equation for SNRN of convective heat trans-
fer coefficient

SNRN (k) = 4.09967 - 0.01919 water depth (cm)_1 + 0.00405
water depth (cm)_2 + 0.01515 water depth (cm)_3 - 0.01125
glass tilt angle (°)_11 - 0.01838 glass tilt angle (°)_26 + 0.02963
glass tilt angle (°)_41 - 0.00022 CuO concentration
(%)_0.10 — 0.00822 CuO concentration (%)_0.15 + 0.00845
CuO concentration (%)_0.20.

Regression equation for SNRN of evaporative heat trans-
fer coefficient

8 10 12 14
Months
—&—WD=1 cm, GTA (Degree) =26, Cu0=0.15%
WD=2 cm, GTA (Degree) =11, Cu0=0.15%
~—8—WD=2 cm, GTA (Degree) =41, Cu0=0.1%
—&— WD=3 cm, GTA (Degree) =26, Cu0=0.1%

Table 7
ANOVA terms and formulas [79]

Z
©

Formula

CF.=TN

§;=Xi 100X/ —CF

Sy = (XYIZ/NYl + Xyzz/sz + XY32/NY3)
f, = (No. of levels of parameters Y) — 1
f, = (Total no. of results) — 1
o=+ 2

Vy=5.f,

5.=5-15

V.=SJ1,

E, =V\/V,

5y=8,=(V.xf)

P =5//5. %100

P =(1-xP,)x100

O X NSO WD =)

O
w N = o

SNRN (h, ) =22.7955 +0.0590 water depth (cm)_1 +0.0448 wa-
ter depth (cm)_2 — 0.1037 water depth (cm)_3 — 0.0505 glass
tilt angle (°)_11 — 0.1248 glass tilt angle (°)_26 + 0.1753 glass
tilt angle (°)_41 - 0.1329 CuO concentration (%)_0.10 + 0.0879
CuO concentration (%)_0.15 + 0.0450 CuO concentration
(%)_0.20.

Regression equation for SNRN of cumulative distilled
output

SNRN (Y ) = 65.7065 - 0.01293 water depth (cm)_1 +0.00209 y
(cm)_2 + 0.01085 water depth (cm)_3 + 0.03583 vy
(°)_11 - 0.02417 glass tilt angle (°)_26 — 0.01166 glass tilt an-
gle (°)_41 - 0.00164 CuO concentration (%)_0.10 + 0.01084
CuO concentration (%)_0.15 — 0.00920 CuO concentration
(%)_0.20.
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Taguchi’s approach determines the signal-to-noise ratio
(SNRN) for all responses; larger is better characteristics
are considered for the study. The SNRN for all individual
responses is calculated using Eq. (22) and shown in Table 8.

Optimal process parameter setting was found in the
main effect plot for SN ratios. Fig. 9 shows that (WD =1 cm,
GTA = 41°, CuO = 0.15%) is the optimal condition for
radiative heat transfer coefficient.

Similarly, Fig. 10 shows the optimal condition for con-
vective heat transfer coefficient (WD = 3 cm, GTA = 41°,

CuO =0.20%), Fig. 11 shows the optimal condition for evap-
orative heat transfer coefficient (WD = 1 cm, GTA = 41°,
CuO =0.15%).

The SN plot of the yearly average distilled output in
Fig. 12 shows that (WD = 3 cm, GTA = 11°, CuO = 0.15%) is
the optimized process parameters condition for the maxi-
mum distilled output.

In statistics, variance analysis is a term that is used to
determine the effect of process parameters on responses in
percentage. ANOVA for responses is shown in Tables 9-12,

16.38

Table 8
SN ratio of each response
Ex.No.  Yearly avg. SNRN Yearly avg. SNRN Yearly avg. SNRN Yearly avg. cumulative ~ SNRN
radiative heat () convective (h) evaporative (h,.) distilled output (¥)
transfer heat transfer heat transfer
1 6.59451 16.3836  1.59684 4.06523  13.6870 22.7262  1,935.00 65.7336
2 6.62471 16.4233  1.59503 4.05536  13.8900 22.8541  1,923.33 65.6811
3 6.63782 16.4405  1.60710 412085  14.0982 229833  1,920.00 65.6660
4 6.60126 16.3925  1.60076 4.08653  13.7819 22.7862  1,938.33 65.7486
5 6.61012 16.4042 1.60140 4.09001 13.8287 22.8156 1,923.33 65.6811
6 6.61981 16.4169  1.60965 413461  13.9945 229192 1,926.67 65.6961
7 6.58822 16.3754  1.60574 411349  13.6818 22.7228  1,937.50 65.7448
8 6.52687 16.2941  1.60297 4.09851  13.0957 223426  1,924.17 65.6849
9 6.64029 16.4437  1.60925 413245  14.1415 23.0099  1,932.50 65.7224
Main Effects Plot for SN ratios
Data Means
voaa Water Depth (cm) Glass Tilt Angle (Degree) | CuO Concentration (%)
16.43
38 16.42
.g 16.41
‘S 16.40
é 16.39

16.37

16.36
1 2 3 11

Signal-to-noise: Larger is better

Fig. 9. SN ratio of k..

26 41 o0.10 0.15 0.20

Main Effects Plot for SN ratios
Data Means

Water Depth (cm)

Mean of SN ratios

4.08

Signal-to-noise: Larger is better

Fig. 10. SN ratio of /..

Glass Tilt Angle (Degree)

4.13
4.12
4.11
4.10
4.09
1 2 3 11 26 a1 o.

CuO Concentration (%2%)

10 0.15 0.20
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Main Effects Plot for SN ratios
Data Means

Water Depth (cm)

-

3 1

23.00

22.95

22.90

22.85

22.80

Mean of SN ratios

22.75
22.70

22.65
1 2

Signal-to-noise: Larger is better

Fig. 11. SN ratio of Ir_.

Glass Tilt Angle (Degree)

1 26 41 0.10 0.15 0.20

CuO Concentration (%)

Main Effects Plot for SN ratios
Data Means

Water Depth (cm)

Glass Tilt Angle (Degree)

CuO Concentration (%)

65.75
65.74
é 65.73
é 65.72
5
= 65.71
53
= 570 /
65.69
65.68
1 2 3 11 26 M 0.10 0.15 0.20
Signal-to-noise: Larger is better
Fig. 12. SN ratio of Y.
Table 9
ANOVA for radiative heat transfer coefficient
Source df Seq. SS Contribution Adj. SS Adj. MS F-value P-value
Water depth (cm) 2 0.003253 19.74% 0.003253 0.001626 1.54 0.393
Glass tilt angle (°) 2 0.006169 37.44% 0.006169 0.003084 2.92 0.255
CuO concentration (%) 2 0.004944 30.01% 0.004944 0.002472 2.34 0.299
Error 2 0.002109 12.80% 0.002109 0.001055
Total 8 0.016476 100.00%

which shows the percentage contribution of process param-
eters in response study. Glass tilt angle showing the high-
est percentage contribution in all ANOVA studies. Table 9
shows the ANOVA for h and found that GTA contributes
37.44%, CuO 30.01%, and WD 19.74%. Table 10 for h_shows
that GTA contributes 63.41%, CuO 6.56%, and WD 29.01%.
Table 11 for h  shows that GTA contributes 46.41%, CuO
26.05%, and WD 15.44%. Table 12 for the yearly average
distilled output (Y ) shows that GTA contributes 77.74%,
CuO 7.94%, and WD 11.22%.

2.6. Grey relational analysis

The number of experimental runs as per Taguchi’s
OA design is m, and the number of quality characteris-
tics is n. The following series of expressions can be used to
express the experimental results: [80].

S X, o, X

i

X, X, X, ..

3

m

where X, = {X,(1), X,(2), ..., X,(K), ..., X,(n)};
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Table 10
ANOVA for convective heat transfer coefficient

Source df Seq. SS Contribution Adj. SS Adj. MS F-value P-value
Water depth (cm) 2 0.001843 29.01% 0.001843 0.000921 28.32 0.034
Glass tilt angle (°) 2 0.004027 63.41% 0.004027 0.002014 61.91 0.016
CuO concentration (%) 2 0.000417 6.56% 0.000417 0.000208 6.41 0.135
Error 2 0.000065 1.02% 0.000065 0.000033
Total 8 0.006352 100.00%

Table 11

ANOVA for evaporative heat transfer coefficient
Source df Seq. SS Contribution Adj. SS Adj. MS F-value P-value
Water depth (cm) 2 0.04874 15.44% 0.04874 0.02437 1.28 0.439
Glass tilt angle (°) 2 0.14649 46.41% 0.14649 0.07324 3.83 0.207
CuO concentration (%) 2 0.08222 26.05% 0.08222 0.04111 2.15 0.317
Error 2 0.03820 12.10% 0.03820 0.01910
Total 8 0.31565 100.00%

Table 12

ANOVA for cumulative distilled output
Source df Seq. SS Contribution Adj. SS Adj. MS F-value P-value
Water depth (cm) 2 0.000868 11.22% 0.000868 0.000434 3.62 0.216
Glass tilt angle (°) 2 0.006011 77.74% 0.006011 0.003006 25.10 0.038
CuO concentration (%) 2 0.000614 7.94% 0.000614 0.000307 2.56 0.281
Error 2 0.000239 3.10% 0.000239 0.000120
Total 8 0.007733 100.00%

X ={X(1), X(2), ..., X (k), ..., X(n)};

X ={X 1), X (2),... X (k), ..., X (n)};

X, represents the result of ith experimental and is called the
comparative sequence in grey relational analysis.

Let, X, be the reference sequence:

Let, X, = {X,(1), X,(2), ..., X, (k), ..., X,(m)}.

The optimal value of the related quality feature is the
value of the components in the reference sequence. X, and
X, both include n elements and X (k) and X(k) represent
the numeric value of kth element in the reference sequence
and the comparative sequence, respectively k =1, 2, ..., n.
The proposed parameter optimization approaches are
thoroughly illustrated in the following sections.

Step 1: Normalization of the quality characteristics

When the range of a series is too broad, or the opti-
mal value of a quality trait is too high, some elements are
neglected. The initial response data must be normalised
to eliminate this effect. There are three methods of data
normalisation depending on whether we need the LB
(lower is better), NB (nominal is best), or HB (higher the

better). Grey relational generation is the term for this pro-
cess. The following equations are used to normalise the data.

(a) LB (lower-the-better)

Loy minX, (k)
X050 (23)
(b) HB (higher-the-better)

X, (k)

XI( ): maxXl.(k) @4

(c¢) NB (nominal-the-best)

(25)

wherei=1,2, ..., m;k=1,2,..., n
X*(k) is the normalized data of the kth element in the ith
sequence.
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X, (k) is the required value of the kth quality characteristic.
After data normalization, the value of X *(k) will be between
0 and 1. The series X*,i=1, 2, 3, ..., m can be viewed as the
comparative sequence used in the grey relational analysis.

Step 2: Individual grey relational grades calculation

To evaluate the grey relational coefficient between X (k)
and X (k), use the following equation.

Bt )
r(],i( )— A, +EA , i=12........ 1

max

where 7, (k) is the relative difference of kth element between
sequence X, and the comparative sequence X, (also called
grey relational grade), and A (k) is the absolute value
of the difference between X (k) and X (k).

where A, = HXO (k) -X, (k)H = difference of the absolute value
X, (k) and X (k); ¢ is the distinguishing coefficient 0 < y < 1;
A = V™" € VK™ | X (k) - X, (k)H = the smallest value of A ;

and A =Vj™ eiVk™™|X, (k) -X, (k)H = largest value of A .

max

g is known as the distinguishing coefficient, and its value
ranges from 0 to 1. It is usually set at 0.5 [80].

Step 3: Weight of each quality attribute is calculated using the
entropy approach

Entropy is a measure of how chaotic a system is in
information theory. When entropy is applied to a weight
measurement, a big entropy indicates that the attribute has
a wide range of responses, implying that the characteris-
tic has more meaningful effects. In grey relational analy-
sis, the entropy measurement approach has recently been
utilised to determine the weights. The mapping function
£:[0,1] — [0,1] used in entropy should be satisfied three con-
ditions: (1) £(0) = 0; (2) f(x) =f(1-x) and (3) f(x) is monotonic
increasing in the range x € (0,0.5). Thus, the following func-
tion w (x) may be used as the mapping function in entropy
measure.

wt,(x)zx-e(l_'t) +(1-x)-e* -1 (27)

The highest value of this function occurs at x = 0.5, and
the value is ¢*® — 1 = 0.6487. In order to get the mapping
result in the range [0,1] defined new entropy [81]:

Ws( ! )iwe(xi) (28)

eU.S —1)4

Assume that there is a sequence ¢ = {r(1), 7(2), ..., r(n)}.
Where, r(j) is the grey relational coefficient. Note that
i=1,2,...,mj=12..,n

The following are
weight: [81].

the processes for calculating

(a) Computation of the Dj (sum of the grey relational
coefficient in all sequences for each quality characteristic)

m

D;=3"r(j), j =12 7 (29)

i=1
(b) Computation of the normalized coefficient

1 1
(60'5 - 1)>< m - 0.6487 xm

k= (30)

(c) Computation of the entropy of each quality characteristics

D.

e = kéw{r’(])J , J=12 N (31)

where w (x) = x-e" + (1-x)-e* - 1

(d) Computation of the sum of entropy
E= ;el. (32)
(e) Computation of the weight of each response parameter:

w = [1-2] (33)

L D]

wherej=1,2, ..., n

Step 4: Computation of the overall grey relational grade

After the grey relational coefficient has been calculated,
the grey relational grade is determined:

i=1,2, e, ,m (34)

rO,i = ;wkro,i (k)'

Table 13 shows the yearly average value of measured
responses, data normalization for higher-is-better charac-
teristics performed on the response values using Eq. (24)
and given in Table 14.

Table 15 represents individual and overall grey rela-
tional grades for each experimental run calculated using
Eq. (26) and (34). Experiment no. 9 has rank 1, which shows
a good combination for maximum output of all responses.
However, experiment no. 8 at no. 9 indicates that this
parametric combination is not effective for all the responses.

Regression equation for SNRN of grey relational grade

SNRN (I') = —4.175 — 0.214 water depth (cm)_1 + 0.269 wa-
ter depth (cm)_2 - 0.055 water depth (cm)_3 + 0.007 glass tilt
angle (°)_11 —2.097 glass tilt angle (°)_26 + 2.091 glass tilt an-
gle (°)_41 - 1.127 CuO concentration (%)_0.10 + 0.869 CuO
concentration (%)_0.15 + 0.258 CuO concentration (%)_0.20.

Table 16 represents the signal-to-noise ratio (SNRN) for
a grey relational grade. The optimal parameter setting is
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Yearly average value of measured responses for L, OA experiments

Ex. Water depth ~ Glass tilt CuO concentration h, (W/m?-°C) h,, (W/m*°C) k. (W/m?°C) Y (mL)
no. (cm) angle (°) (weight %)
1 1 11 0.1 1.5968 13.6870 6.5945 1,935.0000
2 1 26 0.15 1.5950 13.8900 6.6247 1,923.3333
3 1 41 0.2 1.6071 14.0982 6.6378 1,920.0000
4 2 11 0.15 1.6008 13.7819 6.6013 1,938.3333
5 2 26 0.2 1.6014 13.8287 6.6101 1,923.3333
6 2 41 0.1 1.6096 13.9945 6.6198 1,926.6667
7 3 11 0.2 1.6057 13.6818 6.5882 1,937.5000
8 3 26 0.1 1.6030 13.0957 6.5269 1,924.1667
9 3 41 0.15 1.6092 14.1415 6.6403 1,932.5000
Table 14 Table 16
Data normalization SN ratio of GRG
h, h,, h, Y, Water Glass tilt CuO concen- GRG SNRN (I')
Ideal condition 1 1 1 1 depth (em) angle (°) tration (%)
Ex. No. 1 09921 09679 09931  0.9983 1 1 0.10 0546884  -5.24209
Ex. No. 2 09909 09822 09977  0.9923 1 26 0.15 0543005 -5.30392
Ex. No. 3 09984 09969 0999  0.9905 1 41 0.20 0739511  -2.62111
Ex. No. 4 09945 09746 09941  1.0000 2 1 0.15 0.659844  -3.61117
Ex. No. 5 09949 09779 09955  0.9923 2 26 020 0.532245 547776
Ex. No. 6 1.0000 09896 09969  0.9940 2 41 0.10 0738769 -2.62983
Ex. No. 7 09976 09675 09922  0999%6  ° nn 0.20 0.656741  -3.65212
Ex. No. 8 09959 09261 09829 09927 O 26 0.10 0396483  -8.03551
Ex. No. 9 09998 10000  1.0000 09970 41 015 0.891003 -1.00242
Table 15
Individual and overall, GRG
Individual grey relational grade Overall grey relational grade Rank
hf heV hy YC r
0.091309 0.133277 0.137941 0.184356 0.546884 6
0.083749 0.168235 0.195515 0.095505 0.543005 7
0.186636 0.230139 0.23879 0.083946 0.739511 2
0.113465 0.147617 0.147662 0.2511 0.659844 4
0.11815 0.155881 0.162709 0.095505 0.532245 8
0.2504 0.194492 0.18312 0.110756 0.738769 3
0.163945 0.132565 0.129971 0.23026 0.656741 5
0.13142 0.08303 0.083123 0.09891 0.396483 9
0.23889 0.2492 0.2492 0.153713 0.891003 1
Table 17
ANOVA for GRG
Source df Seq. SS Contribution Adj. SS Adj. MS F-value P-value
Water depth (cm) 2 03632 1.05% 0.3632 0.1816 0.24 0.807
Glass tilt angle (°) 2 26.3085 76.32% 26.3085 13.1543 17.29 0.055
CuO concentration (%) 2 6.2797 18.22% 6.2797 3.1398 413 0.195
Error 2 1.5212 4.41% 1.5212 0.7606
Total 8 34.4726 100.00%
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Main Effects Plot for SN ratios
Data Means
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Fig. 13. SN ratio of GRG (T).

Table 18
Predicted SNRN for optimal parameter setting

Response  Optimal parameter setting Predicted
SNRN

h, WD =1 cm, GTA =41°, CuO =0.15% 16.4751

h, WD =3 cm, GTA=41°, Cu0=020%  4.15290

h,, WD =1cm, GTA=41°, CuO=0.15%  23.1176

Y, WD =3 cm, GTA=11°,CuO=0.15%  65.7640

r WD =2 cm, GTA=41°, CuO=0.15%  -0.94633

shown in Fig. 13, which shows that (WD =2 cm, GTA = 41°,
CuO = 0.15%) is the best process parameters setting for
multi-response optimization.

Table 17 shows that glass tilt angle contributes 76.32%,
CuO concentration 18.22%, and WD 1.05% in multi-response
optimization. Again, the glass tilt angle has the most signif-
icant parameter, which shows that even in multi-response
optimization, the glass tilt angle is similarly important as
it is in individual response; this may be due to that water
depth which is considered for this study do not have much
difference in depth. Therefore, the effect of WD is negligi-
ble in the present study. However, the other two factors
were essential in the present parametric study. The water
depth effect may be seen if the depth difference is high.

3. Conclusions

The parametric analysis is carried out in this research
to discover the ideal process environment for single slope
passive solar still. To support the investigation, the fol-
lowing observations were made.

® The best process parameters combination for radiative
and evaporative heat transfer coefficient is (WD =1 cm,
GTA = 41°, CuO = 0.15%). The predicted SNRN value
is 16.4751 for radiative heat transfer coefficient and
23.1176 for evaporative heat transfer coefficient.

Glass Tilt Angle (Degree)

26

CuO Concentration (%)

41 0.10 0.15 0.20

The best process parameters combination predicted
for convective heat transfer coefficient is (WD = 3 cm,
GTA = 41°, CuO = 0.20%), and the predicted SNRN
value is 4.15290.

The best process parameters combination for cumulative
distilled output is (WD =3 cm, GTA =11°, CuO = 0.15%),
and the predicted SNRN value is 65.7640.

A single response is created from multiple responses, that
is, grey relational grade (GRG), using entropy measure-
ment technique, which is shown in Table 15.

The optimal combination of process parameters for
grey relational grade (GRG) is (WD =2 cm, GTA = 41°,
CuO =0.15%), and the predicted SNRN value is -0.94633.
Glass tilt angles have the highest percentage contribu-
tion in single slope passive solar still performance for
individual and multi-response optimization.

Table 18 shows the predicted SNRN values for given
responses. It indicates good agreement as the predicted
SNRN value is more than the SNRN of experimental
values which is shown in Table 18.

Symbols

- >0

Water depth, cm

Glass tilt angle (°)

—  Temperature of water, °C

—  Temperature of water vapor, °C

—  Temperature of glass inner surface, °C

—  Temperature of glass outer surface, °C

—  Temperature of ambient air, °C

—  Temperature of water basin, °C

— Partial saturated vapor pressure at water
temperature, N/m?

—  Partial saturated vapor pressure at glass
inner cover temperature, N/m?

—  Specific heat

—  Density

—  Thermal conductivity

—  Viscosity
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Expansion factor

Radiative heat transfer coefficient,
W/m?2°C

Convective heat transfer coefficient,
W/m?2-°C

Evaporative heat transfer coefficient,
W/m?2-°C

Cumulative distilled output, mL

Solar radiation at time (t), W/m?

Intensity of beam radiation, W/m?
Intensity of diffuse radiation, W/m?
Conversion or geometric factors for beam
radiation

Conversion or geometric factors for dif-
fuse radiation

Conversion or geometric factors for dif-
fuse radiation reflected for the ground
and surroundings

Time, h

Signal-to-noise ratio

Analysis of variance

Correction factor

Total of all result

Total no. of experiments

Values of a result of each level (i.e., 1, 2, 3)
of parameters Y

Value of result of each experiment (i = 1
to 9)

Repeating no. of each level
(1, 2, 3) of parameter Y

Sum of the squares of due to parameters Y
(Y=A4,B,0)

Total sum of squares to total variance
Sum of square of error terms

Degree of freedom of parameter Y

Total degree of freedom

Error of degree of freedom

Variance of parameter Y

Error of variance

F-ratio of parameter of Y

Pure sum of square

Percentage contribution of parameter Y
Percentage contribution of error term

Latitude, (°)

Grey relational grade

Stefan-Boltzmann’s constant,
5.67 x 10® W/m*K*

Effective emissivity between water basin
and glass cover

Emissivity of water

Emissivity of glass

Wind velocity, m/s

Water
Vapor
Glass

gli —  Glass inner surface
glo —  Glass outer surface
a —  Ambient

wb —  Water basin

r — Radiative

c —  Convective

ev —  Evaporative

b —  Beam

d —  Diffuse

Y —  Parameter

T —  Total

e —  Error
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