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ABSTRACT

An analytical study for double slope solar still with 25% covered photovoltaic thermal compound
concentrator collector with helically coiled heat exchanger has been carried out for the proposed
system (N-PVT-CPC-DS-HE). The nanoparticles are emergent fluids and thermal energy carriers
due to their thermophysical and optical properties. The performance is carried out using water-
loaded nanoparticles for the concentration of 0.25% for four collectors (N = 4) in 280 kg mass basin
fluid and flow rate being 0.02 kg/s. In the present study, the proposed system and previous system
are taken. The performance of the proposed system is observed to be an additional higher compared
to the previous system. The average thermal energy gain of 13.68%, average thermal exergy gain
of 7.31%, and average yield gain of 16.31% appeared higher in the proposed system than the
previous system. The utilization of CPC further increases the water temperature in the east and
west sides up to a maximum of 4.37°C and a minimum of 1.64°C. The 25% covered PVT produces
97.6% excess electricity that can be utilized for other supportive applications. The optimum level
of mass flow rate achieved is 0.02 kg/s which is 33% less than the previous 0.03 kg/s.

Keywords: Active solar distiller unit; CuO nanoparticles; Heat exchanger; Exergy of thermal;

N-PVT-CPC-DS-HE

1. Introduction

Everyone is aware of the water crisis in the world.
As the population is increasing day by day, water demand
is also increasing in parallel. Water is freely available in
considerable amounts in different forms. However, as
drinkable water availability is concerned, only 0.97% of
water availability is potable. Therefore, the production of
potable water must increase. Many researchers are work-
ing toward increasing potable water production, but still
much more work needs to be done. The present research is
to enhance the generation of drinking water with the help
of a solar distiller unit. Delyannis [1] and Tiwari et al. [2]
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studied the historical developments of solar desalination
taking care of energy and the environment. Dev et al. [3-7]
developed characteristic equations for active and passive
solar distiller units. In an active solar distiller unit, solar
energy is fed to water as external thermal energy, and water is
pumped mechanically in forced mode by using solar energy
with the help of photovoltaic technology to improve the pas-
sive solar distiller. Soliman [8] recommended the concept
of feeding external thermal energy from the solar collector
into the basin. Rai and Tiwari [9] analyzed the effect of mass
flow rate with solo basin solar distillation system attached
with flat plate collector and observed a decrease in yield.
Lawrence and Tiwari [10] calculated active solar distiller
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in natural type with heat exchanging to extend empiri-
cal formulas. They observed that the addition of a collec-
tor increases the water temperature, which improves the
system’s efficiency; overall while increasing water depth
decreases efficiency. Kumar and Tiwari [11] have optimized
active double slope solar distiller units and got the highest
water generation on a 1.8 m/s flow rate. Gaur and Tiwari
[12] analyzed the maximum yield for four (N = 4) collectors
and 50 kg mass of fluid of hybrid solar still. Shyam et al.
[13] developed an expression for connected N-PVT-water
collectors for temperature-dependent electrical efficiency
of two different configurations in series that gives almost
identical outcomes. Later on, experiments were performed
Shyam [14] for validation which found excellent conformity
in these two studies. Boukar and Harmim [15] expressed
the equations for perpendicular solar distillation systems.
Dev and Tiwari [16] developed a thermal model of EISS,
its validation with experimental results, and to compare
the performance of EISS with the single slope. Tiwari and
Sahota [17] analyzed the detailed review of energy and eco-
nomic efficiencies of solar stills for different solar distiller
units’ (passive and active) characteristic equations. The var-
ious features of the nanofluids are the ultrafast heat transfer
fluid, low friction coefficient, better stability, low pumping
power, superior lubrication, and erosion that can improve
unit performance and be observed as a thermal energy car-
rier. Furthermore, by changing the size and shape of the
nanoparticles, they can be made more attractive for a variety
of applications. Khairul et al. [18] investigated theoretically
CuO, ALO, ZnO water-loaded nanofluids and con-
cluded that heat transfer coefficient increases and entropy
decreases. Mahian et al. [19] examined solar collector per-
formance on the basis of the micro-channel using CuO,
Al O,, TiO, and SiO, nanofluids and found that the output
temperature follows the order: CuO > TiO, > AL O, > SiO,
and also observed that the generation of entropy decreases.
Mwesigye et al. [20] analyzed computationally that the
nanofluid has a greater yield for passive double slope solar
distiller units. Tripathi and Tiwari [21] studied the com-
parison between N-PVT-FPC and PVT-CPC. Atheaya et al.
[22] developed a characteristic mathematical expression
for a partly roofed PVT compound parabolic concentrator
(CPC). Dharamveer et al. [23] presented a review on nano-
fluids with an active solar distiller unit which concluded
that nanofluids reduce pump work by reducing viscosity
and increases water generation. Dubey and Tiwari [24]
Analyzed serially connected PVT flat plate water collec-
tors. Popiel and Wojtkowiak [25] developed the formulas
for the thermophysical properties of water. Raja Sekhar
and Sharma [26] studied specific heat, viscosity for ALO,
nanofluids. Yiamsawasd et al. [27] studied specific heat of
nanofluids. Pak and Cho [28] studied hydrodynamic and
heat transfer of dispersed fluids with submicron metallic
oxide particles. Khanafer and Vafai [29] studied a critical
synthesis of thermophysical characteristics of nanofluids.
Patel et al. [30] investigated experimentally thermal con-
ductivity enhancement in oxide and metallic nanofluids.
Sharma et al. [31] developed mathematical relations to
find the friction and forced convection heat transfer coef-
ficients of water-based nanofluids for turbulent flow in a
tube. Wang et al. [32] studied turbulent flow in pipes for

particular reference of the transition area between smooth
and rough pipe flows. Ho et al. [33] simulated natural con-
vection of nanofluid in a square enclosure: uncertainties
of viscosity and thermal conductivity. Mahian et al. [34]
studied the entropy generation during Al,O, water nano-
fluid flow in a solar collector and different thermophysical
models. Colebrook [35] studied turbulent flow in pipes, for
particular reference of the transition area between smooth
and rough pipe flows. Tiwari and Tiwari [37] studied solar
distillation practice for water desalination systems. Tiwari
[38] developed solar energy: fundamentals, design, mod-
eling, and applications. Dharamveer and Samsher [39]
analyzed energy matrices and enviro-economics for active
and passive solar distiller units comparatively. Balan,
et al. [40] Review on passive solar distillation. Prasad et
al. [41] N-PVT-CPC system analyzed using one at a time
technique (OAT). Sharma et al. [42] analyzed a theoretical
double slope solar distiller unit with parabolic concen-
trator ETC based on efficiency and matrices. Bharti et al.
[43] examined the sensitivity analysis of N alike PVT flat
plate collectors double slope solar distiller. Singh et al.
[44] investigated; various efficiencies and productivity of
N identical partially covered PVT flat plate collectors with
single slope solar distiller units at different water depths
under optimized conditions. Singh et al. [45] presented
various unique designs on behalf of economic self-sustain-
ability. Singh et al. [46] analyzed energy payback time for N
identical compound parabolic concentrator collector with a
single slope. Sharma et al. [47] observed the value of the exer-
goeconomic parameter decrease with an increased mass flow
rate value. Gupta et al. [48] discussed fully covered N = 6
CPC collectors and developed characteristic equations. Singh
et al. [49] reviewed solar distillation systems with nanoflu-
ids. Sahota and Tiwari [50] analyzed exergoeconomic and
enviroeconomic with or without heat exchanger double
slope solar distiller unit loaded with nanofluid. Sahota et al.
[51] studied and gives the maximum amount of the inter-
nal coefficient of evaporative heat transfer (HTC), which
gives a high rate of water generation compared to the other
distiller units. The characteristic curve for (N-PVT-FPC-
DS-HE) is based on nanofluid. Nevertheless, no literature
is obtainable on active solar distiller units (N-PVT-CPC-
DS-HE) based on nanofluid. The current study presents an
active photovoltaic thermal compound parabolic concen-
trator collector double slope solar distiller with a helically
coiled heat exchanger using the CuO-nanoparticles.

2. System description

A schematic diagram of the proposed system is
shown in Fig. 1, la—c and the previous system in Fig. 2.
The proposed system is comprised of Nth identically 25%
enclosed photovoltaic thermal compound parabolic con-
centrator collector active double slope solar distiller using
a helically coiled heat exchanger (N-PVIT-CPC-DS-HE).
The heat exchanger has dipped adequately in the basin,
which is oriented in east and west. The basin is made of
toughened glass with an inclination of top cover being 30°,
and the basin area of fiber-reinforced plastic is 2 x 1 m?
N-PVT-CPCs have a south-facing inclination of 45°. PVT
generates electricity which operates on the D.C. motor
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Fig. 1. Active N-identical 25% enclosed PVT-CPC-HE double slope distiller unit. (a) View of the helically coiled heat exchanger,
(b) sectioned view of 25% enclosed N-PVT-CPC, and (c) cut section YY elevation of 25% covered N-PVT-CPC.
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Fig. 2. Active double slope distiller N-identical 25% enclosed PVT-FPC-HE collectors.

as well as the pump. It has a fixed and accurate place for
heat exchanging devices as per the basin water depth.
The double slope distiller base sides are dyed mat black.
The complete specification of the system is specified in
Table 1. In this study, a system is proposed with a partly
covered CPC collector constructed as in Fig. 1and A > A,
L, =025mand L_=0.75 m. A glazed flat plate collector
is partly covered, and the remaining area is considered as
the receiver area (A)). The aperture gets radiation from the
beam reflected on the PVT collector, and the semi-trans-
parent PV module is below the flat plate collector (FPC).
The collector is shown in Fig. 1b and c. This transformation
of thermal energy raises water temperature.

The intensity of solar via fluid of basin (BF/NF) directly
penetrates the distiller unit’s blackened surface, which
is absorbed on basin liner. The irradiation gets ther-
mally stored and raises the basin water temperature. The
nanoparticles” electromagnetic wave produces intense
absorption that interacts and produces mutual oscilla-
tion as Plasmon response. In the infrared and ultravio-
let region, the Plasmon response of NPs has high modes.
The higher concentration of nanoparticles is increased to
a large basin surface area and increases the temperature
of the heat exchanger. When latent heat is released, vapor
gets condensed and collected into the jar. Due to this, the
system becomes complex but enhances production. Due
to the sedimentation and dispersion of nanoparticles, the
system demands more maintenance. Advanced and classy
tools are needed to eliminate the problems. Various sep-
aration methods have been developed, which depend on
dimension, geometry, and a fraction of volume. Therefore,
sets of NPs are required to reuse after rejecting brine for

an extended period as per the requirement to avoid the
complexity of the additional saline water. The previous
system is also an active double slope solar distiller unit of
photovoltaic thermal Nth identically 25% covered flat plate
collector with helically coiled heat exchanger (N-PVT-
FPC-DS-HE) (Fig. 2). The specifications of both the sys-
tems are the same except the compound parabolic collec-
tor, which is attached to the proposed system. The basin
size (2 x 1) and mass of water is taken into consideration
at 280 kg while 100 kg by the previous researcher [51].
The orientation of the double slope basin is from the east-
west side, and the flat plate collectors are facing south. So,
the maximum amount of solar energy can be absorbed by
the distiller unit. In the proposed system, Nth compound
parabolic collectors are coupled with basin, while in the
previous system, Nth flat plate collectors are coupled with
basin.

3. Mathematical formulation

The mathematical formulation is to express the bal-
ancing equations for various unit elements while taking
all types of heat transfer. Following assumptions are taken
by Sahota and Tiwari [50] and developed the characteristic
equation to the unit as given below.

The solar still is in quasi-steady-state (N-PVT-CPC-DS-HE).
Neglect the ohmic losses from solar cells.

The solar distiller unit is vapor leakproof.

The water level is stable.

The condensation is film-wise over the entire surface of
the glass.



Table 1

Different parameters used in calculations [22,51]

Parameters Numerical values Parameters Numerical values
o, 0.050 A 0.6050
o, 0.80 A, 1.3950
o 0.90 L, 0.0020
o 0.90 K, 64.0 W/m K
a, 0.80 K, 64.0 W/m K
B 0.890 L, 0.10 m
K, 0.780 W/m K h, 5.7 W/m?K
K, 0.035 W/m K h, 9.5 Wm?K
K, 0.166 W/m K U, 5.58 W/m? K
L, 0.004 u,, 9.20 W/m?K
L, 0.005 u,, 4.74 W/m? K
L 0.1 u, 7.58 W/m? K
B, 0.0045 K u, 4.52 W/m?K
x 0.33m PF, 0.378

5.670 x 10® (W/m? K*) PF, 0.934
T, 0.95 PF, 0.955
F 0.968 . 0.95
m, 0.15 € 0.95
Nanoparticle’s thermal properties used (metallic CuO)
Metallic NPs Nanoparticle’s density (kg/m?) Specific heat C, Heat conductivity k, (W/m K)
CuO 6.31 x 10° 550 17.6

Technical specifications of active solar distiller unit (N-PVT-CPC-DSSS) [22]

Active solar distiller unit (double slope)

Components Specifications
Length 2.0m

Width 1.0m

Glass inclined 15°

Low side high 0.20 m

Body’s material GRP

Stand’s material G.L

Cover’s matter Glass
Orientation East to west
Thickness of glass cover 0.004 m
Conductivity of glass K, 0.816 W/m K
Insulation thickness 0.10 m
Insulation thermal conductivity 0.166 W/m K
PVT-CPC collector [22]

Components Specifications Components Specifications
Collectors and types N =4, tube and plate type  Area of aperture 2.0 m?
Receiving area of collector 1.0mx1.0m Module area 0.50m x2.0m
Collector plate thickness 0.002 m Receiver area 0.750 m x 2.0 m
Thickness of Cu tube 0.00056 m Module receiving area 0.250 m x 1.0 m
Each Cu tubes length 1.0m Collector receiving area 0.750 m x 1.0 m
K 0.1660 (W/m K) F 0.9680

FF 0.80 p 0.840
Insulation thickness 0.10m T, 0.950

CPC angle with horizontal 30° o, 0.90

Thickness of glass on CPC 0.0040 m B. 0.890

Under glass collector effective area ~ 0.75 m? a, 0.80

Pipe dia. 0.0125 m Under PV module effective area of collector 0.25 m?

DC motor 12V,24 W
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Start

!

Input the data needed for the computation i.e.
solar flux on horizontal surface, temperature of
surrounding and for different climate conditions
has been obtained from IMD, Pune, India

v

Solar flux for titled surface at 30° north latitude has been computed using codes
written in MTLAB. For given by Liu and Jordon has been used for the same.

y

Evaluation of T,,,5 and @, have been done using equations (12 and (13)
respectively.

v
v v

T, Tgip and Ty for N-PVT-FPC-
DS-HE have been evaluated using
equations (1) to (18) respectively

Ty Tgig And Ty for N-PVT-CPC-
DS-HE have been evaluated using
equations (1) to (18) respectively

followed by the evaluation of HCs and considering A,=A, p=1, and
using  expression  given  in I,(t) = I(t) followed by the
appendix-A. evaluation of HCs using expression

given in appendix-A.

v y
¥

Hourly yield of fresh water for N-PVT-FPC-DS-HE and
N-PVT-CPC-DS-HE has been calculated using
equation (30).

v

Evaluation of hourly energy and exergy for N-
PVT-FPC-DS-HE and N-PVT-CPC-DS-HE has
been done using equations (26) and (27)
respectively.

v

N-PVT-CPC-DS-HE has been compared with N-PVT-CPC-DS-HE for the same
number collectors, mass flow rate and similar climatic conditions on the basis of
energy, exergy and yield.

o]

Fig. 3. The flow chart shows the methodology used.
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3.1. Governing equations of energy for various part of the distiller
unit of active double slope Nth identical (PVT-CPC-DS-HE)
with the heat exchanger of the helically coiled system

3.1.1. Energy balance equation double slope solar basin [51]
e East face
Ab
o, X ISE X AgE +hTwE x (Tw _TgiE) X7 - ha X (TgiE _TgiW)

@
XAgE = ucgaE ><(’T'E _’I:l)XAgE

gil

e West face

(xg X ISW X AgW + hlwW X (Tzu - TgiW

A

)>< 71” +hy, X (TgiE - Tgiw) )
X AgW = ucgaW X (TgiW - Ta) X AgW

On solving Egs. (1) and (2):

— A1+AZX110

giE P (3)
B, +B,xT,
T = e (4)
Kx
f TgiE + hlgETu
__8
Ty == )
L—S +hyg
g
fg TgiW + hlngu
__s
TgoW - Ki (6)
L—s + hlgw

The unknown terms, A, A,, B,, B,, and P in Egs. (3)—(6)
are mentioned in Appendix A:

e Basin liner

o, (Igg + Iy )+ 20, (T,

b

_’1—;0)+2hba(’1—;)_’1—;1) (7)

e Water equation

aT, A A
mfcf —=o, (ISE + ISW)J+ 2h,,, (Tb - Tw)ib
1T 2 2
A A ®)
—hy e (Tw - TgiE )7’} Iy (Tw - TgiW )7h +Qux
3.1.2. Equations of energy balance for heat exchanger
are immerged in basin water (BF/NF) of solar distiller
unit can be shown as
aT,
m,C,—=d, =—(2mr, xU)x(T, ~T,)xd, ©)

d

x

Applying the boundary conditions T at (x =0) =T,
and T at (x=L)=T,, on solving we get:

T ooT |1 —(2nr,UL) . —(2nr,UL) 10
wi =~ tue| LT €Xp mC +Lyon €XP mC ( )
f=f

~f
-1
where U = [1+ [r“)ln(rzz](lj]
hbf kl k] hbf

3.1.3. Equation of energy balance for N-PVT-CPC
water collectors is as

B St I,+ etV T +T,KY
: {(Au PAC KN)] [(AF(L))(l K“)]

WoN

m,C, (1 - Kp) m,C; (1 - Kp) o
(11)
By solving the Egs. (10) and (11) we get:
l(AFR(ow))l(l—K; )[ 12 i ﬂh .
i mC, (1-K,) | (1-¢K}) W

Wa(mﬁ)@—@){( 1

m,C,(1-K ) 1—eZK$)ﬂT”+THE

Now from heat energy gain is computed using the
following relation N-PVT-CPC-DS-HE.

QuN = mef (TwoN _Twi) (13)

From Egs. (12) and (13) the water output temperature of
N-PVT-CPC collectoris T, > T > T :

w

ot

(AF, (UL)1)(1—1<;”)
(1-x)) [l_ (1—e121<;’)ﬂ+ (14
T, +mef[THE -T, ]

Qn :[D11b+DzTu+D3] (15)

where the unknown terms D,, D, and D, are given in
appendix.

By putting T, T,/
(4) and (15) in Eq. (8):

2h, (T,-T),and Q  from Egs. (3),

A
; ZhbW2h+h]wE(1—

dt  mC B.+B)\A
e hlww(l_ 1P Z)Zh_Ds

b b
—L—(2n,, + D])7+

my mC,

A]+Aszb+

ar, T, 2

(16)
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daT

w

dt

=-a,T +f, (t)
Or

w

dt

+a,T, = £,(t) (17)
where

A +A,
P

Ab
L4
2

b
7+h
bw 2

2h

.
)

2
(2h,, + DZ)%+

1

me

a, =
B +

A
/ hlww(l_ 1P ’

)

(aw (ISE + ISW )%J + DZTa}
f

3

e (18)

My
fz f) (1 e ) 4 T;er—azm
a,

aT

w o

dt

I
fz(t)=7bc

where T  is basin water temperature at t = 0; f(t) is mean
value of f(t) at t =0 and ¢.

Further, by using Tables 2 and 3 for thermophysical
properties and coefficient of heat transfer from Table 4,
and the per hour temperature variation of basefluid and
CuO-nanoparticles (BF/NF) [31] of the distiller unit can be
obtained by Eq. (18) on substituting Tyw Tyw and T in the
equation:

My <Tu - TgiE ) +hyw (Tw -

Lop (#) Age + 1y (£) Ay

T

giw

)(4)

(19)

ngth =

N, = A, [hle(P_Az)+h1ww(P_Bz)(Tw)]_[hle(A1)+h1ww(B1):|}
gth ¢ "

P I, (£) Ay +1
]+

P
+T e

w0

s

(20)

V—hle (El - Ez)AgE +

»hmw (E]/ - E; )AgW

(1 _ e—uzm) :| _
>K1’EISE (t) + K{wlsw (t) +

T, (H,+H,+H,+H,) |

4, £(t)

a

1)

2

Table 2
Thermophysical properties of water (basefluid) [25]

37
Unknown expressions are mentioned in Appendix A:

On substituting f,(t), a, in Eq. (21):
e

Ah
P (1 (1) Ay + o (1) Ay
V—|:h1wE (E1 _Ez) (EI/ B E; )AgW:|

—a,At

Mgen =

AgE + hmw
’ ’
Hll + H33

[(ch + Z(thl)P"' Kl’E]ISE (t) 0,0t
{+[(ocw+20thhl)P+K1’w]Isw (t)+DZIC(t)}(e _l)
(t) (1)

—a,At

(1<' I () + K] I,

1E"SE

-T

)

+H, (1,
) (22)
ﬂ e—azAf
P (1SE () Ay +1gy (t)Agw)
[(or,, +200 1, )P+ K7 e () +

)P+K, ]
2 q[ (o, +20, )P+ K], ]I, (1) +

w

D,I(t)
(e =1) = (K71

1E7SE

Mgn-

T

a

+K/ I

Tw™SW

(t) )

(t))e'“zm +H;, (T,

w0

: T,-T,
ngfh =F |:((xr)eff + (23)

As an Eq. (23) corresponds to the instantaneous thermal
energy efficiency (_,) of an active double slope distiller unit
with helically coiled heat exchanger (N-PVT-CPC-DS-HE).
where

H) =H +H,+H,+H, =U_
Hga =U,A,-D,

AgE + hmw (E; - E; )AgW
Hj, +H;,

_ [hlmvE (El - Ez)
Zp =

Quality Symbol Expression
Density of fluid P, 0999.79 +0.0683T,, - 0.0107T2, + 0.00082T2° — 2.303 x 10°T2,
Specific heat of fluid C, 4.2170 - 0.005610T,, - 0.00129T}? + 0.000115T;, — 4.149 x 10°T2°
1
Viscosity of fluid i (557.82-19.408 X T,, +0.136 X T2 ~ 3.116 X 10~ x T}
Thermal conductivity of fluid ky 0.5650 +0.002630T,, — 0.0001250T}:% — 1.5150 x 10°T2, — 0.0009410T%,
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Table 3

Thermophysical properties of AL,O,, TiO,, CuO (water based nanofluid) [25-28]

3

Density P=9p,+(1-D)p,,
Thermal expansion P=9,p,+(1-9)B,
coefficient

k
k. =k, [1 +(1.01120)0, +(2.435)0, [d (47 )) - (0.02480)@, [ 5 6”13]}
nm ‘
P

0<@, < 10%,20<T <70°C, 11 < dp <150 nm (ALO, — water)

[ k 0273 . 0517 0234
100
=k x|[1+(0.135)] —=£ & Yo7 | Lot 100
nf bf ( )[k J ( l”) (20) [ dp )

P

Thermal conductivity o _ gy <109, 20 < T, <70°C, 11 <d, <150 nm (TiO, - water)

0.0235 0.2246
0.98430 +(0.3980)(@,) " (if] [d(:lm)J
bf P

%) @ %)
—(3.9510)[ == |+(34.0340)| - [+32.51| -
Tnf Tnf Tnf

0< @p <10%,20<T <70°C, 11 < dp <150 nm (CuO — water)

nf —

2

%
28'837] +0.5470, -0.163(, ) + 23.653[”J +0.01320°

nf —

2
4

wo= o.4491+(

nf

%] o5 o
—(2,354.735)| =L |+(23.498)| = | -3.0185| —
T a4 d

nf P

11< Qp <9,13< dp <130nm, 20< T < 90°C (ALQO, — water)

Viscosit
iscosity T

s -0.038 d -0.061
My =ty | (1+9,) [1+7ij [1+76]

10< @p <4,20< dp <170 nm, 0< T <70°C (TiO, - water)
247.8

e =(2414x107)x 100 )

0< @p <10,11< dp <150 nm, 20< T < 70°C (CuO - water)

T 0.3037 o 2272 d 04167
Cnf:0.8429 1+ 1+—L 1+-£
50 100 50

15< dp <50nm, 0<@ < 4%, 20 < T ;< 50°C (Al,O, and CuO - water)
Specific heat

A=1.3870, B=-0.004250, C =0.001124, D =-0.21159
d =21nm, 0< @ <8%, 15< T <65°C (TiO~water)




Dharamuveer et al. / Desalination and Water Treatment 233 (2021) 30-51 39

Table 4

Coefficients of heat transfer in different areas of the unit (HTCs) [31-36]

Heat transfer coefficients

Relations

Natural convection HTCs of the
basin to water

Internal HTC on water surface to
inside glass cover

Within compound parabolic
(concentrator CPC)

Nusselt number: (Nu )w = (hb}v()X = C(REP,)n

Reynolds number: (RF) = [poX]
v u w

C =0.540, n = (1/4), plate is horizontally facing uphill

From Dunkle’s model

ef

IJw -P i
Evaporation HTCs: h,,, = (0.016273)h {T £ }

w gi

Convective HTC: h_ = 0.844 (AT)"?

where P_ =exp|:25.17—(5’;44J:|; AT:[Tw_T ]+ W

8 2.689x10° — P

x w

Radiative HTC, i, = € ,o[(T, +273)" + (T, + 273)][T, - T, + 546]

where L=i+l—1

eeff ew eg

Basefluid as water in case I

b

0.140
1/3
N = 1'750(1%] [sz + 0.0083(Grmprm )0.75]

Mg
. . 1T (Cyg
Arithmetic average Graetz number: Gz, = L
b
D*AT
Arithmetic average Grashof number: Gr, = 8 -
Mt
Here T is bulk temperature difference, D is tube dia., L = length of heated part of tube in
nanofluid
k
hCPC = (Nu )nf Hf

" (£ 0w,

_ 1+12.7\/z[(13,)g —1)

For3x10°<(R) <5x10°and 0.55 < (P) <2 x 10°

nf =

4m
- s e
(Rf’)nf - nDiunf 4 (Pr)nf Tk

nf

m, = mass flow rate in any risernadf = darcy friction factor
f=10.79 In(R ), — 1.64]? petukhow correlation for smooth tube
Correlations used for tubes roughness

D. .
1 =-2lo €/ L 251 for 4x10°<5x%x10° and 0<e

7% TR T D, <0.05

(Continued)



40 Dharamveer et al. | Desalination and Water Treatment 233 (2021) 30-51

Table 4 Continued

Heat transfer coefficients Relations

(N.),, = (2.153 + 0.318(D°s3)Po177)
For20<D <2 x10°and 0.7 < P, <200

Deans number (De )nf = (Re )nf \/ZT ;Reynold number ( Re)nf = f

d_= coil diameter; d, = r | innertube diameter
(I\Iu)nf = 3.67(DS.6760.009®1.004)

k
:L”)nf L kg =k tk

h
nf static brownian
d i

K, + 2k, =20k — k)

Within heat exchanger e = and
K, + 2k, + Ok, k)
/ kT
kstaﬁc = (5 X 104)(ngnfcbf Zp bR ]’ f(T,@)
np”np
B =8.44 x 100 x D™ for 1 < I <10% (ALO,, nanoparticle)
Function of modeling:
T
£(T,0)=(2.820x10°@+3.910x 103)(TJ ~(3.069x10°@+3.91x107)
0
where, @ = nanoparticles concentrations; and d =d/d, T, = reference temperature
Table 5

Enhancement in average daily yield, average thermal energy and average thermal exergy of proposed system over the previous
research

Parameters Thermal energy, exergy and daily yield Enhancement (%)

Thermal energy Thermal exergy Daily yield (kg) Thermal Thermal Daily yield

(kW/m?) (kW/m?) energy exergy (kg)
Proposed system 165.13 1.31 10.56 13.68 8.22 16.31
Previous research 145.25 1.21 9.08

In the equation:

Y = (Ie (1) Age +1 ()Agw) N, = m,Cy (T, = Too)
(ISE () Ay, + 1, (t)Agw)

(o, +20, ) P+ K7, |1 (£)+

w

[oc +20,11,) P+K1’w]lsw(t)+

(=) n“h:[(l (A, +1 (t) Agy) ][ H/, +H., ]

+I< WL ()) 2 I:(OLerzo%h )p+K’ ]1 (t +[ ocw+2(xh P+K{w:|
Loy (£)+ DI (1) (1= )+ (H}, + H, (T, =T, ) (e - 1){ (24)

a

IE SE

Later an equation for the instantaneous loss thermal
energy efficiency can be calculated by substituting the
equation.

—
I
-~
—

T,
d;;’“ +a,T =f, (t) Mo = F/ |:((XT)L ff Ul I(t) :| (25)
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where

m fo
(H;, +Hz,)

’
L =

(o)., =] (or, +20401,) P+ K, | I (£)+[ (ot +201,12,) P+ K7, ]

Iy (£)+ DI (£)(1-)

u’

Leff

= (Hy, +Hy, ) (e -1)

Hl, =U,A,-D,

On the basis of the thermodynamics laws for the given
entities, the analysis of energy and exergy has been done,
respectively. Per hour variation in thermal energy (E, )
and exergy (E, ) of proposed system can be taken
using following relations [37,38].

EhourlyEn = |:hle (T TglE) hlwW (T Tng )j| (Ab) (26)
T,~T,.)~(T,+273)In (“273)+
T +273
Eiourtyex = R A, (27)
+
lwW ng) (T;r+273)1 (W]}
M, XL,
Thowtyen = {A <1 +A 1(t )><3,600}X100 (28)
Mhourlyex = [0933)(14 1. )JX
T +273
hmE[(Tu ~T,.)~(T,+273) In [W} )
b
T +273
WW[ —(T, +273)In [WH (29)

The constant 0.933 expresses the exchange constant
for solar radiation of exergy, per hour water generation of
the proposed system that can calculate by the mentioned
equation.

q (T, -T,)
M, =% 3,600 = = x3,600

v v

(30)

where the latent heat of vaporization is expressed as [38]:

L, =3.1625x10°+[1-(7.616 x 10* x T )] for T >70°C

L, =2.4935x10°x [1-(9.4779 x 10* x T ) + 1.3132 x 1077 x
(T2) - 4.7974 x 10°(T)]

For T <70°C

Hourly change in basal water temperatures [Eq. (17)],
thermal energy [Eq. (26)], thermal exergy [Eq. (27)], and
output [Eq. (30)] of the proposed water system loaded

nanoparticles have been obtained using thermal trans-
fer relationships [10,19], relationship for thermophysical
properties of vapor, basefluid [25-28] and nanoparticles
(Table 4) [31-36].

4. Methodology

In the present paper, the annual number of days for
climatic conditions of (a), (b), (c), and (d) for New Delhi
is taken, and entities have been extracted out from IMD,
Pune, India. Using Liu and Jordon formula, sun radiation
on the cover of toughened glass inclined at 30° of dou-
ble slope helically coiled heat exchanger solar still and
inclination 45° opted for partly covered photovoltaic ther-
mal (N-PVT-CPC-DS-HE) compound parabolic concentra-
tor is calculated with the help of MATLAB-R2016a [52].
The variations of sun radiant energy and temperature of
ambient are annually shown in Figs. 4 and 5. The procedure
adopted to study the proposed system (CuO water-based
nanoparticles) is performed by using a characteristic curve
for collectors N = 4, for flow rate of 0.02 kg/s, 280 kg basin
fluid 0.25% concentration of metallic nanoparticles.

For better understanding the methodology for numer-
ical computation of N-PVT-FPC-DS-HE/N-PVT-CPC-
DS-HE and their subsequent comparison, a flow chart has
been drawn as follows. Fig. 3 represents the flow chart for
a better understanding of the methodology followed for
carrying out analysis.:

Step 1

The initial values of temperature of the heat exchanger,
basin fluid temperature, input and output temperature
of collector, etc., are taken equal to ambient temperature.
Based on the initial input, using properties of thermo-
physical for basefluid from Table 2 and CuO-nanoparticles
from Table 3, the output temperatures have been calcu-
lated. The relevant equations have been used to assess the
temperature of water of double slope solar still [Eq. (18)],
collector outlet fluid temp [Eq. (11)], and fluid temp in the
heat exchanger [Eq. (10)].

Step 11

The coefficients of collectors of double slope distiller unit
using a helically coiled heat exchanger (N-PVT-CPC-DS-HE)
and internal heat transfer coefficient have been calculated
and compared by using relations as given in Table 4.

Step I11

Egs. (26), (27) and (30) have been used for thermal energy,
thermal exergy, and productivity, respectively, and results
are compared for the mass of 100 and 280 kg of basin fluid.

5. Result and discussion

Hourly variation of temperature in different sections
of Nth double slope photovoltaic compound parabolic
concentrator collector with helically coiled heat exchanger
(N-PVT-CPC-DS-HE) proposed system and (N-PVT-FPC-
DS-HE) previous system both systems are presented in
Figs. 1 and 2. In these systems, the different temperatures
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Fig. 4. Hourly variation of solar intensity for New Delhi climatic conditions.
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Fig. 5. Hourly variation of ambient temperature on a typical day of the month of May in New Delhi.

of the proposed system are found to be higher in comparison
to the previous system.

Fig. 6 shows the positive increment in basin water tem-
perature for the proposed system by 5.97°C/d for the same
basin area compared to the previous research. The increasing
trend of graph continuous up to May and the gap between
the proposed and existing work is almost uniform. Hence,
the influence of CuO-nanoparticles in the helically coiled
heat exchanger increases the temperature and conducts
through it the basin water in an efficient manner. The aver-
age temperature daily for the proposed system is exten-
sively enhanced than the previous system, that is, 47.30 and
42.99°C/d, respectively. The higher temperature is due to
external thermal energy from PVT-CPC.

Fig. 7 shows the affirmative growth in the inside
glass temperature of Eastside for the proposed system by
4.37°C/d for the same basin area compared to the previous
research. The increasing trend of the graph is continuous
up to May, and the generalized gap between proposed and
existing work is almost uniform. Hence, the influence of

CuO-nanoparticles in the helically coiled heat exchanger
increases the temperature and conducts the basin water effi-
ciently. The average temperature daily for the proposed unit
is extensively enhanced than the already existing system,
and results appear as: 40.02 and 37.24°C/d, respectively.

Fig. 8 shows the affirmative growth in the inside glass
temperature of the west side for the proposed system by
4.37°C/d for the same basin area is compared to previous
research. The increasing trend of the graph is continuous
up to May, and the generalized gap between proposed and
existing work is almost uniform. Hence, the influence of
CuO-nanoparticles in the helically coiled heat exchanger
increases the temperature and conducts the basin water
efficiently. The average temperature daily for the proposed
system is extensively enhanced than the already existing
unit, and results appear as: 39.96 and 37.23°C/d, respectively.

Fig. 9 shows the optimistic addition in heat energy
on the east side for the proposed system (22.99 kW/
m?/d) compared to the earlier research for the same basin
area. The increasing trend of the graph is continuous up
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to May, and the generalized gap between proposed and
existing work is almost uniform. Hence, the influence of
CuO-nanoparticles in the helically coiled heat exchanger
increases the temperature and conducts through it the

jun jul aug sep oct nov dec

Month

basin water in an efficient manner. The average heat energy
daily for the proposed system is extensively enhanced
than the already existing unit, and results appear as:
165.7 and 145.7 kW/m?d correspondingly.
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Fig. 9. Monthly variation of heat energy in kW/m? (East-side).

Fig. 10 shows the optimistic addition in heat energy
on the west side for the proposed system (22.95 kW/
m?/d) compared to the earlier research for the same basin
area. The increasing trend of the graph continuous up
to May and the generalized gap between proposed and
existing work is almost uniform. Hence, the influence of
CuO-nanoparticles in the helically coiled heat exchanger
increases the temperature and conducts through it the basin
water in an efficient manner. The average heat energy daily
for the proposed system is extensively enhanced than the
already existing unit, and results appear as: 164.56 and
144.75 kW/m?/d respectively.

Fig. 11 shows the constructive augmentation in heat
transfer coefficient on the east side for the proposed sys-
tem by 17.32 W/m?°C/d for the same basin area compared
to the previous research. The increasing trend of the graph
continuous up to May and the generalized gap between
proposed and existing work is almost uniform. Hence,
the influence of CuO-nanoparticles in the helically coiled
heat exchanger increases the temperature and conducts
through it the basin water in an efficient manner. The
average heat transfer coefficient temperature daily for the
proposed system is extensively enhanced than the already

300 +

250

Heat Energy West in kW/m2
=
wv
o

50 A

jun jul aug sep oct nov dec

existing unit, and results appear as 37.52 and 30.54 W/
m?°C/d correspondingly.

Fig. 12 shows the constructive augmentation in heat
transfer coefficient on the west side for the proposed system
by 17.31 W/m?*°C/d for the same basin area is compared to
the previous researcher. The increasing trend of the graph
continuous up to May and the generalized gap between
proposed and existing work is almost uniform. Hence, the
influence of CuO-nanoparticles in the helically coiled heat
exchanger increases the temperature and conducts through
it the basin water in an efficient manner. The average heat
transfer coefficient basis for the proposed unit is extensively
enhanced than the already existing unit, and results appear
as: 37.47 and 30.49 W/m*°C/d correspondingly.

Fig. 13 shows the electrical exergy for the proposed
system at 11.22, 12.38 and 12.08 kWh/month for the same
basin area compared to the previous research. With the
increasing trend of the graph for the month, the general-
ized gap between proposed and existing work is almost
uniform. Hence it can be predicted that the influence of
CuO-nanoparticles in the helically coiled heat exchanger
does not affect electricity generation due to photovoltaic
thermal attached to the system. The average electrical

«==¢=N-PVT-DS-CPC

= N-PVT-DS-FPC

jan fab may

Fig. 10. Monthly variation of heat energy in kW/m? (West-side).
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Fig. 12. Monthly variation in heat transfer coefficient (West-side)
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exergy daily for the proposed system is significantly higher
than the already existing system, and the results appear-as:
11.22,12.38, and 12.08 kWh/month 12.38 kWh/month (max-
imum) and 6.93 kWh/month (minimum), which depend
on the covering of the photovoltaic thermal system, which

jun jul aug sep oct nov dec
Month
m0.02
jun jul aug sep oct nov dec
Month

is 25% in the previous and the proposed system. These
results can be further improved by increasing the cover-
age area by 50%, 75%, and 100%. The proposed system can
generate a sufficient amount of electricity used to oper-
ate the pump’s motor to circulate water, and the rest can
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be stored for further use when there is no sunlight. So this
system is called self-sustainable.

Fig. 14 shows the positive increment in thermal exergy
for the proposed system (0.16 kWh/d) for the same basin
area compared to the previous research. The increasing
trend of the graph continuous up to May and the gener-
alized gap between proposed and existing work is almost
uniform. Hence, it can be predicted that the influence of
CuO-nanoparticles in the helically coiled heat exchanger
increases the temperature and conducts through it the
basin water in an efficient manner. The average thermal
exergy daily for the proposed unit is extensively enhanced
than the already existing unit, and results appear as: 1.31
and 1.22 kWh/d, respectively.

Fig. 15 shows the positive increment in daily yield for
the proposed system by 2.43 kg/d for the same basin area
compared to the previous research. The increasing trend
of the graph continuous up to May and the generalized
gap between proposed and existing work is almost uni-
form. Hence, it can be predicted that the influence of CuO-
nanoparticles in the helically coiled heat exchanger increases
the temperature and conducts through it the basin water in
an efficient manner. The average yield daily for the proposed
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unit is extensively enhanced than the already existing
unit, and results appear as: 10.56 and 9.08 kg/d, respectively.

As the previous research has low value of yield, ther-
mal energy and thermal exergy in case of FPC while the
proposed research has CPC there is a countable increment
in yield, thermal energy and thermal exergy respectively.
Remarkable enhancement is seen.

6. Conclusions

The performance of the proposed system and the pre-
vious system has been studied using characteristic equa-
tions and analyzed the effect of using CuO-nanoparticles
and found better performance over the previous studies.
In a study of both systems, it is found that the performance
of the proposed system is better than the previous system.
The performance observed based on maximum tempera-
ture difference, thermal energy, thermal exergy, heat transfer
coefficients, and generation of potable water is found to be
greater using N-PVT-CPC-DS-HE using CuO-nanoparticles.
The utilization of CPC further increases the water tempera-
ture up east and west side up to max. 4.37°C and min. 1.64°C.
The 25% covered PVT produces 97.6% excess electricity that
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Fig. 14. Monthly average variation in thermal exergy in kWh.
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Fig. 15. Daily yield in kg of the proposed system.
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can be utilized for other supportive applications. The opti-
mum mass flow rate achieved is 0.02 kg/s than the previ-
ous 0.03 kg/s, that is, decreased about 33%. This decrement
in mass flow rate will also improve the pump performance
and reduce the maintenance required for the pump.

Future scope

The present work can be further expanded by doing
intensive research in CPC-PVT-PCM utilizations up to their
optimum level. The partly covered FPC can be increased
beyond 25% to run the system at night with additional
supportive electrical subsystems. The profile of CPC may
further increase the mass water temperature and can be fur-
ther utilized by the PCM at night. It can be another cause
for the system performance enhancement, and to quantify
that, further research is needed.

Symbols

— Basin region, m?

—  Under glazing region of collector, m?

East side glass cover area, m?

—  West side glass cover area, m?

— PVT area, m?

—  Blue sky (clear days)

— Hazy days

—  Heat nanoparticle (specific in J/kg-K)

—  Basefluid heat (specific in J/kg-K)

—  Heat nanofluid (specific in J/kg-K)

Collector tube dia. in m

— Nanoparticle dia. in nm

Compound parabolic concentrator

—  Dartially foggy and unclear days

—  Fully unclear days

Distiller unit with double slope

Collector efficiency factor

—  Coefficient of heat transfer glazing and absorb-
ing plate, W/m? K

Coefficient of heat transfer PVT to ambient,
W/m? K

Coefficient of heat transfer blackened plate to
fluid, W/m?2 K

Coefficient of heat transfer basin liner to water,
W/m? K

Coefficient of heat transfer basin liner to
ambient, W/m2 K

Coefficient of convective heat transfer, at CPC,
W/m? K

Coefficient of convective heat transfer, in heat
exchanger, W/m? K

Coefficient of radiant heat transfer water sur-
face to inside of glass cover in east, W/m? K
Coefficient of radiant heat transfer water sur-
face to inside of glass cover in west, W/m? K
Coefficient of convective heat transfer, surface
water to inside glass cover in east, W/m* K
Coefficient of heat transfer convective, water
surface to inside of glass cover in west, W/m? K
Coefficient of heat transfer evaporative, water
surface to inside of glass cover in east, W/m? K
Coefficient of heat transfer evaporative, water
surface to inside of glass cover in west, W/m? K
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QuN

Coefficient of total heat transfer in
east, W/m?K

Coefficient of total heat transfer in
west, W/m?2 K

Coefficient of total heat transfer amid
fluid area and glass cover in east,
W/m? K

Coefficient of total heat transfer amid
fluid area and glass cover in west,
W/m? K

Radiant energy falls on collector,
W/m?

Radiant energy falls on glass cover in
east, W/m?

Radiant energy falls on glass cover in
west, W/m?

Glass thermal conductivity, W/m K
Insulation thermal conductivity,

W/m K

Absorption plate thermal conductiv-
ity, W/m K

Nanoparticle thermal conductivity,
W/m K

Nanoparticle thermal conductivity,
W/m K

Basefluid thermal conductivity,

W/m K

Helical coiled heat exchanger

length, m

Under glazing collector length, m
Insulation thickness, m

Glass cover thickness, m

PV module length, m

Absorption plate thickness, m

Mass of basin water, kg

Per annum water generation, kg

Flow rate of water, Kg/s

Photovoltaic thermal

Penalty factor by glass cover module
Penalty element with a suction plate
under the module

Penalty element with a suction plate
on the polished assignment

Penalty factor by glass covers to glazed
portion

Partially pressure of saturated vapor
of glass cover, N/m?

Outside dia. of helical coiled heat
exchanger, m

Inside dia. of the helical coiled heat
exchanger, m

Temperature inside glass cover of
solar distiller in east, °C

Temperature of inner glass cover of
solar distiller in west °C

Temperature outside glass cover of
solar distiller in east, °C

Temperature of outside glass cover of
solar distiller in west, °C

Nith serially connected PVT-CPC dou-
ble slope solar distiller unit

Usable heat to N alike partly covered
PVT-CPC, kWh
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Reflectivity

Fraction of per day diffused to per day total
radiation

Ambient temperature, °C

Solar cell temperature, °C

Average solar cell temperature, °C

Input water temperature of collector, °C
Temperature of basefluid in collector, °C
Output water temperature of collector, °C
Nanoparticle temperature, °C

Temperature of absorption plate, °C
Temperature of sun, °C

Vapor temperature, °C

Temperature in basin water, °C

Temperature of water, °C at t=0

Temperature difference amid nanoparticle to
basefluid in distiller unit, °C

Temperature difference amid nanoparticle to
basefluid at the output of PVT collector, °C
Temperature difference amid nanoparticle to
basefluid in heat exchanger, °C

Total heat transfer coefficient, cell to ambient,
W/m?2 K

Total heat transfer coefficient, suction plate to
ambient, W/m?2 K

Total heat transfer coefficient, PV module to
ambient, W/m?2 K

Total heat transfer coefficient, glazing to ambi-
ent, W/m? K

Coefficient of total heat transfer, condensing
cover to ambient, W/m? K

Total heat transfer coefficient, base liner to
ambient, W/m?2 K

Total heat transfer coefficient, condensing cover
of east side to ambient, W/m? K

Total heat transfer coefficient, condensing cover
of west side to ambient, W/m? K

Total heat transfer coefficient, cell to absorption
plate, W/m? K

Characteristic length of solar distiller unit, m

Condensing cover absorbed solar radiation
Basin surface absorbed solar radiation

Water absorbed solar radiation

Solar cell absorbed solar radiation

Top glass cover transmitted solar radiation
Volume fraction of NPs, %

Collector efficiency, %

Packing factor

Coefficient of thermal expansion of nano-
particle, K™

Coefficient of thermal expansion of

nanofluid, K-!

Coefficient of thermal expansion of basefluid, K™
Basefluid dynamic viscosity, Ns/m?

Nanofluid dynamic viscosity, Ns/m?
Nanoparticle density, kg/m®

Nanofluid density, kg/m?

Basefluid density, kg/m?

Subscripts

a —  Ambient air

b — Basin area

v —  Vapour

S — Inside condensing cover

s, —  Outside condensing cover

w —  Water (fluid)

[4 —  DParticles

CPC — Compound parabolic concentrator
th —  Thermal

sol —  Solar

E —  Eastern side

W —  Western side

ann —  Per annum

ex —  Exergy

en —  Energy

Abbreviation

HTC  —  Factor of heat transfer coefficient
DSSS —  Solar distiller unit of double slope
CPC — Compound parabolic concentrator
NPs  — Nanoparticles

HE —  Heat exchanging device

NF —  Mixture of nanoparticle and glycol
BF —  Basefluid
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Expressions for K, (AF (o)), and (AF U,), used in Eq. (1)
are as follows.
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