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Abstract

Brines (ethylene glycol, calcium chloride, propylene glycol and potassium acetate)-based hybrid (combinations of alumina,
copper oxide, silica and titania with copper nanoparticles) nanofluids have been used as a secondary refrigerant to improve
the heat transfer characteristics of the plate evaporator for milk chilling. Effect of nanoparticle combination, shape and size
on heat transfer area, pump work, the ratio of heat transfer coefficient to pressure drop, coefficient of performance, perfor-
mance index, thermal performance factor and exergetic efficiency has been examined theoretically. Copper oxide—copper
hybrid nanofluid gives superior performance, while silica—copper hybrid nanofluid performs well in terms of exergetic effi-
ciency. The maximum decrease in effective heat transfer area (5.9%) is found for propylene glycol brine-based copper oxide
hybrid nanofluid. Percentage change in heat transfer area and performance index reduces with an increase in the particle size
and is maximum for alumina—copper hybrid nanofluid. However, thermal performance factor increases with particle size.
Brick-shaped particles show maximum changes in heat transfer area and performance index, while platelet-shaped particles
show worse performance. The study reveals that the nanoparticle shape has a strong influence on the plate heat exchanger
performance due to a significant deviation in surface area-to-volume ratio.
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Performance parameter

List of symbols N, Number of passes (dimensionless)
A Heat transfer area (m?) N, Number of plates (dimensionless)
b Mean channel spacing (mm) Nu Nusselt number (dimensionless)
< Specific heat (J kg_1 K P Pressure (Pa)
D Diameter (mm) 0 Heat transfer rate (W)
D, Hydraulic diameter (m) r Radius (nm)
E Exergy rate (W) s Specific entropy (J K1)
f Friction factor (dimensionless) T Temperature (K)
G Mass velocity (kg sT'm™?) t Plate thickness (mm)
h Specific enthalpy (J kg™ U Overall heat transfer coefficient (W K=! m~2)
J Comparison factor (m s K™ w Work transfer rate (W)
k Thermal conductivity (W m~' K1) Abbreviation
Z Ll\fa?sgstg(g$ )rate (kg s™h ALO; Alumina
. £ CaCl, Calcium chloride
M Molecular weight CuO Copper oxide
n Shape function (dimensionless) COP Coefficient of performance
-1
N Avogadro number (mole™) EES Engineering equation solver
EG Ethylene glycol
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PHE Plate heat exchanger

PG Propylene glycol

PI Performance index

TiO, Titania

TPF Thermal performance factor
v% Volume percentage

Greek symbols
Heat transfer coefficient (W K~! m™2)

a
s Chevron angle (°)

P Density (kg m™>)

n Efficiency (dimensionless)
Q Coefficient (dimensionless)
(o} Volume fraction (dimensionless)
u Dynamic viscosity (Pa s)
Subscripts

II Second

a First particle

b Second particle

bf Basefluid

ch Channel

comp Compressor

e Ambient

eva Evaporator

i Inlet

nf Hybrid nanofluid

0 Outlet

p Port

r Refrigerant
Introduction

Issues such as depletion of energy resources and environ-
mental temperature rise lead to the direction of the study
on the improvement in thermal systems and heat transfer
fluids with enhanced thermo-physical and transport charac-
teristics. To reduce the primary refrigerant leakage-related
environmental problem, secondary refrigerants such as
various glycols and salt solutions have been implemented
for the secondary loop refrigeration [1]. Water-based solu-
tion (brine) of ethylene glycol (EG), propylene glycol (PG),
calcium chloride (CaCl,) and potassium acetate (KAC) is
widely used as a secondary refrigerant [2]. Nanofluids have
been emerging as an innovative fluid because of excellent
heat transfer characteristics and heat exchanger size reduc-
tion, which make them suitable for various applications
[3-5]. Recently, hybrid nanofluids (HyNfs) are also getting
importance due to their enhanced transport properties and
heat transfer behavior due to hybridization [6, 7]. The ther-
mal conductivity can be considerably improved by using
mono as well as hybrid nanofluids [8—10], which leads to
their application in various thermal and chemical systems
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[11-13]. The improvement in heat transfer performance
using hybrid nanofluids can be adjusted by altering the nano-
particle mixture ratio [14, 15]. Either the size of the thermal
system or the pumping power of the existing system can be
reduced by using hybrid nanofluids [16]. Plate heat exchang-
ers are broadly operated in many food processing applica-
tions, and the performance of plate heat exchanger can be
significantly improved by using nanofluids with optimum
nanoparticle concentration [17]. Huang et al. [18] observed
the enhancements in pressure drop and heat transfer coef-
ficient using MWCNT-AL,Os/water hybrid nanofluid in
the plate heat exchanger. Kumar et al. [19] performed the
energetic and exergetic analyses on the plate heat exchanger
with various plate spacings using Cu—Al,O5/water hybrid
nanofluids and showed the best performance for 5-mm plate
spacing. Bhattad et al. [20] observed that the performance
of refrigeration unit is enhanced using HyNf as a secondary
refrigerant in plate evaporator. Kumar et al. [21] performed
an exergetic analysis on the plate heat exchanger with dif-
ferent MWCNT-water hybrid nanofluids and observed that
CeO,~MWCNT/water hybrid nanofluid could be a suitable
coolant as it yields maximum reduction of exergy loss by
24.75%. Through theoretical studies on plate heat exchanger,
Bhattad et al. [22, 23] concluded that brine-based hybrid
nanofluid yields better energy—exergy performances as a sec-
ondary refrigerant or coolant. These facts have motivated to
use brine-based hybrid nanofluids as a secondary refrigerant.

The investigation of different nanoparticle shapes and
sizes is also crucial as they affect various properties of the
nanofluids. Different authors studied the influence of parti-
cle shape and size on rheological behavior and properties
such as density, specific heat capacity, dynamic viscosity,
thermal conductivity [24—-31] and the heat transfer perfor-
mance of the heat exchangers [32-35]. Timofeeva et al. [25]
observed that elongated nanoparticles such as cylindrical
and platelet-shaped result in increased viscosity. Xie et al.
[36] saw a drop in the thermal conductivity of nanofluids
with an increase in particle size. Kim et al. [37] found that
the thermal conductivity of nanofluids rises linearly with a
decrease in the particle radius. The particle size becomes
significant in the case of higher particle concentrations
[38]. Mintsa et al. [39] measured the thermal conductivity
of Al,O; and CuO nanofluids and revealed that the effective
thermal conductivity increases with a rise in particle addi-
tion and with a reduction in particle size. Monfared et al.
[40] conducted a second law analysis of a double-tube heat
exchanger with different nanoparticle shapes and observed
the best performance with a spherical shape. Related previ-
ous works are summarized in Table 1, and as shown, only
shape effect has been studied for heat exchangers; no work
on nanoparticle size effect is available. Also, to the best of
the authors’ knowledge, the impact of nanoparticle size and
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Table 1 Previous studies on heat exchanger with different shape/size nanoparticles

References Device

Nanofluid, investigation

Findings

Elias et al. [32]
effect

Mabhian et al. [33] Minichannel solar collector

effect
Arani et al. [34]
effect

Hajabdollahi and
Hajabdollahi [35]

Monfared et al. [40] Double-pipe heat exchanger
effect

Shell and tube heat exchanger Alumina/EG brine, nanoparticle shape
Alumina/EG brine, nanoparticle shape
Sinusoidal-wavy minichannel Alumina/EG brine, nanoparticle shape
Shell and tube heat exchanger Alumina/water, nanoparticle shape effect

Alumina/EG brine, nanoparticle shape

Cylindrical shape yields best performance

Entropy generation is minimum for the brick
shape

Highest performance evaluation criterion for
the spherical shape

Thermo-economic parameters are improved
higher for brick shape

Lowest frictional entropy generation for the
spherical shape

shape has not been studied yet for nanofluids in the plate
heat exchanger.

Hence in this paper, a theoretical analysis has been per-
formed to explore the effects of nanoparticle shape and size
on the energoexergy characteristics of the corrugated, counter-
flow plate-type heat exchanger as an evaporator with different
brine-based hybrid nanofluids as the secondary refrigerant for
milk chiller application. Studied hybrid nanofluids comprise
different nanoparticles (the combination of a metal particle
with ceramic particles) such as CuO, SiO,, Al,05 and TiO,
with Cu nanoparticles, mixed in equal particle volume in the
base fluid (total concentration of 0.8 v%). The different base
fluids comprise different brine solutions in distinct percent-
ages, maintaining consistent freezing temperature. The evapo-
rator capacity has been taken as 50 kW. Influence of vary-
ing brine solution and nanoparticle combination on the heat
transfer area, pumping power, comparison factor, coefficient
of performance, performance index, second law efficiency and
thermal performance factor has been analyzed. The conse-
quence of particle size (average diameter varying from 10 to
50 nm) and particle shape (spherical, cylindrical, brick and
platelet) has been investigated on the heat exchanger area,
performance index and thermal performance factor.

Methodology
Modeling procedure and simulation

In the present theoretical investigation, a corrugated, coun-
terflow-type plate heat exchanger (PHE) exchanging heat
between the secondary refrigerant (brine-based hybrid
nanofluid) and primary refrigerant (ammonia) has been
considered as an evaporator. The study is concerned with
milk chilling application. A block diagram of the refrigera-
tion system (with the secondary loop) is shown in Fig. 1.
Evaporator, condenser, nanofluid inlet and outlet tempera-
tures have been chosen as 0 °C, 40 °C, 20 °C and 5 °C,
respectively, for milk chilling unit. Properties of ammonia

Condenser —_—
3 2
Expansion
Valve
Primary Compressor
Refrigerant Loop

Plate Evaporator

Secondary

Refrigerant Loop Pump

Fig. 1 Block diagram of secondary loop refrigeration system

and base fluids have been acquired from EES Library [41],
whereas properties of nanoparticles have been taken from
the literature and are shown in Table 2. The hybrid nano-
fluid sample was assumed to be stable and homogeneous
for a longer period. Different particle sizes (10-50 nm)
and different particle shapes (brick, sphere, cylinder and
platelet) have been taken to show their effects.

Modeling has been performed based on heat capacity
and heat transfer rate equations. For this, the overall heat
transfer coefficient has been determined by,

1
R (M

L5 A kw

where ¢ is the plate thickness, a, is the heat transfer coef-
ficient of refrigerant, a, is the heat transfer coefficient of
hybrid nanofluid, U is the overall heat transfer coefficient
and k,, is the thermal conductivity of plate.

The formulation for the calculation of mass flow rate
of primary and secondary refrigerants, heat transfer coef-
ficient and pressure drop is taken from Bhattad et al. [22,
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Table 2 Thermo-physical

. . Nanoparticles/base fluids Thermal Specific Density/kg m™  Viscosity/Pa s

pI‘OpCI‘th.S of different . conductivity/W m™' K~!  heat/J kg™! K~

nanoparticles and base fluids

20°C) ALLO, 36.6 752 3970
CuO 17.2 548 6315
TiO, 8.5 703 4160
Sio, 1.38 738 2202
Cu 401.7 383 8936
EG/water (15%) 0.53 4004 1018 0.001456
PG/water (17%) 0.51 4050 1012 0.001859
CaCl,/water (10%) 0.59 3608 1083 0.00128
KAC/water (12%) 0.56 3751 1059 0.00135

23]. The heat exchanger area has been estimated from
Eq. (2).

_ UA((Tnﬁ - Teva) B (Tn
- ln (Tn[i_Tcm)
(Toto=Tewa)

eva

fo Teva))

0 ®)

The combined effect of heat transfer coefficient and pres-
sure drop due to the application of nanoparticles has been
studied through the comparison factor, J, which is a ratio of
heat transfer coefficient to the pressure drop.

J=a/Ap 3)
Pump work and compressor work are given by,
Wpump = manpnf/pnfnpump and Wcomp = mr(hZ - hl) (4)

The coefficient of performance (COP) is defined as the
ratio of heat transfer rate and power required by pump and
compressor, and is given by

+W

COP = Q/(Wc pump)

&)

The performance index, a dimensionless number, is a
ratio of heat transfer rate to pump work, which is given by,

omp

PI=Q/W

pump

(6)

The relevance of heat transfer and pressure drop charac-
teristics is shown using thermal performance factor (TPF)
(421,

1

TPF = <N““f>/ <&>5
Nuys ot

Nusselt number and friction factor for hybrid nanofluid

and base fluid are calculated using the correlations given by

Huang et al. [43] and Kakac and Liu [44]. The formulations

for exergetic modeling and exegetic efficiency calculation of

brine-based hybrid nanofluids are taken from Bhattad et al.
[22, 23].

(N

@ Springer

The density and specific heat capacity of hybrid nano-
fluids containing all types of nanoparticles have been cal-
culated by, respectively,

PutCont = PpPoCpp T PoPaCpa + (1 — P)pyecy b 9)

where =0, + O,

The size/shape of the particle significantly affects the
transport properties of hybrid nanofluid. To show the con-
sequence of particle size (mean radius) on different param-
eters, the following correlations were used for estimation
of thermal conductivity [45] and dynamic viscosity [46,
47] of hybrid nanofluids.

ot @k, Tt @yks,
k.= |k
nf [ or + r,(1—®)  r(-d) (10)
Mot = (l’lnfacpa + l’lnfbdjb)/(p (11)
Hnfa — 1
oty 34.87(%)03@1-03 (12)
ot _ !
oty - 34.87('*i)0'34>1~03 (13)

Ty
1
[ 6M ]5

P = 7N pyg (14)
L

where r=radius in nm, M =molecular weight and N= Avog-
adro number.

Different particle shapes such as sphere, cylinder, brick
and platelet have been taken for the investigation purpose.
To show the effect of particle shape on various parameters,
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Table 3 Value of shape factor () for different shapes [48]

It has been assumed that both the particles, in a particular

Particle shape Brick

Platelet

Sphere hybrid nanofluid, are of the same size and the same shape.

Shape factor (n) 3.7

5.7

Engineering equation solver [41] has been used for simu-
3 lation purposes because of its easiness in use and inbuilt

Table 4 Value of coefficients (; and Q,) for different shapes [49]

library function.

Model validation

Coefficient Brick Cylinder Platelet

o o s 1 The simulation model has been authenticated with own
! ‘ ‘ ’ experimental data. The layout and picture of the experimen-

Q, 471.4 904.4 612.6

tal facility are shown in Figs. 2 and 3, respectively, which

the following models were used for thermal conductivity
[48] and dynamic viscosity [47, 49].

koe

knf _ <ka + (na - 1)kbf - (na - 1)(kbf - ka)d)a>
k, + (n, — Dk + (kyp — k)@,

(kb + (n, — Dk — (ny, — D(kye — kb)(Db>

Hnt
Hot

where n, and n, are shape factors whose values are given in

Table 3 [48].

€, and Q, are coefficients whose values are provided in

Table 4 [49].

Fig.2 Layout of plate heat
exchanger experimental setup
[15]

D D
= 5"‘(1 + Q@+ 0, @)+ 5”(1 + Q@+ 2, @7)

contains cold and hot fluid circuits. The test section is com-
mercial PHE made of stainless steel having 5 hot channels, 4
cold channels, a mean channel spacing of 2.8 mm, an active
heat transfer area of 0.3 m? and a plate thickness of 0.5 mm.
Isothermal baths have been used in both circuits to maintain
desired inlet temperatures. Volume flow rates, temperatures
and pressure drops in both loops have been measured by
float type flowmeter, thermocouples and U-tube manom-
(15)  eters, respectively. After setting inlet temperatures and flow
rates of both hot and cold fluids, all the measuring param-
eters have been recorded at the steady-state condition. For
the validation, the cold and hot streams inlet temperature has
(16)  been selected as 20 °C and 50 °C, respectively, with the flow
rate of both streams as 3 Ipm. Water has been taken as fluid
on both loops. The heat exchanger area obtained from the
theoretical investigation (0.275 m?) is validated with that in
the experimental study (0.3 m?) with a deviation of around

Cold fluid U-tube manometer
Hot fluid U-tube manometer

Valve

Flow
meter

A

Test section-plate heat exchanger

[ R 1 .

o
- o Valve
Temperature Ter_nperature {
indicator indicator
Hot water Valve
e tank with Flow
= temperature meter
controller
e
Hot water pump
Heater
Valve

Chiller unit with
temperature -

A

= Q—<— controller

Cold fluid pump
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Fig.3 Photograph of plate heat exchanger experimental setup [15]

8.33%, which is justified due to the assumptions made. For
the results of the present simulation, the same dimensions of
the experimental setup have been taken for plate evaporator.

Results and discussion

Figure 4 depicts the comparison of the required heat transfer
area in the milk chilling unit for various base fluids as well
as the corresponding hybrid nanofluids. Among the base
fluids, the heat exchanger plate area required is observed
minimum for CaCl, brine followed by KAC, EG and PG
brines [22]. However, the heat transfer area decreases while
using hybrid nanofluids due to augmentation in the overall
heat transfer coefficient. The same trend has been depicted
for the hybrid nanofluid, i.e., CaCl, brine HyNf requires the

Fig.4 Comparison of heat 1.8

transfer area
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least heat transfer plate area followed by KAC, EG and PG
brine. Moreover, PG brine HyNf shows a maximum (5.91%)
and CaCl, brine HyNf shows minimum (4.47%) reduction in
the heat transfer area. Likewise, CuO—Cu HyNf combination
shows a maximum decrease in active plate area, while other
combinations show almost the same reduction.

Figure 5 depicts the variation of the comparison factor
(ratio of heat transfer coefficient and pressure drop) for vari-
ous base fluids and the corresponding HyNfs. Among the
base fluids, CaCl, brine yields the maximum comparison
factor and PG brine yields the minimum comparison factor.
Moreover, silica oxide—PG hybrid nanofluids show the high-
est improvement (49.3%) and copper oxide—PG hybrid nano-
fluids show the least improvement (48.6%) as compared to
corresponding base fluids. This is due to the combined effect
of an increase in heat transfer coefficient and a decrease in
pressure drop while adding nanoparticles in the base flu-
ids. The heat transfer coefficient rises due to increased mass
velocity and Reynolds number. This dissimilarity results
from the collective thermo-physical possessions of both the
particles. Also, the pressure drop decreases due to the dual
effect of a change in density and viscosity at low tempera-
tures. Pressure drop also decreases due to the decrease in the
flow length of the heat exchanger.

Figure 6 indicates the variation of pump work required
for different fluids. Between the base fluids, PG brine shows
the maximum reduction in pumping power required, trailed
by EG, KAC and CaCl, brine [22, 23]. Higher pump work
necessitates higher energy dissipation. The pump work
requirement has been observed less for the hybrid nano-
fluid as compared to the relevant base fluid. Hence, hybrid
nanofluids reduce the pump work for low temperatures. PG
brine offers a maximum reduction in pump work (3.69%)
followed by EG, KAC and CaCl, brine. Reduction in pump
work is maximum for silica hybrid nanofluid and minimum
for CuO hybrid nanofluid. An enhancement in COP has been
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recognized while using hybrid nanofluids as shown in Fig. 7.
The coefficient of performance was found the least for the
CaCl, and highest for ethylene glycol. But percentage-wise,
it is minimum for EG hybrid nanofluids and maximum for
KAC hybrid nanofluids. Fluid with the highest pumping
power gives the least performance index (Eq. 6) and exer-
getic efficiency. The variations of exergetic efficiency and
performance index are shown in Figs. 8 and 9. The per-
formance index is inversely proportional to the pumping
power. The values of performance index and exergetic effi-
ciency have been found high for EG brine and low for CaCl,
brine solutions. While SiO,—~Cu—PG HyNf shows maximum
improvement in performance index (3.96%) and exergetic
efficiency (0.78%), CuO—-Cu—CaCl, HyNf shows minimum
improvement.

To show the comparative effect of pressure drop and heat
transfer rate, a new parameter has been introduced, thermal
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performance factor (TPF) [42], which depends on the ratio
of Nusselt number of nanofluid and base fluid, and the ratio
of friction factor of nanofluid and base fluid. Figure 10
illustrates the thermal performance factor for the different
brine-based hybrid nanofluids. Among the studied hybrid
nanofluids, PG-based hybrid nanofluids give the highest and
CaCl,-based hybrid nanofluids provide the lowest value for
thermal performance factor. Among PG-based hybrid nano-
fluids, CuO—copper hybrid nanofluids give the highest and
silica—copper hybrid nanofluids give the lowest thermal per-
formance factor. This is because the ratio of Nusselt number
is more and that of friction factor is less for CuO—copper
hybrid nanofluids followed by titania, alumina and silica
hybrid nanofluids. As it has been found that in most of the
cases PG-based hybrid nanofluid shows better performance,
it has been chosen for further investigation. Figure 11 illus-
trates the effect of particle size (diameter) on the thermal

@ Springer



A.Bhattad, J. Sarkar
Fl EG (15%)

2 = X = R =
— 32 — — S — — 2
X 2 & T T 2 & X X 2 &
N~ T = oL~ Iz o N~ = =
-— _« ~ — — o~ = — - _~ ~
~ (&) (@) ~ = 0O (@] ~ ~ O O
(O] © < (O] (O] o < (O] (O] @ <
o (@] X L o (@] X L o (@] X
B B @ OO0 8 @ B 8B 8 0

e
ﬁwﬁﬁﬁ--.------------~,, 2

774

V2NN NN NN NN SN N NN SN N NN N ..oo
¥/,
%
Ox%
\va
Y
<
R e tatel
N
o
\o
B
J
0 To) 0 < T} ™ 0 N
[T} e} < © [} o<} N @ o
«© < @© < @ < © < %)
< < < < 3\
—-/d0D —/X8pul 8oUBW.IONSd o,/Rouaiolye onebliexg
2
' . =
S €0
5] =% 15
[ G [
S o S 5]
o 2 = =
S g 9] 3]
2 g B .2
= - -
S = < <
2.8 Q. Q.
g 5 g3 g
o & c 2 S >
O o O & O g
3] 9 5
~ e ® %5
2.9 2 = D E
it 5 it £ ic 3

pringer

Qs



Effects of nanoparticle shape and size on the thermohydraulic performance of plate evaporator... 775

Fig. 10 Comparison of thermal 1.42
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performance factor for the PG-based hybrid nanofluids. It
was observed that as the particle size increases, the ther-
mal performance factor rises and becomes maximum for
the silica—copper combination and minimum for the alu-
mina—copper combination. Similarly, Figs. 12 and 13 depict
the dependency of particle size on the change in the area and
the performance index of the heat exchanger, respectively.
As the particle diameter increases, the percentage reduction
in the area and percentage enhancement in the performance
index decrease because with an increase in the size of the
particle, its viscosity increases, which enhances the pressure
drop and pump work, and hence degrades the performance
index. Among the hybrid combinations, the percentage
reduction in the area has been found the maximum for the
alumina—copper hybrid nanofluid (12.8%) and minimum for
the silica—copper combination (12.56%). Alumina—copper
hybrid nanofluid shows the maximum change (13.75%) and

Fig. 11 Effect of particle size 16 Alumina + Cu
on thermal performance factor :
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CuO-copper shows the minimum change (12.94%) in the
performance index.

Particle shape also plays a vital role in the performance
characteristics of the heat exchanger. Their effect can be
seen in the thermo-physical properties of the hybrid nano-
fluids. Different shapes such as brick, sphere, cylinder
and platelet have been considered. Among these shapes,
brick-shaped particles give the best performance followed
by spherical and cylindrical shapes; and platelet-shaped
particles give the least performance. Figure 14 shows
the effect of particle shape on the thermal performance
factor for the PG-based hybrid nanofluids. Among the
hybrid combinations, alumina—copper gives the least and
CuO-—copper hybrid nanofluid gives the highest value of
thermal performance factor. Figures 15 and 16 show the
effect of particle shape on the change in the area and the
performance index of the heat exchanger, respectively.

E Cuo + Cu
[l Silica + Cu
: RN BN
o FEER PN FHEN
5’“5&'; b ﬁ§ ﬁ\ézﬁa A '.
2 40

Particle size/nm

@ Springer



A.Bhattad, J. Sarkar

A A AL AL AL A A, NS A ASAAAASAAD

(L LSLLILIAILI LS LIA

Fig. 12 Effect of particle size
on percentage reduction in area

776

5 N 5 a2 S T 8
3 © ) 3 w ) s 3 B S
+ o
+ b N
ros P og v BRI &
= = 3 = o o
§ 5 3 5 g L ey
b s 7
3 s A SIS IS
> > =
o ) + © o = 2
: O c + : O 9]
A £ © s ot K
£ g g E § £ £ o o
E & < 2 = S E ¢
=] = (0] < = [0) =) =
< e = B & w < F
O @ o o B B
o o
; : E
c
=
e, 6]
B s e S
Al
GGt
e
Er R LA e S e @
0 To] < 0 () Te] o\, 0
] o © © < [ o © < o o 0 © < « o — < — ] - N - -
- A -~ — — — ~— ~— ~— ~—

%/edJe ul uolonpay %l/1d ul 8bueyo —/dd1

on percentage change in perfor-

mance index
Fig. 14 Effect of particle shape
on thermal performance factor

Fig. 13 Effect of particle size

Particle shape

pringer

Qs



Effects of nanoparticle shape and size on the thermohydraulic performance of plate evaporator... 777

Fig. 15 Effect of particle shape 8
on percentage reduction in area
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Maximum area reduction was obtained for CuO-cop-
per (6.14% brick shape) and minimum for silica—cop-
per (4.76% platelet shape) hybrid nanofluids. Most of
the shapes show an increment in the performance index
except platelet shape. Platelet-shaped particles show a
decrement in the performance index because the viscosity
of hybrid nanofluid with this shaped nanoparticle is more
in comparison with hybrid nanofluid with other shape
nanoparticles. Maximum enhancement was observed for
silica—copper, and maximum decrement was observed
for copper oxide—copper hybrid nanofluids. So, it can be
concluded that brick-shaped particles are the most suit-
able and platelet-shaped particles are the least suitable for
heat exchanger performance enhancement. It may be noted

Particle Shape

that both viscosity and thermal conductivity of nanofluids
enhance with an increase in nanoparticle surface area-to-
volume ratio, and the change in heat exchanger perfor-
mance index depends on a relative increase in viscosity
and thermal conductivity.

It has been found from the investigation that area and
pump work both reduce with the use of hybrid nanofluids.
The annual cost depends on the maintenance cost and the
operating cost, which in turn depends on the area of the
plate and pump work required. Hence the annual cost of
milk chilling unit can be decreased by using the hybrid
nanofluids.
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Conclusions

Performance enhancement of a refrigeration unit has
been assessed using various brines and respective hybrid
nanofluids as a secondary refrigerant with plate evapora-
tor for milk chilling application. Results show that PG
and EG brine-based CuO-Cu hybrid nanofluids are bet-
ter as a secondary refrigerant due to enhanced heat trans-
fer characteristics and the reduced heat transfer area that
leads to a reduction in price and space required. Moreo-
ver, silica—copper hybrid nanofluid is better as a second-
ary refrigerant due to enhanced exergetic efficiency, pump
work and performance index of the plate evaporator. Also,
the particles with smaller size and brick shape are prefer-
able as nanoparticles for improving the performance of the
heat exchangers for the milk chilling application. Plate-
let-shaped particles show a decrement in the performance
index because the viscosity of hybrid nanofluid with this
shaped nanoparticle is more in comparison with other
shape hybrid nanofluid. Therefore, the brine-based hybrid
nanofluids having brick-shaped smaller-sized nanoparti-
cles are being suggested as a better replacement for the
secondary refrigerant as they can enhance the performance
of plate evaporators at low temperatures with reduced con-
sumption of primary coolant and hence reduce the chances
of accidents due to their leakage.
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