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Abstract
Energetic and exergetic analyses of the plate heat exchanger are experimentally performed using Al2O3–TiO2 hybrid nanofluid as
a coolant for sub-ambient temperature application to study the effect of nanoparticle volume ratio at various nanofluid flow rates
ranging 2.0–4.0 lpm and inlet temperatures ranging 10–25 °C. The Al2O3–TiO2 hybrid nanofluids of 0.1% total volume
concentration with different Al2O3–TiO2 ratios (5:0, 4:1, 3:2, 2:3, 1:4 and 0:5) are used as a coolant. Effects of nanoparticle
mixture ratio, flow rate and inlet temperature on the heat transfer rate, heat transfer coefficient, pump work, performance index,
and second law efficiency are investigated. Correlations are proposed to predict the Nusselt number for DI water as well as hybrid
nanofluid. A maximum enhancement of around 16.91% and 4.5% are observed for convective heat transfer coefficient and heat
transfer rate with Al2O3 (5:0) hybrid nanofluid along with 0.013% enhancement (insignificant) in the pump work for TiO2 (0:5)
hybrid nanofluid. The maximum reduction in exergetic efficiency of 4.01% is observed for TiO2 (0:5) hybrid nanofluid. The
study shows that the energetic and exergetic performances decrease continuously with the increase of the TiO2 ratio in the
mixture, yielding no optimum nanoparticle mixture ratio.
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Correlation

Nomenclature
A Effective area of heat transfer, m2.
cp Specific heat, J/kg. K.
D Diameter, m.
Dh Hydraulic diameter, m.
E Exergy rate, W.
G Mass velocity, kg/s.m2.
k Thermal conductivity, W/m.K.
m Mass, kg.
ṁ Mass flow rate, kg/s.
Nu Nusselt number.
P Pump work, W.
p Pressure, Pa.
Pr Prandtl number.
Q Heat transfer rate, W.
Re Reynolds number.

t Thickness of the plate, mm.
T Temperature, °C.
U Overall heat transfer coefficient, W/m2K.
V Volume, m3.
w Weight, N.
X Uncertainty, %.

Abbreviation
AA Acetic acid
Al2O3 Alumina nanoparticle
CTAB Cetyl trimethyl ammonium bromide
CuO Copper oxide nanoparticle
DI De-ionized water
IEP Iso-electric point
MWCNT Multiwalled carbon nanotube
OA Oleic acid
PHE Plate heat exchanger
PI Performance index
SEM Scanning Electron Microscopy
SDS Sodium dodecyl sulfate
SiO2 Silica nanoparticle
TiO2 Titania nanoparticle
v% Percentage volume concentration
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wt.% Percentage weight concentration
x Uncertainty
Greek symbols
α Heat transfer coefficient, W/m2K
Δp Pressure drop, Pa
μ Dynamic viscosity, Pa.s
ρ Density, kg/m3

Φ Volume concentration
η Efficiency, %
Subscript
1 First
2 Second
II Second law
av Average
c cold
e Ambient
h Hot
i Inlet
nf Nanofluid
np Nanoparticle
o Outlet
w Wall

1 Introduction

Energy-saving of plate heat exchangers can be achieved by
improving the thermal performance, which is achieved by
changing the design of the heat exchanger and altering the
thermo-physical properties of the working fluid. Thus, counter
flow heat exchangers with the modulated surface are being
used for better performance [1]. On the other hand, the
nanofluids having improved thermo-physical properties have
gained interest as heat transfer fluid. Recently, the hybrid
nanofluids [2], having some unique potentials like high dis-
persion stability and better thermal network, have provided
unique research attraction. Some researchers performed a re-
view on the preparation, properties, and heat transfer behavior
of mono and hybrid nanofluids [3–8] and their applications in
various heat transfer systems [9]. Many recent studies showed
that the hybrid nanofluids yield better thermal performance
compared to conventional nanofluids. Al2O3 (aluminum ox-
ide) and TiO2 (titanium oxide) are widely used nanoparticles
for the nanofluid applications due to its various advantages
such as low cost, stability, ease of availability, a natural sub-
stance, etc. [10, 11]. Many individual experimental studies on
Al2O3 nanofluid and TiO2 nanofluid (e.g., Qi et al. [12] and
Alkasmoul et al. [13]) have reported excellent convective heat
transfer and pressure drop characteristics for various thermal
applications. These facts have motivated us to use Al2O3-TiO2

hybrid nanofluid. Maddah et al. [14] used Al2O3-TiO2 hybrid
nanofluid in a double pipe heat exchanger for performance
enhancement. Das et al. [15] used different surfactants like

acetic acid (AA), oleic acid (OA), cetyl trimethyl ammonium
bromide (CTAB) and sodium dodecyl sulphate (SDS) for the
synthesis of TiO2-water nanofluid.

Within the last decade, many experimental investigations
have been done on plate heat exchanger using mono or hybrid
nanofluids. Pandey and Nema [16] performed heat transfer and
pressure drop analyses using alumina-water nanofluid as a cool-
ant in a plate heat exchanger with corrugation and showed the
heat transfer characteristics increase with Reynolds number and
decrease with particle concentration. Javadi et al. [17] investigat-
ed the effect of using Al2O3, TiO2 and SiO2 nanofluids on the
heat transfer and pressure drop characteristics of a plate heat
exchanger. It has been found that Al2O3 nanofluid gives maxi-
mum overall heat transfer coefficient and SiO2 nanofluid pro-
duces less pressure drop. Tiwari et al. [18] performed the exper-
imental study on plate heat exchanger using various nanofluids
and observed that CeO2 nanofluid yield the best performance.
Tiwari et al. [19] performed an investigation to determine the
optimum concentration for different nanofluids in a plate heat
exchanger to give better performance. The optimum concentra-
tion for the heat transfer rate was observed higher than that for the
performance index. Barzegarian et al. [20] experimentally inves-
tigated the heat transfer and pressure drop performances of the
plate heat exchanger for domestic water heating applications
using TiO2-water nanofluid. The maximum enhancement in the
heat transfer coefficient was 23.7% at 1.5 wt.% nanofluid with a
negligible increase in pressure drop. Tabari et al. [21] used TiO2-
water nanofluid in a plate heat exchanger for milk pasteurization
application. Different weight concentrations considered were
0.25%, 0.35% and 0.8%. While using nanofluids, the heat trans-
fer rate increases due to an increase in thermal conductivity.
Huang et al. [22] used a mixture of Al2O3-water and
MWCNT-water nanofluids with a 2.5:1 ratio in plate heat ex-
changers. They observed a rise in heat transfer coefficient and
pressure drop while using hybrid nanofluid in comparison to the
base fluid. Bhattad et al. [23] performed energetic and exergetic
analysis with different alumina hybrid nanofluids in the plate heat
exchanger. They found hybrid nanofluids as a good alternative in
the plate heat exchanger to improve its performance.

For hybrid nanofluids, the nanoparticle ratio may have a
significant effect on heat transfer performance, although lim-
ited studies have been done on this critical issue. Hamid et al.
[24] performed an experimental investigation of thermal con-
ductivity and viscosity with hybrid nanofluids obtained by
changing ratios of TiO2 and SiO2 nanoparticles in the base
fluid. They observed that thermal conductivity enhances max-
imum up to 16% for a 1:4 particle ratio of TiO2-SiO2 nano-
particles and was lowest for equal ratio case (5:5). Dynamic
viscosity was found highest for a 5:5 ratio of TiO2 and SiO2

nanoparticles. Charab et al. [25] proposed the model of ther-
mal conductivity for 1.0 v% Al2O3-TiO2 hybrid nanofluid
with different particle ratios. They found a non-linear relation-
ship for thermal conductivity and particle fraction which is
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mostly affected by nanofluid stability. Hamid et al. [26] also
performed an experimental investigation for the same combi-
nation of nanoparticles and base fluid to study the heat transfer
performance of cooling devices. The heat transfer enhances a
maximum to 35.32% for 2:3 ratio of TiO2/ SiO2 nanoparticles.
It was recommended to use 1:4 and ratio 2:3 ratio of TiO2/
SiO2 nanoparticles in thermal systems for better performance.
Zawawi et al. [27] measured the thermophysical properties of
Al2O3–SiO2/PAG nanolubricants with different nanoparticle
ratios and recommended nanoparticle ratio of 60:40.
Nimmagadda and Venkatasubbaiah [28] performed heat trans-
fer investigation in a microchannel using Al2O3-silver hybrid
nanofluid (3.0 v%) with different particle ratios (2.4:0.6,
1.5:1.5, 0.6:2.4) and observed 126%–148% enhancement in
heat transfer coefficient for 0.6v% Al2O3 + 2.4v% silver hy-
brid nanofluid.

However, with the best of the authors’ knowledge, no such
study has been found with a plate heat exchanger for sub-
ambient temperature applications except the author [29], using
Al2O3-MWCNT hybrid nanofluid. Hence, this research aimed at
doing energetic and exergetic performance analyses in a corru-
gated counter-flow type plate heat exchanger using Al2O3-TiO2

hybrid nanofluid with different particle volume ratios (5:0, 4:1,
3:2, 2:3, 1:4 and 0:5) at a constant hot fluid flow rate and inlet
temperature. Cold side (hybrid nanofluid) flow rate varied from 2
to 4 lpm and inlet temperature varied from 10 to 25 °C. This
temperature range has been considered in this study because lots
of engineering applications of the plate heat exchanger can be
found in this sub-ambient temperature range (0 °C to ambient
temperature) such as milk chilling and food preservation. An
attempt has been made to propose the new correlation for the
Nusselt number of hybrid nanofluid.

2 Preparation and characterization

2.1 Preparation of hybrid nanofluid

Hybrid nanofluid was prepared by using the two-step method,
in which, firstly nanoparticles were characterized. The calcu-
lated amounts of Al2O3 and TiO2 nanoparticles, purchased
from Alfa Aesar and SRL, were measured by an electronic
balance (SHIMADZU, ATX224, Japan) and then mixed with
DI water. The average size of Al2O3 and TiO2 nanoparticles
were 45 nm and 20 nm, respectively. The mixture was stirred
for 1 h with a mechanical stirrer and ultrasonicated for 3 h at a
particular temperature in an ultrasonication system (MJL Lab
instruments and equipments, India) to have good stability and
homogenization. In the present investigation, surfactant Span-
80 was used for avoiding the deposition of particles. Firstly,
Al2O3 nanofluid with 0.1% volume concentration was pre-
pared and then through the same procedure, hybrid nanofluids
containing TiO2 and Al2O3 nanoparticles in different ratios

(5:0, 4:1, 3:2, 2:3, 1:4 and 0:5) were prepared with 0.1%
volume concentration. To prepare the hybrid nanofluid with
different particle ratios, the required nanoparticle mass was
calculated by,

mnp1 ¼ ϕnp1Vnf ρnp1 mnp2 ¼ ϕnp2Vnf ρnp2 ð1Þ

Whereϕ is the solid volume fraction, ρ is the density in kg/m3,m is
the mass in kg and Vnf is the required volume of hybrid nanofluid.

2.2 Characterization of hybrid nanofluid

To verify the particle size, Scanning ElectronMicroscopy (SEM)
was done. From the SEM image of the hybrid solution as shown
in Fig. 1, it has been observed that the particle size range is within
115 nm scales using ImageJ software. The smaller particles rep-
resent TiO2 nanoparticles and a larger one shows Al2O3 nano-
particles. As can be seen from the SEM image that both the
particles are of spherical shape, so the shape factor, in this case,
would be 1. For the experimental investigation, different proper-
ties have been measured using different equipment like Hot disk
TPS-500 analyzer for thermal conductivity and specific heat
measurement, Brookfield DV-I viscometer for viscosity mea-
surement and digital weighing machine for the mass of various
fluids. The density was measured by applying the expression,
ρ =m/V; where ρ = density of the fluid (kg/m3) and m =mass
of fluid (kg). Various thermo-physical properties of nanoparticles
and base fluid are listed in Table 1.

Homogeneity of prepared hybrid nanofluid was checked
by taking samples from 4 different positions of the beaker.
The pH values of different samples have been obtained in
the range of 5.66 to 5.73, which is far away from the nano-
particles’ isoelectric points (IEP) due to repulsion among the
nanoparticles [14]. The density measurement of different sam-
ples shows no remarkable difference. The measured viscosi-
ties of different samples at room temperature are in the close
range of 0.87 cP to 0.9 cP. The degree of homogeneity of
synthesized hybrid nanofluids based on measured properties
occurs approximately 98.2%. A stability test has been done
before conducting the experiments by keeping the prepared
sample in the test tube and observing the sample after every
two hours until 10 h. No sedimentation was observed until
10 h, which was sufficient time to conduct our investigation.
Similar stability test has also been conducted after the exper-
iment; however, found less stability (early sedimentation) due
to degradation of surfactant quality.

3 Experimental investigation

This section contains the parameters and details of the exper-
imental arrangement and methodology for the calculation of
various parameters.
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3.1 Experimental setup

The test section in this investigation is a plate heat exchanger
which is used in the investigation done by authors for sub-
ambient applications [30]. The structure of the investigated
plate heat exchanger with detailed drawing and dimensions
have already been provided in the authors’ previous publica-
tion [31]. The vertical distance between centers of ports is
355 mm, the horizontal distance between centers of ports is
60mm, the port diameter is 30mm, the number of plates is 10,
the heat exchanger area is 0.3 m2 and the plate thickness is
0.5 mm. Here, hybrid nanofluid is acting as a coolant. There
are two flow streams, for the cold and hot fluids (hybrid
nanofluid and DI water flow loops) as described in Fig. 2.
Also, the cross-section of plate heat exchanger used is shown
in Fig. 3. The hot loop contains an insulated hot water tank of
25 l capacity with two 2 kW immersion heaters, a float type
flow meter, a manometer, and a hot water pump. The desired
temperature of hot water inlet is maintained through on-off
temperature controller. Water is stored in the tank and heated

up to desired temperature by immersed heater. Then through
the hot water pump, it goes to the heat exchanger via flowme-
ter. The coolant loop contains an isothermal bath, a float type
flowmeter, and a manometer. The hybrid nanofluid is stored
and cooled in an isothermal bath of 10 l capacity to maintain
the constant inlet temperature. The cooling capacity of the
isothermal bath/chiller was 3.5 kW. Then it goes to the heat
exchanger via flowmeter. The temperatures of the hybrid
nanofluid and hot-water streams are measured using thermo-
couples placed at the inlet and outlet of the streams. Pipes are
insulated to avoid heat gain from the surrounding.

3.2 Methodology

3.2.1 Energetic analyses

Using experimental data, one can calculate the heat transfer
and pressure drop characteristics of the fluids. The heat trans-
fer rate through the hot fluid,Qh and through the cold fluid,Qc

are calculated through Eq. (2).

Fig. 1 SEM image of a prepared
hybrid nanofluid sample

Table 1 Thermophysical
properties of Al2O3, TiO2 and DI
water at ambient temperature

Thermal conductivity (W/m.K) Specific heat (J/kg. K) Density (kg/m3) Viscosity (Pa.s)

Titania 8.4 690 4250 –

Alumina 40 773 3960 –

Water 0.6 4182 997 0.001003
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Qh ¼ m
�
hcph Thi−Thoð Þ and Qc ¼ m

�
n f cpn f Tco−Tcið Þ ð2Þ

As there is a difference between both the heat transfer rates,
we have calculated the average heat transfer rate. The fluid
properties are estimated at bulk temperatures of the streams.
Based on the experimental data, the overall heat transfer co-
efficient (U) is calculated from the Eq. (3).

Q ¼ UA Thi−Tcoð Þ− Tho−Tcið Þ½ �
ln

Thi−Tcoð Þ
Tho−Tcið Þ

� � ð3Þ

The relationship between cold fluid heat transfer coefficient
(αc), overall heat transfer coefficient and hot water heat trans-
fer coefficient (αh) is given by,

1

U
¼ 1

αh
þ 1

αc
þ t

kw
ð4Þ

Where, kw = Thermal conductivity of the plate (W/m-K).
t = Thickness of the plate (mm).
In the above equation, we neglected the fouling resistance

as its value was insignificant, ranging between 0.0008 to
0.0014 m2-K/W, which was evaluated based on the experi-
ments on plate heat exchanger with DI water on both sides
before and after the experiment. The heat transfer area is also

the same due to the similar plate geometry on both sides. The
experimental data of the overall heat transfer coefficient ob-
tained for the DI water in both sides are compared with the
theoretical overall heat transfer coefficient obtained from the
existing correlation of different authors [24, 32–34] and
shown in Fig. 4. It has been observed that experimental data
is not in good agreement with any of the correlations. Hence, a
new correlation has been established for the Nusselt number
of hot fluid. The heat transfer coefficient for the fluid can be
calculated by predicting the profile for Nusselt number equa-
tion. We assume that it follows the power-law profile.

Nu ¼ aRebPrc ð5Þ
Where the Nusselt and Prandtl numbers are defined as fol-
lows:

Nu ¼ αDh

k
and Pr ¼ μcp

k
ð6Þ

Hence,

α ¼ k:a:RebPrc

Dh
ð7Þ

Where α is the heat transfer coefficient (W/m2-K).

Fig. 2 Block diagram of the
experimental arrangement
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In order to get the values of b and c, experiments with water
used as both the hot and the cold fluid were carried out. In the
present experimental investigation, the coolant inlet tempera-
ture and coolant flow rate were varied by keeping constant
geometrical parameters. Because the working fluid and the
plate geometry were the same, the constants b and c in the
Eq. (7) should be the same for both sides in the flow regime.
On combining Eqs. (4) and (7), we get Eq. (8),

1

U
¼ 1

kh:a:RebhPr
c
h

Dh

þ 1

kc:a:RebcPr
c
c

Dh

þ t
kw

ð8Þ

From available literature for Nu correlations, it was found
that the exponent ofRe varies between 0.6 to 0.8 and that ofPr
varies between 0.3 to 0.5. Taking guess value in between these
ranges and doing many iterations, we obtained the most suit-
able values of a, b and c as 0.2594, 0.76 and 0.3. Hence, the
proposed correlation in this investigation for DI water to cal-
culate the heat transfer coefficient is given below as Eq. (9).
The R square value is 0.93 which shows the better fitting of
the obtained data to the regression line. This proposed corre-
lation is independent of plate geometry. The correlation is
valid for a particular value of chevron angle (i.e., 30°) as this
plate heat exchanger is commercially purchased from Alfa
Laval India Limited, which is used in the wider application.

Nu ¼ 0:2594Re0:76Pr0:3 R2 ¼ 0:93
� � ð9Þ

The heat transfer coefficient of hot fluid (water) has been
calculated by combining Eqs. (6) and (9), and then the heat
transfer coefficient of cold fluid (hybrid nanofluids) has been
evaluated by Eq. (4). Assuming 60% pump efficiency [35],
the coolant pumping power is calculated by,

Pnf ¼ Δpnf mnf =0:6ρnf ð10Þ

For estimating the performance of the system while using
hybrid nanofluids, we calculate the non-dimensional parame-
ter known as a performance index (PI), which is defined as the
ratio of heat transfer rate to the pumping power.

PI ¼ Q=Pnf ð11Þ

3.2.2 Exergetic analyses

Exergy represents the maximum available energy (work)
when the system approaches the dead state. Hence the exergy
increases if the temperature increase above ambient or de-
creases below ambient. Based on conventional exergy con-
cept, the exergy change for cold and hot fluids is given by
[31], respectively,

Fig. 3 Cross-section of plate heat
exchanger
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Enf ¼ Te
˙m
:
nf cpnf ln

Tnfo

Tnfi

� �
þ Δpnf

ρnf Tav;nf

" #
ð12Þ

Eh ¼ Te
˙m
:
h cphln

Thi

Tho

� �
−

Δph
ρhTav;h

� �
ð13Þ

Where, Tav = Average of inlet and outlet temperatures (K).
Te =Ambient temperature in Kelvin (293.15 K).
Exergetic efficiency also known as second law efficiency

(ηII) is given by,

ηII ¼ Eh=Enf ð14Þ

3.2.3 Uncertainty analysis

During experiments, different parameters like flow rate, tem-
perature and pressure drop were measured using appropriate
instruments. The uncertainties that occurred during the mea-
surements are presented in Table 2. Taking the relative errors
in the individual factors (xn), the error estimation of the de-
pendent parameters has been made using the Eq. (15). The
total uncertainties (X) found for estimated results are given
in Table 2.

ΔX
X

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δx1
x1

� �2

þ Δx2
x2

� �2

þ −−−−þ Δxn
xn

� �2
" #vuut ð15Þ

4 Results and discussion

The investigation is done on a corrugated counter-flow plate
heat exchanger with hybrid nanofluid as a coolant and DI
water as the hot fluid. Hybrid nanofluid is made by dispersing
two nanoparticles (Al2O3 and TiO2) with different ratios (5:0,
4:1, 3:2, 2:3, 1:4 and 0:5) in a base fluid (DI water) at 0.1 v%.
Hybrid nanofluid is represented as a nanoparticle (z:y) where
z represents the volume of Al2O3 nanoparticles and y repre-
sents the volume of TiO2 nanoparticles. The experiments were
designed for the heat transfer and pressure drop performance
analyses with various coolant flow rates (2.0 to 4.0 lpm with

Fig. 4 Comparison of theoretical
and experimental U for DI water

Table 2 Uncertainties during the measurements of the experimental
parameters

Variable Uncertainty value

Hybrid nanofluid inlet temperature (K) 0.2%

Hybrid nanofluid outlet temperature (K) 0.21%

Hot fluid outlet temperature (K) 0.2%

Hot fluid inlet temperature (K) 0.21%

Hybrid nanofluid mass flow rate (kg/s) 2.5%

Hot fluid mass flow rate (kg/s) 2.7%

Differential pressure (kPa) 2.3%

Thermal conductivity (W/mK)
Viscosity (Pa.s)
Density (kg/m3)
Specific heat (J/kgK)
Heat transfer rate (W)
Overall heat transfer coefficient (W/m2K)
Irreversibility (I)
Second law efficiency (%)

1.0%
1.0%
1.0%
1.0%
4.5%
5.2%
6.5%
7.0%
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an increment of 0.5), and operating temperatures (10 to 25 °C
with an increment of 5.0). Hot inlet temperature and flow rate
are taken as 35 °C and 3 lpm, respectively. Various parameters
considered for performance evaluation are heat transfer rate,
heat transfer coefficient, pump work, performance index, and
second law efficiency. The variations of Nusselt number with
Reynolds number for different coolants (DI water and hybrid
nanofluids) are shown in Fig. 5. For all the cases, the same
trend has been observed. The value of Nu is least for DI water
and maximum for hybrid nanofluid containing 100% alumina.
It can be observed that the flow is turbulent even at lower
Reynolds number for corrugated plate heat exchangers [20].
The effects of nanoparticle ratio on performances for different
hybrid nanofluid flow rates and inlet temperatures are
discussed in sections 4.1 and 4.2, respectively.

4.1 Effect of varying the hybrid nanofluid flow rate

Figures 6, 7, 8, 9 and 10 demonstrate the variation of different
performance parameters with different fluids (obtained by
changing the particle ratio involved in hybrid nanofluid) for
various coolant flow rates at the coolant inlet temperature of
15 °C. The coolant flow rate is varied from 2 to 4 lpm. From
Fig. 6, it can be observed that as the coolant flow rate increases
the heat transfer rate also increases because the heat transfer
rate depends on the mass flow rate and temperature difference.
Here temperature difference is decreasing but the flow rate is
increasing comparatively faster, and hence, the heat transfer
rate is increasing. Heat transfer increases while using hybrid

nanofluids in comparison to the base fluid. This may be be-
cause the thermal conductivity of hybrid nanofluids is com-
paratively higher than that for DI water due to different mech-
anisms like thermophoresis, Brownian motion, etc. As the
portion of TiO2 is increasing and alumina is decreasing, the
heat transfer rate is found to be decreasing, which can be due
to the thermal conductivity of TiO2 and Al2O3 nanoparticles.
The thermal conductivity of TiO2 is less than that of Al2O3

nanoparticles (Table 1), so with an increase in the part of the
TiO2 heat transfer rate of hybrid nanofluids is decreasing.

Figure 7 shows that the heat transfer coefficient of coolant
is increasing with the flow rate and with the use of hybrid
nanofluids. In the figure, the comparison is shown for different
fluids formed by varying the ratio of TiO2 and Al2O3 nano-
particles. This enhancement is due to the difference in thermo-
physical properties and a combination of different nanoparti-
cles in a hybrid nanofluid. The reason behind this improve-
ment is the relative motion between the nanoparticle and base
fluid. The primary contribution is due to the circulation of the
nanoparticles carrying the heat along with them and secondary
contribution results from the movement of the fluid around the
nanoparticles causing micro convection [36]. Maximum en-
hancements in heat transfer rate and hybrid nanofluid heat
transfer coefficient of around 4.5% and 16.23%, respectively,
have been observed for hybrid nanofluids with Al2O3 (5:0).

However, a disadvantage of enhanced pumping power has
been found by using hybrid nanofluids and by increasing the
fluid flow rate (Fig. 8). By mixing nanoparticles in the base
fluid, its viscosity increases. Due to this reason, its pressure

Fig. 5 Comparison of Nusselt
number with Reynolds number
for hybrid nanofluids
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drop also increases, which in turn increases the pump work
required to flow the fluid in the circuit. The fluid with higher
viscosity is showing maximum enhancement in required
pump work, i.e., 100% titania hybrid nanofluid requires max-
imum pump work and DI water requires minimum pump
work. However, the enhancement in the pump work is

negligible. The increase in pump work with the mass flow rate
is more as compared to enhancement in heat transfer rate
because of which performance index (PI) decreases with the
increase in flow rate as can be seen from Fig. 9. The perfor-
mance index was found the maximum for Al2O3 (5:0) hybrid
nanofluid because pump work is less and the heat transfer rate

Fig. 6 Comparison of heat
transfer rate for various nanofluid
flow rates

Fig. 7 Comparison of heat
transfer coefficient for various
nanofluid flow rates
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Fig. 8 Comparison of pumpwork
for various nanofluid flow rates

Fig. 9 Comparison of
performance index for various
nanofluid flow rates
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is more in this case. The variation in pump work and perfor-
mance index for hybrid nanofluids is almost constant due to
negligible changes in both the parameters with the addition of
the nanoparticles in the base fluid. The maximum enhance-
ment of pump work is around 0.013% and the performance
index is around 4.5%.

There always exists some amount of unavailable work in
the actual thermal systems that can be presented in terms of
exergy and exergetic or second law efficiency (ηII). The sec-
ond law efficiency decreases with the use of hybrid nanofluids
and with an increase in flow rate because the irreversibility
increases with these parameters. Exergetic efficiency is the
ratio of exergy gain to exergy loss. Here, hybrid nanofluid is
losing exergy and hot fluid is gaining exergy. As the flow rate
of coolant is increasing, its exergy is increasing. Because the
coolant exergy is in the denominator, so exergetic efficiency
decreases with an increase in the coolant flow rate. Efficiency
is minimum for TiO2 (0:5) hybrid nanofluid and goes on in-
creasing with a maximum for base fluid as can be seen from
Fig. 10.

4.2 Effect of varying the hybrid nanofluid inlet
temperature

Figures 11, 12, 13, 14 and 15 show the variation of different
performance parameters with nanoparticle ratio (different
fluids) for various coolant inlet temperatures at a constant

coolant flow rate of 3 lpm. The coolant inlet temperature is
varied from 10 to 25 °C. As shown in Fig. 11, the heat transfer
rate declines with a rise in the coolant inlet temperature. As the
coolant inlet temperature increases, the temperature difference
decreases and hence the heat transfer rate decreases for con-
stant flow rate. In addition, the heat transfer rate increases with
the use of hybrid nanofluids and this enhancement is maxi-
mum (around 3.44%) for 100% alumina hybrid nanofluid, i.e.
particle ratio of Al2O3 (5:0). Similarly, an increase in the con-
vective heat transfer coefficient is observed for hybrid
nanofluids in comparison to the base fluid as shown in
Fig. 12. A maximum enhancement of around 16.91% has
been obtained, in the heat transfer coefficient, for particle ratio
of Al2O3 (5:0) and decreases with a decrease in Al2O3 con-
centration. Also, the heat transfer coefficient increases with
the inlet temperature of coolant due to the enhancement of
thermo-physical properties (mainly, the increase in thermal
conductivity and decrease in dynamic viscosity). These prop-
erty enhancements are more predominant at this low-
temperature range and hence, the increment of heat transfer
coefficient is significant as shown in Fig. 12. Another reason
may be the increase in the effect of slip mechanism with tem-
perature. Fig. 13 depicts a decrease in pump work with an
increase in the coolant inlet temperature. The reason behind
this phenomenon is that with an increase in the temperature,
the density and viscosity of the fluid decreases due to which
required pumping power decreases. But, with the use of

Fig. 10 Comparison of exergetic
efficiency for various nanofluid
flow rates
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hybrid nanofluids, pump work increases and it is maximum
for the fluid containing nanoparticles having a higher mass to
volume ratio. In the present investigation, pumping power is
maximum for hybrid nanofluid with particle ratio of 0:5 (i.e.
TiO2 nanofluid) and it goes on decreasing (nearly linear var-
iation) with a decrease in the fraction of TiO2 nanoparticles.

With an increase in the inlet temperature, both the heat
transfer rate and pump work decrease. However, the decrease

in heat transfer rate is comparatively more than that in pump
work due to which performance index also decreases with
inlet temperature as shown in Fig. 14. The performance index
slightly increases by using hybrid nanofluids and its value is
maximum for particle ratio of 5:0 (Al2O3). An enhancement in
the second law efficiency/ exergetic efficiency has been ob-
served with an increase inlet temperature of the coolant as
seen from Fig. 15. As the coolant inlet temperature increases,

Fig. 11 Comparison of heat
transfer rate for various nanofluid
inlet temperatures

Fig. 12 Comparison of heat
transfer coefficient for various
nanofluid inlet temperatures
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the exergy of the coolant goes on decreasing. Due to this, the
exergetic efficiency increases as the coolant exergy is in the
denominator. The exergetic efficiency increases continuously
with an increase in Al2O3 fraction in the mixture due to its
better heat transfer characteristic.

4.3 Proposed correlation

The hybrid nanofluid shows significant improvement in the
heat transfer rate and in the heat transfer coefficient with
slightly higher outlet temperature as it has less heat capacity.

Fig. 13 Comparison of pump
work for various nanofluid inlet
temperatures

Fig. 14 Comparison of
performance index for various
nanofluid inlet temperatures
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An increase in the pressure drop was observed because of
more viscosity than the water. Hence the pumping power re-
quired is obtained comparatively higher. A correlation of
Nusselt number has been proposed for DI water (Eq. 9) used
for calculation. Now, from the obtained experimental data
(6 × 5 × 4 = 120 dataset) for Nusselt number, Reynolds num-
ber and Prandtl number for hybrid nanofluid, a new correla-
tion is proposed for the hybrid nanofluid as coolant under
given working conditions. The correlation is established in
the form ofNu= aRebPrc. From curve fitting, we have obtain-
ed the value of the coefficients a, b and c as 0.041, 0.9 and
0.32, respectively. Therefore, the proposed correlation for hy-
brid nanofluid in present investigation for given ranges is giv-
en by:

Nu = 0.041Re0.9Pr0.32 (R2 = 0.95) (16)
This correlation holds good for Reynold number varying

between 150 and 350 and Prandtl number varying between 5
to 7. The correlation does not consider the effect of plate
geometry and is applicable for a particular plate configuration
geometry (chevron angle = 30°) of the commercially available
plate heat exchanger (made by Alfa Laval), which is widely
used in many engineering applications. The Nusselt number
for hybrid nanofluid is more as the thermal conductivity of
hybrid nanofluid is higher than that of the base fluid, and
shows better heat transfer characteristics. The performance
index of hybrid nanofluid was found more as compared to
base fluid because the increase in pump work is less as com-
pared to the rise in heat transfer rate. With the addition of
nanoparticles, the exergetic efficiency decreases. Al2O3 (5:0)

was found to be most effective and TiO2 (0:5) was found to be
the least effective hybrid nanofluid among different combina-
tions of hybrid nanofluid and the performance variation is
nearly linear, means no optimum concentration. The perfor-
mance characteristics of hybrid nanofluids are more compared
to the base fluid, which makes it a better option for industrial
purposes.

5 Conclusions and future scope

In the present study, the heat transfer and pressure drop char-
acteristics of Al2O3-TiO2 hybrid nanofluid in a counter flow
plate heat exchanger were experimentally investigated for
nanoparticle volume concentration of 0.1% to study the effect
of nanoparticle volume ratio on performance at various cool-
ant flow rates and inlet temperatures. Based on the results and
discussion, the following outcomes can be obtained:

& Al2O3-TiO2/Water hybrid nanofluids show better perfor-
mance than DIWater. As the thermal conductivity of TiO2

is less than Al2O3, the heat transfer coefficient and heat
transfer rate decrease with an increase in the particle ratio
of TiO2 in the solution. Maximum enhancements of
around 16.91% and 4.5% have been observed for convec-
tive heat transfer coefficient and heat transfer rate, respec-
tively, with Al2O3 (5:0) hybrid nanofluid.

& With an increase in inlet temperature, the heat transfer rate
decreases due to a decrease in temperature difference and

Fig. 15 Comparison of exergetic
efficiency for various nanofluid
inlet temperatures
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the heat transfer coefficient increases due to the enhance-
ment of thermophysical properties.

& Pumping power increases with the coolant flow rate and
decreases with the inlet temperature. A maximum of
around 0.013% enhancement in the pump work has been
observed for TiO2 (0:5) hybrid nanofluid at constant inlet
temperature.

& Performance index decreases with an increase in the cool-
ant flow rate and inlet temperature. But it increases with
the application of hybrid nanofluids.

& Second law efficiency decreases with the flow rate and
increases with inlet temperature as it is directly proportion-
al to inlet temperature and inversely to the flow rate. A
maximum reduction in exergetic efficiency of around
4.01% has been observed for TiO2 (0:5) hybrid nanofluid
as compared to the base fluid.

& Among the different combinations of TiO2 and Al2O3

nanoparticles, Al2O3 (5:0) is the most effective and TiO2

(0:5) is the least effective hybrid nanofluid. The perfor-
mance increases nearly linearly with an increase in the
Al2O3 ratio in the mixture and hence no optimum nano-
particle ratio has been found.

& Correlations for predicting the Nusselt number and heat
transfer coefficient has been developed for both DI water
and hybrid nanofluid.

It was observed that hybrid nanofluids are good alterna-
tives in plate heat exchangers as they enhance the energy
performance parameters. Although, a lot of research work is
going on nano-encapsulated phase change materials dispersed
nanofluids [37–39], which can be considered as a new branch
of nanofluids for future purposes.
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