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Abstract: In the present study, the heat transfer characteristics, namely, heat transfer coefficient,
Nusselt number, pressure drop, friction factor and performance evaluation criteria are evaluated
for water, Al2O3 and Al2O3/Cu nanofluids. The effects of Reynolds number, volume fraction and
composition of nanoparticles in hybrid nanofluid are analyzed for all heat transfer characteristics. The
single particle and hybrid nanofluids are flowing through a plain straight tube which is symmetrically
heated under uniform heat flux condition. The numerical model is validated for Nusselt number
within 7.66% error and friction factor within 8.83% error with corresponding experimental results
from the previous literature study. The thermophysical properties of hybrid nanofluid are superior
to the single particle nanofluid and water. The heat transfer coefficient, Nusselt number and pressure
drop show increasing trend with increase in the Reynolds number and volume fraction. The friction
factor shows the parabolic trend, and the performance evaluation criteria shows small variations
with change in Reynolds number. However, both friction factor and performance evaluation criteria
have increased with increase in the volume fraction. The 2.0% Al2O3/Cu with equal composition of
both nanoparticles (50/50%) have presented superior heat transfer characteristics among all working
fluids. Further, the heat transfer characteristics of 2.0% Al2O3/Cu hybrid nanofluid are enhanced by
changing the nanoparticle compositions. The performance evaluation criteria for 2.0% Al2O3, 2.0%
Al2O3/Cu (50/50%), 2.0% Al2O3/Cu (75/25%) and 2.0% Al2O3/Cu (25/75%) are evaluated as 1.08,
1.11, 1.10 and 1.12, respectively.

Keywords: heat transfer characteristics; hybrid nanofluid; performance evaluation criteria; single
particle nanofluid; uniformly heated tube

1. Introduction

Currently, energy saving in thermal systems has grabbed considerable attention to
reduce the heat losses and improve the heat transfer performance [1]. Due to restrictions on
the further improvement in the thermophysical properties of conventional working fluids,
the research trend is drastically shifting towards nanofluids applications in heat transfer
systems [2]. Numerous studies were reported on heat transfer applications of nanofluids
in the thermal systems such as tubes.

Firoozi et al. have conducted a numerical study to investigate the heat transfer and
flow characteristics of Al2O3/water nanofluid flowing through tubes incorporated with
various dimple configurations [3]. Ledari et al. have investigated the heat transfer and
friction factor characteristics of oil based CuO and Fe3O4 nanofluids flowing through the
U-tube under the influence of various mass concentrations, flow rates and inclination
angles [4]. Chaurasia and Sarviya have conducted experimental and numerical studies to
analyze the thermal hydraulic and entropy generation performances of nanofluid flow-
ing through helical screw insert tube with single and double strips [5]. Ying et al. have
concluded that Al2O3/water nanofluid with 0.063% mass concentration shows improve-
ment in heat transfer coefficient and Nusselt number by 7.29% and 6.90%, respectively
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under the cosine heat flux condition and that by 7.25% and 6.85%, respectively under the
Gaussian-cosine heat flux condition [6]. Saedodin et al. have compared the heat transfer
performances of SiO2, Al2O3, CuO and TiO2 nanofluids flowing through the straight tube
with twisted turbulators [7]. Kristiawan et al. have investigated the thermal and friction
factor characteristics of helical microfin tube comprises of TiO2/water nanofluid with
various volume concentrations [8]. Tiwari et al. have compared thermal characteristics
of triple tube heat exchanger with porous plate, twisted tape and rib type inserts using
WO3/water nanofluid [9]. Shahsavar et al. have proposed PVT system with rifled ser-
pentine tube comprises of three ribs and six ribs as the replacement of plain serpentine
tube [10]. Mukherjee et al. have presented 94% enhancement in forced convective flow
boiling heat transfer of Al2O3/water nanofluid flowing through a horizontal tube com-
pared to water [11]. Heyhat et al. have analyzed the heat transfer and pressure drop
characteristics of SiO2/water nanofluid flowing through a conically coiled tube considering
the effects of volume concentrations, cone angle and cone pitch [12]. Ho et al. have experi-
mentally and numerically explored the cooling performance characteristics of Al2O3/water
nanofluid flowing through a copper tube under constant heat flux condition [13]. Sun et al.
have compared the convective heat transfer and flow characteristics of smooth and inner
grooved copper tubes considering flow of Fe2O3/water nanofluid [14]. Behzadnia et al.
have proposed an optimum geometry of rectangular corrugated tube to maximize the heat
transfer efficiency using Al2O3/water nanofluid [15]. Kaood et al. have investigated the
thermal, hydraulic and energy performances of Al2O3/water and SiO2/water nanofluids
flowing through a corrugated tube with curved ribs, rectangular, triangular and trape-
zoidal geometries [16]. Safaei et al. have numerically investigated the influences of volume
fraction, particle size and velocity on pressure and friction factor of Cu/water nanofluid
flow inside a pipe bend [17]. Qureshi et al. have investigated the heat transfer and entropy
characteristics of Williamson nanofluid based on magnetohydrodynamics [18].

Yildirim et al. have proved that SiO2 and Cu based mono and hybrid nanofluids
show 15% better thermal performance compared with water for U-tube incorporated in
an evacuated tube solar collector [19]. Saleh and Sundar have presented improvement in
the thermal performance factor, Nusselt number, frictional entropy generation, friction
factor and exergy efficiency by 14.19%, 19.67%, 210.6%, 15.11% and 17.54%, respectively
and 22.93% decrease in the thermal entropy generation for Fe3O4/nanodiamond nanofluid
compared to base fluid for circular tube [20]. Ramadhan et al. have shown the behavior of
Nusselt number and friction factor of TiO2/SiO2 nanofluid flowing through a plain tube
for various Reynolds number and volume concentrations of nanofluid [21]. Han et al. have
investigated the heat transfer performances of n-decane-ZnO nanofluid which is pressur-
ized below supercritical pressure and flowing through a horizontal tube. The heat transfer
and Nusselt number of n-decane-ZnO nanofluid have increased 20% under a supercritical
pressure [22]. Akbar et al. have concluded that the hybrid nanofluid of alumina and
titanium with low volume concentrations presents 30% enhanced heat transfer compared
to water for a horizontal heated tube [23]. Azmi et al. have studied the effect of various
composition ratios of TiO2/SiO2 hybrid nanofluid on thermal-hydraulic performance of
flow in a tube with wire coils [24]. Moldoveanu et al. have experimentally investigated
the thermal conductivity of Al2O3/SiO2 hybrid nanofluid under the influence of tem-
perature and volume fraction [25]. Yang et al. have concluded that Al2O3/TiO2 hybrid
nanofluid exhibits superior Nusselt number, friction factor and performance evaluation
criteria compared to Al2O3/ZrO2 hybrid nanofluid for a parallel channel flow under the
same pumping power [26]. Adriana has presented the enhancement of 12% in thermal
conductivity of hybrid nanofluid and develop the Nusselt number correlation in terms of
Reynolds number, Prandtl number and volume fraction [27].

There are numerous studies in the open literature which show the suitability of
single particle nanofluids in heat transfer applications. The research work in heat transfer
enhancement using hybrid nanofluids is comparatively less. Specifically, in the field
of circular tubes used for solar receiver/collectors and multitube heat exchanger, the
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investigations on the trade-off comparison between heat transfer characteristics considering
different compositions of hybrid nanoparticles is not explored detailly and compared with
single particle nanofluid and conventional working fluid results. There are very few studies
which present the comprehensive comparison of conventional working fluid, single particle,
and hybrid nanofluids based on heat transfer characteristics considering the effect of
Reynolds number, volume fraction and composition of hybrid nanoparticles. The objective
of the present study is to compare heat transfer coefficient, Nusselt number, pressure drop,
friction factor and performance evaluation criteria as heat transfer characteristics for water,
Al2O3 and Al2O3/Cu nanofluids in a plain straight tube under symmetrical and uniform
heat flux condition. The comparison is carried out for various Reynolds number, volume
fractions and compositions of Al2O3/Cu nanoparticles. The novelty of the present work is
to summarize the effects on heat transfer characteristics of hybrid nanofluid by mixing two
nanoparticles, one with higher stability and lower thermal conductivity (Al2O3) and other
one with lower stability and higher thermal conductivity (Cu) for different compositions
of both nanoparticles. In addition, these results could give a guideline on how much
propositions of both nanoparticles could be mixed in hybrid nanofluid to achieve the
effective balance between heat transfer and pressure drop.

2. Numerical Method

The numerical model based on computational fluid dynamics (CFD) is employed to
analyze the heat transfer characteristics including thermal and flow attributes of single
particle and hybrid nanofluids flow in uniformly heater tube. The tube with water, single
particle and hybrid nanofluids as working fluids is considered under the constant heat
flux condition. The constant heat flux applied on a tube is symmetrically distributed
on the surface of tube to analyze the heat transfer characteristics of single particle and
hybrid nanofluids. The 3D computational domain of tube is shown in Figure 1. The 3D
computational domain is considered to account the effect of uniform heat flux boundary
condition [28]. The tube has length of 1500 mm, inner diameter of 16 mm and outer diameter
of 19 mm. The tube is made up of copper. The physical properties of copper considered
for the numerical analysis as, density of 8940 kg/m3, specific heat of 376.8 J/kg·K and
thermal conductivity of 401 W/m·K [29]. The constant heat flux of 7957 W/m2 is applied
uniformly on the tube outer surface [30]. To analyze the heat transfer characteristics of
water and nanofluids, the tube under constant heat flux condition is simulated in ANSYS
commercial software. The meshing with tetrahedron mesh elements and five different sizes
is generated for the considered computational domain to show the mesh independency
of the simulated results [31]. The Nusselt number and friction factor are simulated for
five different mesh element numbers ranging from 100,000 to 700,000. The variation of
Nusselt number (Nu) and friction factor (f) for various mesh element numbers is presented
in Figure 2. The variation of the simulated results of Nusselt number and friction factor
are within ±1% beyond the mesh element number of 425,691. After this mesh element
number, the simulated results are independent of number of mesh elements. Hence, the
mesh element number of 425,691 corresponding to the sizing of 2 mm is selected as the
final meshing configuration for the numerical analysis on the considered computational
domain. The inflation layers are employed on the fluid domain to account the effect of
boundary layer.

The continuity, momentum and energy equations are solved for the considered tube
with flow of various working fluids to simulate the thermal and flow characteristics [32,33].

Continuity equation
∇·(ρU) = 0 (1)

Momentum equation
∇·(ρUU) = −∇P +∇τ (2)
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Stress tensor τ is expressed in terms of strain rate as follows

τ = µ(∇U + (∇U)T − 2
3

δ∇·U) (3)

Energy equation
∇·(ρUh) = ∇·(k∇T) + τ : ∇U (4)

Here, ρ (kg/m3) is density, U (m/s) is velocity, P (Pa) is static pressure, µ (Pa·s) is vis-
cosity, h (J) is enthalpy, k (W/m·K) is thermal conductivity and∇T is temperature gradient.
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The k-ε turbulence model could be expressed by Equations (5) and (6), respec-
tively [34].

∂(ρUik)
∂xi

=
∂

∂xi

[(
v +

vt

σk

)
∂k
∂xi

]
+ Pk − ρε (5)

∂(ρUiε)

∂xi
=

∂

∂xi

[(
v +

vt

σε

)
∂ε

∂xi

]
+ ρC1Sε− ρC2

ε2

k +
√

vε
(6)
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Here, k presents the turbulence kinetic energy, vt presents the turbulent eddy viscosity,
ε presents the dissipation rate of turbulence energy, S presents the modulus of the mean
rate of strain tensor, Pk stands for the shear production of turbulent kinetic energy σk and
σε are 1 and 1.2, respectively.

The boundary conditions considered in the numerical analysis are constant heat flux
of 7957 W/m2 at tube wall with symmetrical distribution, velocity inlet with various
Reynolds number of working fluid and pressure outlet. The working fluids considered
in the numerical analysis are conventional fluid water, single particle nanofluid namely,
Al2O3 and hybrid nanofluid namely, Al2O3/Cu. The Reynolds number is ranging from
2000 to 12000 and inlet fluid temperature is considered as 298.15 K in the numerical analysis.
The thermophysical properties of single particle and hybrid nanofluids are evaluated using
the thermal properties of base fluid and respective nanoparticles. Three volume fractions
of 0.5%, 1.0% and 2.0% are considered in the present numerical analysis. In case of hybrid
nanofluids, the composition of both nanoparticles is mixed in the proportions of 75/25%,
50/50% and 25/75%. While solving equations using the considered boundary conditions,
it is assumed that the flow is uniform, steady and incompressible [35]. The laminar and
standard k-ε turbulence models are considered for the numerical analysis. The convergence
criteria are selected as 10−8 for all equations.

3. Thermophysical Properties of Nanofluids

The properties of base fluid, water and considered nanoparticles, Al2O3 and Cu are
depicted in Table 1 [36,37]. The considered Al2O3 and Cu nanoparticles are of spherical
shape with 100 nm size. The thermophysical properties of single particle nanofluid and
hybrid nanofluid are calculated using equations presented in Subsections (a) and (b) based
on the depicted properties of basefluid and nanoparticles in Table 1. The widely used
models in the open literature are employed to evaluate the thermophysical properties of
single particle and hybrid nanofluids. All thermophysical properties are calculated by
assuming the constant temperature hence, the temperature effect is neglected [5].

Table 1. Properties of base fluid and nanoparticles.

Property Water Al2O3 Cu

Density (kg/m3) 998.2 3970 8300
Specific heat (J/kg·K) 4182 765 420

Thermal conductivity (W/m·K) 0.6 40 401
Viscosity (Pa·s) 0.001 − −

(a) Single particle nanofluid properties [38,39];

Volume fraction of nanoparticles in nanofluid

Ø =
Vnp

Vb f + Vnp
(7)

Density of nanofluid
ρn f = (1−Ø)ρb f + Øρnp (8)

Specific heat of nanofluid

Cp,n f =
(1−Ø)ρb f Cp,b f + ØρnpCp,np

ρn f
(9)

Thermal conductivity of nanofluid

kn f

kb f
=

(
knp + 2kb f

)
− 2Ø

(
kb f − knp

)
(

knp + 2kb f

)
+ Ø

(
kb f − knp

) (10)



Symmetry 2021, 13, 876 6 of 19

Viscosity of nanofluid

µn f = µb f
1

(1−Ø)2.5 (11)

Here, Ø is volume fraction of nanoparticles in nanofluid, Vb f (L) is volume of basefluid,
Vnp (L) is volume of nanoparticles = mnp

ρnp
, mnp (kg) is mass of nanoparticles, ρnp (kg/m3) is

density of nanoparticles, ρn f (kg/m3) is density of nanofluid, ρb f (kg/m3) is density of base
fluid, Cp,n f (J/kg·K) is specific heat of nanofluid, Cp,b f (J/kg·K) is specific heat of basefluid,
Cp,np (J/kg·K) is specific heat of nanoparticles, kn f (W/m·K) is thermal conductivity of
nanofluid, kb f (W/m·K) is thermal conductivity of basefluid, knp (W/m·K) is thermal
conductivity of nanoparticle, µn f (Pa·s) is viscosity of nanofluid and µb f (Pa·s) is viscosity
of basefluid.

(b) Hybrid nanofluid properties [40];

Volume fraction of nanoparticles in nanofluid

Øhn f = Ønp1 + Ønp2 (12)

Density of hybrid nanofluid

ρhn f = Ønp1ρnp1 + Ønp2ρnp2 +
(

1−Øhn f

)
ρb f (13)

Specific heat of hybrid nanofluid

Cp,hn f =
Ønp1ρnp1Cp,np1 + Ønp2ρnp2Cp,np2 +

(
1−Øhn f

)
ρb f Cp,b f

ρhn f
(14)

Thermal conductivity of hybrid nanofluid

khn f =

Ønp1knp1+Ønp2knp2
Øhn f

+ 2kb f + 2
(
Ønp1knp1 + Ønp2knp2

)
− 2Øhn f kb f

Ønp1knp1+Ønp2knp2
Øhn f

+ 2kb f − 2
(
Ønp1knp1 + Ønp2knp2

)
+ Øhn f kb f

(15)

Viscosity of hybrid nanofluid

µhn f = µb f
1

(1−Ønp1 −Ønp2)
2.5 (16)

Here, Øhn f is volume fraction of hybrid nanofluid, Ønp1 is volume fraction of nanopar-
ticle1, Ønp2 is volume fraction of nanoparticle2, ρhn f (kg/m3) is density of hybrid nanofluid,
ρnp1 (kg/m3) is density of nanoparticle1, ρnp2 (kg/m3) is density of nanoparticle2, Cp,hn f
(J/kg·K) is specific heat of hybrid nanofluid, Cp,np1 (J/kg·K) is specific heat of nanoparticle1,
Cp,np2 (J/kg·K) is specific heat of nanoparticle2, khn f (W/m·K) is thermal conductivity of
hybrid nanofluid, knp1 (W/m·K) is thermal conductivity of nanoparticle1, knp2 (W/m·K) is
thermal conductivity of nanoparticle2 and µhn f (Pa·s) is viscosity of hybrid nanofluid.

The volume fractions of 0.5%, 1.0% and 1.5% as well as density, specific heat, thermal
conductivity and viscosity of water, Al2O3 and Cu nanoparticles as shown in Table 1 are
imported in Equations (7)–(16) to calculate the density, specific heat, thermal conductivity
and viscosity of single particle Al2O3 and hybrid Al2O3/Cu nanofluids. The calculated
properties of Al2O3 and Al2O3/Cu nanofluids are elaborated in Section 5.2.
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4. Data Reduction

The average heat transfer coefficient for the considered heated tube with various
working fluids is calculated using Equation (17) [12].

h =
Q

A
(

Ts − Tf ,ave

) (17)

The heat absorbed by working fluid is calculated using Equation (18) [41,42].

Q = m f cp

(
Tf ,o − Tf ,i

)
(18)

The average Nusselt number considering calculated average heat transfer coefficient,
hydraulic diameter of tube and thermal conductivity of working fluid is evaluated using
Equation (19) [23].

Nu =
hD
k

(19)

Here, Ts (K) presents average temperature of wall surface, Tf ,o (K) presents outlet
fluid temperature, Tf ,i (K) presents inlet fluid temperature, Tf ,ave (K) presents average
fluid temperature, D (mm) presents hydraulic diameter, k (W/m·K) presents thermal
conductivity of working fluid, m f (kg/s) presents mass flow rate of fluid and cp (J/kg·K)
presents specific heat of fluid.

The pressure drop of working fluid across the tube is calculated using Equation (20) [43].

∆P = Pf ,i − Pf ,o (20)

The friction factor for a tube with various working fluids is evaluated using pressure
drop, length of tube, hydraulic diameter, density and average velocity as presented by
Equation (21) [21,23].

f =
∆P

L
D ×

ρU2

2

(21)

Here, ∆P (Pa) is pressure drop, Pf ,i (Pa) is inlet fluid pressure, Pf ,o (Pa) is outlet fluid
pressure, f is friction factor, L (mm) is length of tube, ρ (kg/m3) is density of fluid and
U (m/s) is the average velocity.

Considering the Nusselt numbers and friction factors of base fluid and nanofluids,
the performance evaluation criteria is defined as presented by Equation (22) [44].

PEC =

(Nun f
Nub f

)
(

fn f
fb f

)
1
3

(22)

where Nun f is Nusselt number of nanofluid, Nub f is Nusselt number of basefluid, fn f is
friction factor of nanofluid and fn f is friction factor of nanofluid.

5. Results and Discussion
5.1. Validation

The numerical model based on CFD is validated with the experimental results pre-
sented by Hamid et al. for the same geometry (dimensions and structure) and boundary
conditions [30]. The experimental and numerical results of Nusselt number and friction
factor are compared as the heat transfer characteristics for various Reynolds number. The
comparison of Nusselt number and friction factor for previous experimental study and
present numerical model for various Reynolds number (Re) is depicted in Figure 3. The
comparison is presented for water/EG flow in the considered tube geometry under the
constant heat flux of 7957 W/m2. The trends of experimental and numerical results are sim-
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ilar, Nusselt number increases, and friction factor decreases with increase in the Reynolds
number. The average deviation between the experimental and numerical results of Nusselt
number is 7.66% and that of friction factor is 8.83% for all considered Reynolds number
variation. The presented numerical model based on CFD approach is validated within
10% error with previous experimental results for heat transfer characteristics. Therefore,
the validated numerical model could be used for the detail comparison of heat transfer
characteristics of single particle and hybrid nanofluids flow in uniformly heated plain
straight tube.
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5.2. Comparison of Nanofluid Properties

The thermophysical properties namely, density, specific heat, thermal conductivity
and viscosity of single particle and hybrid nanofluids are calculated using equations pre-
sented in Section 3. The calculated thermophysical properties of single particle and hybrid
nanofluids are depicted in Table 2. In case of hybrid nanofluid, the composition of Al2O3
and Cu are mixed in the proposition of 50/50%. The density and thermal conductivity of
hybrid nanofluid are higher than those of single particle nanofluid for all volume fractions.
This is because the Cu nanoparticles have higher density and thermal conductivity com-
pared to Al2O3 nanoparticles. However, the specific heat of single particle nanofluid is
superior to the specific heat of hybrid nanofluid for all volume fractions due to lower spe-
cific heat of Cu nanoparticles compared to specific heat of Al2O3 nanoparticles. There is no
difference for the viscosity of single particle and hybrid nanofluids for each volume fraction
because the viscosity of base fluid is same for both single particle and hybrid nanofluids.
However, the viscosity of nanofluids increases with increase in the volume fraction. The
density and thermal conductivity of single particle and hybrid nanofluids have increased
and the specific heat has decreased with increase in the volume fraction. This is because
the density and thermal conductivity of nanoparticles enhances, and the specific heat
of nanoparticles reduces with increase in volume fraction of nanoparticle in both single
particle and hybrid nanofluids. The density and thermal conductivity of nanoparticles are
higher than water which shows superior density and thermal conductivity of nanofluids
than base fluid which further increases with increase in the volume fraction. Whereas the
specific heat of nanoparticles is lower than the water which results into lower specific heat
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of nanofluids than base fluid and further decreases with increase in the volume fraction.
This is because the water has lower density, lower thermal conductivity and higher specific
heat compared to Al2O3 and Cu nanoparticles. The density enhances by 4.4% and 7.5% for
Al2O3 and Al2O3/Cu nanofluids, respectively with increase in volume fraction from 0.5%
to 2.0%. The thermal conductivity improves by 4.3% and 6.1% for Al2O3 and Al2O3/Cu
nanofluids, respectively with increase in volume fraction from 0.5% to 2.0%. The specific
heat of Al2O3 and Al2O3/Cu nanofluids decease by 4.6% and 7.3%, respectively with
increase in volume fraction from 0.5% to 2.0%. The viscosity increases by 3.9% for Al2O3
and Al2O3/Cu nanofluids with increase in volume fraction from 0.5% to 2.0%. Addition of
Cu nanoparticle along with Al2O3 nanoparticle improves the thermophysical properties of
hybrid nanofluid compared to single particle nanofluid.

Table 2. Properties of base fluid and nanoparticles.

Nanofluid Density
(kg/m3)

Specific Heat
(J/kg·K)

Thermal Conductivity
(W/m·K) Viscosity (Pa·s)

0.5% Al2O3 1013.059 4115.047 0.608648 0.001013
0.5% Al2O3/Cu 1023.884 4072.637 0.612030 0.001013

1.0% Al2O3 1027.918 4050.029 0.617380 0.001025
1.0% Al2O3/Cu 1049.568 3968.626 0.624304 0.001025

2.0% Al2O3 1057.636 3925.475 0.635098 0.001052
2.0% Al2O3/Cu 1100.936 3775.164 0.649614 0.001052

5.3. Comparison of Heat Transfer Characteristics

In this section, the heat transfer characteristics including thermal attributes of heat
transfer coefficient and Nusselt number and flow attributes of pressure drop and friction
factor are compared for single particle and hybrid nanofluids. In addition, the comparison
of single particle and hybrid nanofluids is extended for the combined thermal and flow
attributes by defining the parameter namely, performance evaluation criteria (PEC).

5.3.1. Heat Transfer Coefficient

The heat transfer coefficient (h) of water, single particle and hybrid nanofluids flow
inside tube for various volume fractions and Reynolds number is presented in Figure 4.
The heat transfer coefficients of all working fluids have increased with increase in the
Reynolds number and the variation trends are linear. Saedodin et al. have also presented
the increasing linear trend of heat transfer coefficient for various working fluids flow inside
tube with Reynolds number [7]. The turbulence increases with increase in the Reynolds
number for all working fluids. The heat transfer rate increases as the turbulence increases.
Higher turbulence at higher Reynolds number of working fluids absorbs higher heat and
presents higher heat transfer rate compared with lower turbulence at lower Reynolds
number of working fluids. Therefore, the heat transfer coefficient of working fluids is
higher at the higher Reynolds number and lower at lower Reynolds number. The heat
transfer coefficient of single particle and hybrid nanofluids for all volume fractions are
higher than water because of improved thermophysical properties of single particle and
hybrid nanofluids compared to water. The heat transfer coefficient improves further with
increase in the volume fractions. In addition, for the same volume fraction, the heat transfer
coefficient of hybrid nanofluid is better than the single particle nanofluid due to addition of
Cu nanoparticles with higher thermal conductivity in hybrid nanofluid. The heat transfer
coefficients of Al2O3 nanofluid are higher by 2.5%, 4.9% and 10.2% and those of Al2O3/Cu
nanofluids are higher by 3.6%, 7.2% and 14.8% for volume fractions of 0.5%, 1.0% and
2.0%, respectively compared with water. The Al2O3/Cu nanofluid with 2.0% volume
fraction shows highest heat transfer coefficient among all working fluids. The heat transfer
coefficient increases by 546.1% for Al2O3/Cu nanofluid with 2.0% volume fraction when
the Reynolds number increases from 2000 to 12,000.
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5.3.2. Nusselt Number

The comparison of Nusselt number of various working fluids with Reynolds number
is presented in Figure 5. The Nusselt number depends on the heat transfer coefficient
hence, the variation trend of Nusselt number is similar as of heat transfer coefficient
for each working fluid. The Nusselt number increases linearly with Reynolds number
for all working fluids because of increase in the turbulence with increase in the Reynolds
number. The Nusselt number of hybrid nanofluid is better than the single particle nanofluid
for the same volume fraction due to higher heat transfer coefficient of hybrid nanofluid
compared to single particle nanofluid. In addition, due to the improved thermophysical
properties of nanofluids by dispersion of nanoparticles in water, the Nusselt number
of single particle and hybrid nanofluids are superior compared to water. Addition of
solid nanoparticles into water has enhanced the thermal conductivity which improves
continuously as larger amounts of nanoparticles are dispersed, which results in increase
in heat transfer coefficient. Therefore, the Nusselt number increases with increase in the
volume fraction for both single particle and hybrid nanofluids. The Nusselt numbers of
50.83, 52.13, 53.36, 56.02, 52.65, 54.49 and 58.29 are evaluated for water, 0.5% Al2O3, 1.0%
Al2O3, 2.0% Al2O3, 0.5% Al2O3/Cu, 1.0% Al2O3/Cu and 2.0% Al2O3/Cu, respectively
at Reynolds number of 12000. The 2.0% Al2O3/Cu nanofluid presents superior value of
Nusselt number for all Reynolds number compared to other working fluids. The Nusselt
number of 2.0% Al2O3/Cu nanofluid increases from 9.02 to 58.29 as the Reynolds number
increases from 2000 to 12000. Firoozi et al. have shown the Nusselt number ranging from 10
to 40 for the variation of Reynolds number up to 5000 [3]. Torii and Hajime have reported
the Nusselt number enhancement for graphene-oxide nanofluid as twice than water for
horizontal circular tube under constant heat flux [45].

5.3.3. Pressure Drop

The variation of pressure drop for water, single particle and hybrid nanofluids with
various volume fractions and Reynolds number is depicted in Figure 6. The pressure drop
increases with increase in the Reynolds number because the turbulence increases as the
Reynolds number increases for all working fluids. However, the variation trend of pressure
drop with Reynolds number is not linear for all working fluids. The variation trend is
exponential as confirmed by many research studies in the open literature. Kristiawan et al.
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have presented the exponential (non-linear) variation of pressure drop with Reynolds
number and pressure drop increases with Reynolds number for various working fluids
flow in a tube [8]. Pressure drop of single particle and hybrid nanofluids are higher than
water because the viscosity of single particle and hybrid nanofluids are higher compared
to water. In addition, the viscosity of single particle and hybrid nanofluids increases as
volume fraction increases due to dispersion of larger volume of nanoparticles into base
fluid water. This results into increase of pressure drop with volume fraction for single
particle and hybrid nanofluids. Despite of the same viscosity of single particle and hybrid
nanofluids at the same volume fraction, the pressure drop for the hybrid nanofluid are
lower than the single particle nanofluids for all volume fractions. The pressure drop of
2.0% Al2O3 nanofluid is highest among all working fluids. The pressure drops of 2.0%
Al2O3 nanofluid and 2.0% Al2O3/Cu nanofluid are higher by 4.5% and 0.34%, respectively
compared to water.
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5.3.4. Friction Factor

The effect of Reynolds number and volume fraction on friction factor of water, single
particle and hybrid nanofluids is shown in Figure 7. The friction factor is affected by the
pressure drop and velocity of working fluid. Therefore, the variation trend of friction factor
for various working fluids are not same as of pressure drop. The considered Reynolds
number range shows the transition from laminar to turbulent regime which results into
parabolic variation trend of friction factor with Reynolds number for all working fluids.
The friction factor increases up to the Reynolds number of 6000 and decreases beyond
this value for all working fluids as can be seen from Figure 7. There is a critical Reynolds
number below which the friction factor increases with increase in the Reynolds number
due to change of flow from laminar to transition regime and above critical Reynolds
number, the friction factor decreases with increase in the Reynolds number because of
change of flow from transition to turbulent regime. However, it is important to note
that the critical point (Re:6000) for friction factor variation over the Reynolds number is
not same as commonly suggested Reynolds number for transition of flow to turbulent
(Re:4000). The reason for different critical point of friction factor than commonly suggested
is dependency of friction factor on ratio of pressure drop to square of velocity as presented
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by Equation (21). Kristiawan et al. have presented the parabolic variation of friction factor
with Reynolds number, the friction factor increases up to the critical Reynolds number
of 5000 then decreases as the Reynolds number increases beyond the critical value [8].
Kaood et al. have also presented the non-linear trend of the friction factor with Reynolds
number, the friction factor decreases as the Reynolds number increases in the turbulent
regime [16]. The friction factors of single particle and hybrid nanofluids are higher than
water which are increasing with increase in the volume fraction. This is because of higher
viscosity of single particle and hybrid nanofluids compared to water which continuously
increases with volume fraction. The density of the hybrid nanofluid is higher than the
density of single particle nanofluid which results into lower velocity of hybrid nanofluid
compared with single particle nanofluid. Therefore, the ratio of pressure drop to square of
velocity the hybrid nanofluid shows higher friction factor than single particle nanofluid
at the same volume fraction. Despite of lower pressure drop for hybrid nanofluid than
single particle nanofluid, the higher density has caused higher friction factor. The friction
factors of 0.5% Al2O3, 1.0% Al2O3, 2.0% Al2O3, 0.5% Al2O3/Cu, 1.0% Al2O3/Cu and 2.0%
Al2O3/Cu nanofluids are higher by 1.5%, 2.9%, 5.9%, 2.6%, 5.2% and 10.3%, respectively
compared to water. The 2.0% Al2O3/Cu nanofluid shows highest value of friction factor
among all working fluids. The friction factor of 2.0% Al2O3/Cu nanofluid increases by 1.9%
as the Reynolds number increases from 2000 to 12,000. Firoozi et al. have also presented
the friction factor variation range from 0.02 to 0.14 for the maximum Reynolds number
variation up to 5000 [3].
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5.3.5. Performance Evaluation Criteria

The performance evaluation criteria present the combined effect of thermal and flow
characteristics because it is calculated based on the Nusselt numbers and friction factors
of water and single particle and hybrid nanofluids. The comparison of performance
evaluation criteria (PEC) for single particle and hybrid nanofluids with various volume
fractions and Reynolds number is depicted in Figure 8. The effect of Reynolds number
on the performance evaluation criteria of single particle and hybrid nanofluids is very
small. This is because both Nusselt number and friction factor are affected significantly
due to variation in Reynolds number. Hence, the overall effect of Reynolds number on
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performance evaluation criteria is nullified. The Nusselt number and friction factor have
improved with increase in volume fraction of single particle and hybrid nanofluids as
a result of improvement in the thermophysical properties. Therefore, the performance
evaluation criteria enhance for both single particle and hybrid nanofluids as volume
fraction increases. Azmi et al. have proved that the variation in the performance evaluation
criteria is very small and non-linear with Reynolds number. In addition, the performance
evaluation criteria increase with increase in volume fraction of nanoparticles [24]. The
performance evaluation criteria for hybrid nanofluid are superior compared to single
particle nanofluid for the same volume fraction because the increase in the Nusselt number
is highly dominant compared to the increase in the friction factor for hybrid nanofluid. The
0.5% Al2O3 nanofluid presents the lowest value of performance evaluation criteria and
2.0% Al2O3/Cu nanofluid presents the highest value of performance evaluation criteria
among all nanofluids. Compared to the performance evaluation criteria of 0.5% Al2O3
nanofluid, the performance evaluation criteria of 1.0% Al2O3, 2.0% Al2O3, 0.5% Al2O3/Cu,
1.0% Al2O3/Cu and 2.0% Al2O3/Cu nanofluids are higher by 1.9%, 5.9%, 0.7%, 3.3% and
8.9%, respectively. Overall, 2.0% Al2O3/Cu nanofluid with composition of 50/50% has
presented the superior heat transfer characteristics among all working fluids. The 2.0%
Al2O3 nanofluid in single particle case and 2.0% Al2O3/Cu nanofluids in hybrid case
present the superior performances in the respective groups. Therefore, the simulated
contours of temperature and velocity for water, 2.0% Al2O3 single particle nanofluid and
2.0% Al2O3/Cu hybrid nanofluid with composition of 50/50% are depicted in Figure 9.
The most important section to observe the behavior of simulated results is the outlet of
tube. Therefore, the temperature and velocity contours are presented for the working fluid
domain at the tube outlet cross section considering the Reynolds numbers of 2000 and
12,000. As can be seen from Figure 9, the distribution of temperature and velocity contours
at the outlet section of tube are symmetrical for water and nanofluids. The heat transfer
characteristics of 2.0% Al2O3/Cu nanofluid is further investigated with additional two
compositions of 75/25% and 25/75% and compared with composition of 50/50% as well
as water and 2.0% Al2O3 nanofluid.

5.4. Hybrid Nanofluid with Different Compositions

The comparison of heat transfer characteristics of water, 2.0% Al2O3, 2.0% Al2O3/Cu
(50/50%), 2.0% Al2O3/Cu (75/25%) and 2.0% Al2O3/Cu (25/75%) is presented in this sec-
tion. The variation of heat transfer coefficient, Nusselt number, pressure drop, friction factor
and performance evaluation criteria with various Reynolds number for above considered
working fluids is presented in Figure 10. The heat transfer coefficient and Nusselt number
of various working fluid have increased linearly with Reynolds number. This is because of
increase in turbulence at higher Reynolds number has resulted into higher heat transfer
rate. The hybrid nanofluids with all compositions show higher heat transfer coefficient and
Nusselt number than single particle nanofluid and water. This is because of superior ther-
mal conductivity and heat transfer performance of the single particle and hybrid nanofluids
compared to water. The increase in the heat transfer coefficient and Nusselt number of
hybrid nanofluid enhances with higher portion of Cu nanoparticle than Al2O3 nanoparticle
because the thermal conductivity of Cu nanoparticle is superior to Al2O3 nanoparticle.
This means 2.0% Al2O3/Cu (25/75%) nanofluid presents highest values of heat transfer
coefficient and Nusselt number followed by 2.0% Al2O3/Cu (50/50%), 2.0% Al2O3/Cu
(75/25%), 2.0% Al2O3 nanofluids and water, respectively. The heat transfer coefficient
enhances by 546.4% and Nusselt number increases from 9.14 to 59.09 for 2.0% Al2O3/Cu
(25/75%) nanofluid with increase in the Reynolds number from 2000 to 12,000. The heat
transfer coefficients of 2.0% Al2O3, 2.0% Al2O3/Cu (50/50%), 2.0% Al2O3/Cu (75/25%)
and 2.0% Al2O3/Cu (25/75%) nanofluids are higher by 10.2%, 14.8%, 13.3% and 16.3%,
respectively compared with water. The water, 2.0% Al2O3, 2.0% Al2O3/Cu (50/50%), 2.0%
Al2O3/Cu (75/25%) and 2.0% Al2O3/Cu (25/75%) nanofluids show the Nusselt number of
50.83, 56.02, 58.29, 57.48 and 59.09, respectively at the Reynolds number of 12,000. The vari-
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ation of pressure drop for various working fluid are not linear but increasing with increase
in the Reynolds number. This is because the turbulence has increased with increase in the
Reynolds number. The decreasing order of pressure drop is 2.0% Al2O3, 2.0% Al2O3/Cu
(75/25%) 2.0% Al2O3/Cu (50/50%), water and 2.0% Al2O3/Cu (25/75%), respectively. The
increase in Cu nanoparticle portion in hybrid nanofluid composition reduces the pressure
drop. The 2.0% Al2O3/Cu (25/75%) nanofluid shows the lowest pressure drop among all
working fluids. Compared to water, the pressure drops of 2.0% Al2O3, 2.0% Al2O3/Cu
(50/50%) and 2.0% Al2O3/Cu (75/25%) nanofluids are higher by 4.5%, 0.34% and 2.4%,
respectively and pressure drop of 2.0% Al2O3/Cu (25/75%) nanofluid is lower by 1.6%.
The variation in friction factor of various working fluids is parabolic with Reynolds num-
ber due to change of flow regime from laminar to transition and transition to turbulent
with critical Reynolds number. The critical Reynolds number is 6000 where the friction
factor is maximum for all working fluids. The 2.0% Al2O3/Cu (25/75%) nanofluid shows
highest friction factor followed by 2.0% Al2O3/Cu (50/50%), 2.0% Al2O3/Cu (75/25%),
2.0% Al2O3 nanofluids and water respectively in the decreasing order. This is due to higher
viscosity as well as higher density of hybrid nanofluids, the density increases as the portion
of Cu nanoparticle increases which results into lower velocity. The friction factors of 2.0%
Al2O3, 2.0% Al2O3/Cu (50/50%), 2.0% Al2O3/Cu (75/25%) and 2.0% Al2O3/Cu (25/75%)
nanofluids are higher by 5.9%, 10.3%, 8.1% and 12.5%, respectively compared to water. The
performance evaluation criteria of 2.0% Al2O3, 2.0% Al2O3/Cu (50/50%), 2.0% Al2O3/Cu
(75/25%) and 2.0% Al2O3/Cu (25/75%) nanofluids are affected very less by the variation in
the Reynolds number due to significant effect of Reynolds number on both Nusselt number
and friction factor. The increase of Cu nanoparticle portion in composition of hybrid
nanofluid has shown significant enhancement in the performance evaluation criteria due
to overall improvement in the thermophysical properties of hybrid nanofluid. Compared
to 2.0% Al2O3 nanofluid, the performance evaluation criteria of 2.0% Al2O3/Cu (50/50%),
2.0% Al2O3/Cu (75/25%) and 2.0% Al2O3/Cu (25/75%) nanofluids have improved by
2.8%, 2.1% and 3.5%, respectively. The 2.0% Al2O3/Cu (25/75%) nanofluid presents the
highest value of performance evaluation criteria.
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number of hybrid nanofluid enhances with higher portion of Cu nanoparticle than Al2O3 

nanoparticle because the thermal conductivity of Cu nanoparticle is superior to Al2O3 na-

noparticle. This means 2.0% Al2O3/Cu (25/75%) nanofluid presents highest values of heat 

transfer coefficient and Nusselt number followed by 2.0% Al2O3/Cu (50/50%), 2.0% 

Al2O3/Cu (75/25%), 2.0% Al2O3 nanofluids and water, respectively. The heat transfer coef-

ficient enhances by 546.4% and Nusselt number increases from 9.14 to 59.09 for 2.0% 

Al2O3/Cu (25/75%) nanofluid with increase in the Reynolds number from 2000 to 12,000. 

The heat transfer coefficients of 2.0% Al2O3, 2.0% Al2O3/Cu (50/50%), 2.0% Al2O3/Cu 

(75/25%) and 2.0% Al2O3/Cu (25/75%) nanofluids are higher by 10.2%, 14.8%, 13.3% and 

16.3%, respectively compared with water. The water, 2.0% Al2O3, 2.0% Al2O3/Cu (50/50%), 

2.0% Al2O3/Cu (75/25%) and 2.0% Al2O3/Cu (25/75%) nanofluids show the Nusselt number 

of 50.83, 56.02, 58.29, 57.48 and 59.09, respectively at the Reynolds number of 12,000. The 

Figure 9. Temperature and velocity contours for water, 2% Al2O3 single particle nanofluid and 2%
Al2O3/Cu hybrid nanofluid with 50/50% composition at Re:2000 and Re:12,000.
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Figure 10. Comparison of heat transfer characteristics of water, 2.0% Al2O3, 2.0% Al2O3/Cu (50/50%), 2.0% Al2O3/Cu
(75/25%) and 2.0% Al2O3/Cu (25/75%).

6. Conclusions

The heat transfer characteristics of water, single particle and hybrid nanofluids in uni-
formly tube under constant heat flux condition are compared. The heat transfer coefficient,
Nusselt number, pressure drop, friction factor and performance evaluation criteria are
investigated for various Reynolds number, volume fractions and nanoparticle compositions
of hybrid nanofluid. The valuable findings of the present numerical study are summarized
as follows.

(a) The heat transfer coefficient and Nusselt number have increased with Reynolds
number and volume fraction for single particle and hybrid nanofluids. The heat
transfer coefficients of 2.0% Al2O3 and 2.0% Al2O3/Cu nanofluids are higher by 10.2%
and 14.8%, respectively compared to water. The 2.0% Al2O3 and 2.0% Al2O3/Cu
nanofluids present Nusselt numbers of 56.02 and 58.29, respectively.

(b) The pressure drop and friction factor have increased with volume fraction. However,
the pressure drop shows increasing trend and friction factor shows parabolic trend
with Reynolds number. Compared to water, the 2.0% Al2O3 and 2.0% Al2O3/Cu
nanofluids show pressure drops higher by 4.5% and 0.3%, respectively and those
show friction factor higher by 5.9% and 10.3%, respectively.
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(c) The 0.5% Al2O3, 1.0% Al2O3, 2.0% Al2O3, 0.5% Al2O3/Cu, 1.0% Al2O3/Cu and 2.0%
Al2O3/Cu nanofluids present the performance evaluation criteria of 1.02, 1.04, 1.08,
1.03, 1.05 and 1.11, respectively.

(d) Addition of higher portion of Cu nanoparticle in the hybrid nanofluid increases the
heat transfer coefficient, Nusselt number, friction factor and performance evaluation
criteria and decreases the pressure drop. The 2.0% Al2O3, 2.0% Al2O3/Cu (50/50%),
2.0% Al2O3/Cu (75/25%) and 2.0% Al2O3/Cu (25/75%) present performance evalua-
tion criteria of 1.08, 1.11, 1.10 and 1.12, respectively.

(e) Based on the numerical results, the best nanofluids could be prepared and used in the
plain straight tube to extract the excellent experimental output results. The proposed
plain straight tube incorporated with nanofluid flow could be used as an efficient
solar receiver tubes to achieve the superior heat transfer performances.
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