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 In this article, laminarmixed convective heat transfer at different nanofluids flow in an elliptic annulus with con-
stant heat flux boundary condition has been numerically investigated. The three dimensional governing equa-
tions (continuity, momentum and energy) are solved using the finite volume method (FVM). The investigation
covers Reynolds number and nanoparticle volume fraction in the ranges of 200–1000 and 0–4% respectively.
In the present work, four different types of nanofluids are examined in which Al2O3, CuO, SiO2 and ZnO are
suspended in the base fluid of ethylene glycol (EG) with different nanoparticle sizes 20, 40, 60 and 80 nm. The
results show that SiO2-EG nanofluid has the highest Nusselt number, followed by Al2O3-EG, ZnO-EG, CuO-EG,
and lastly pure ethylene glycol. The Nusselt number increased as the nanoparticle volume fraction and Reynolds
number increased; however, it decreased as the nanoparticle diameter increased. It is found that the glycerine-
SiO2 shows the best heat transfer enhancement comparedwith other tested base fluids. Comparisons of the pres-
ent results with those available in the literature are presented and discussed.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays after a century of struggling for enhancing industrial heat
transfer by fluid mechanics, the low thermal conductivity of conven-
tional fluids such aswater, oil, and Ethylene-Glycol (EG) for transferring
the heat has been one of the great challenges on the heat transfer sci-
ence. One of the ways to overcome this problem is to replace conven-
tional fluids with some advanced fluids with higher thermal
conductivities [1–7].

Due to the importance of heat exchangers in many engineering ap-
plications, the subject of potential heat transfer enhancement in these
devices has received substantial attention in research and practice. In
the field of heat exchanger performance, it is known that utilization of
the elliptic annulus can potentially lead to better heat transfer perfor-
mance due to enhancedmixing of thefluid by the elliptic annulus. How-
ever, even more improvements in heat exchanger performance are
sought after in order to meet the industry requirements and demands
for higher heat transfer performance. Research on the methods for
heat transfer enhancement in heat exchangers has received great atten-
tion in order to cater to the growing needs of higher efficiencies in these
med).
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devices. For this purpose, in recent years, it has been shown that adding
nanoparticles to the traditional heat transfer fluids (such as water, oil
and ethylene glycol), can lead to improvement in their thermal conduc-
tivity. These so called ‘nanofluids’ can be applied in heat exchangers to
enhance the heat transfer, leading to higher heat exchanger efficiency
[8–24].

Heat transfer is categorized into numerous mechanisms, such as
conduction, convection, and radiation. Convection is one of the chief
methods of heat transfer that can be qualified in terms of being natural,
forced, gravitational, granular, or thermomagnetic. Combined convec-
tion heat transfer exists when natural convection currents are the
same order of magnitude as forced flow velocities [25]. The term
‘mixed convection’ means that the flow occurs when both natural
(free) and forced convection mechanisms concurrently and significant-
ly contribute to the heat transfer. The relative contribution of each
mechanism depends on the flow regime (laminar or turbulent), magni-
tude of the temperature driving force for heat transfer, magnitude of
Reynolds number, and orientation (vertical, horizontal, angled) [26].

Mixed convection heat transfer and fluid flow in an annulus is a sig-
nificant phenomenon in engineering systems as it as, a common and es-
sential geometry for fluid flow and heat transfer devices. It has a lot of
engineering applications such as in double pipe heat exchanger, gas tur-
bines, nuclear reactors, turbo machinery, thermal storage systems,
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Nomenclature

A surface area,(m2)
L length of annulus, (m)
M molecular weight, (mol)
Re Reynolds number, (Re = uav Dh/v)
g acceleration due to gravity (m/s2)
dp diameter of nanofluid particles, (nm)
Din inner diameter, (m)
DH hydraulic diameter, (m) ; ( Dh = 4A/P)
Ro outer radius, (m)
Ra Rayleigh number, (Ra = Gr.Pr)
Tin inner cylinder temperature, (K)
K thermal conductivity, (W/m. K )
N Avogadro number
Al2O3 aluminum oxide
CuO copper oxide
Gr Grashoff number, (Gr = β g L3(Ti-To) / ν2)
t time, (s)
P pressure, (Pa)
f friction factor, (f = (2ΔPDh) /(Lρuav2 ))
HRR hydraulic radius ratio
Nu Nusselt number, (Nu = h Dh/k)
H heat transfer coefficient, (W/m2 K)
Do outer diameter, (m)
Rin inner radius, (m)
Pr Prandtl number, (Pr= Cp μ/k)
v inlet velocity,( m/s)
Cp specific heat, (KJ/kg.K)
q cylinder heat flux, (W/m2)
ΔP dimensionless pressure drop
SiO2 silicon oxide
ZnO zinc oxide
EG ethylene glycol

Greek symbols
ρ Density of the fluid, (kg/m3)
μ dynamic viscosity, (N.m/s)
υ kinematic viscosity, (m2/s)
β thermal expansion coefficient, (1/K)
κ Boltzmann constant
Φ nanoparticles volume fraction (%)

Subscripts
bf base fluid
nf nanofluid
np nanoparticle
H hydraulic
eff effective
Av average
S solid
O outlet

Table 1
The thermophysical properties of different nanoparticles and different base fluids at T = 300 K

Thermophysical properties Al2O3 CuO SiO2

Ref. [48] [48] [49]

ρ (kg/m3) 3970 6500 2200
Cp (J/kg·K) 765 535.6 703
k (W/m·K) 40 20 1.2
μ (Ns/m2) – – –
β (1/K) 5.8 × 10−6 4.3 × 10−6 5.5 × 10−
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aircraft fuselage insulation to underground electrical transmission ca-
bles, solar energy systems, boilers, cooling of electronic devices, com-
pact heat exchangers, cooling core of nuclear reactors, cooling
systems, gas-cooled electrical cables, thermal insulation, electrical gas
insulated transmission lines ventilation and air conditioning system
[27].

The heat transfer enhancement technology has been improved and
widely used in heat exchanger applications. One of the widely used
heat transfer enhancement technique is inserting different shaped ele-
ments with different geometries in channel flow [28–30]. Akbarinia
and Behzadmehr [31] numerically investigated the fully developed lam-
inarmixed convection of Al2O3–water nanofluid flowing through a hor-
izontal curved tube. In their studies, three-dimensional elliptic
governing equations were used. The effects of the buoyancy force, cen-
trifugal force and particle concentration on the heat transfer perfor-
mance were presented. The results showed that the particle
concentration has no direct effect on the secondary flow, axial velocity
and skin friction coefficient. However, when the buoyancy force is
more important than the centrifugal force, the effect of particle concen-
tration on the entire fluid temperature can affect the hydrodynamic pa-
rameters. Moreover, the results also indicated that the buoyancy force
decreases the Nusselt number whereas the particle concentration has
a positive effect on the heat transfer enhancement and on the skin fric-
tion reduction. Ben Mansour et al. [32] experimentally investigated the
thermally developing laminar mixed convection flow of water and
Al2O3 mixture inside an inclined tube with a uniform wall heat flux.
They observed that a higher particle volume concentration clearly in-
duces a decrease of the Nusselt number for the horizontal inclination.
On the other hand, for the vertical one, the Nusselt number remains
nearly constant with an increase of particle volume concentration
from 0 to 4%. The apparent contradictory behavior observed between
experimental data and analytical/numerical results regarding the heat
transfer enhancement of nanofluids prompted them to raise serious
concerns regarding the applicability of using the single phase and ho-
mogeneous fluid model for nanofluids under natural convection effect.

Conceptually, investigation of the heat transfer enhancement in an-
nuluses is essential. Some researchers have been considering applica-
tion of the nanofluids in annulus [33–35]. Abu-Nada [33] has studied
single phase Al2O3–water nanofluidflow in an annulus. Different viscos-
ity and thermal conductivity models are used to evaluate heat transfer
enhancement in the annulus by his work. Bianco et al. [34] investigated
the heat transfer performance of an Al2O3–water nanofluid flowing
through a circular tube under a laminar flow regime numerically. A
single-phase model and two-phase model were used to determine the
heat transfer coefficient of the nanofluid. The results demonstrated
that the heat transfer performance increases with increasing Reynolds
number aswell as particle volume concentration. Moreover, differences
in the average heat transfer coefficient between the single-phase and
two-phase models were observed as approximately 11%. Abu-Nada
et al. [35] have studied various nanofluids consisting basewater and dif-
ferent nanoparticles such as Cu, Ag, Al2O3 and TiO2 in horizontal annulus
with single phase approaches.

Many attempts in this field have been completed to formulate ap-
propriate effective thermal conductivity and dynamic viscosity of
nanofluid [36–38]. Teng et al. [39] have measured the effects of
.

ZnO Glycerine Engine oil EG
[49] [50] [50] [50]

5600 1259.9 884.1 1114.4
495.2 2427 1909 2415
13 0.286 0.145 0.252
– 0.799 0.486 0.0157

6 4.31 × 10−6 4.8 × 10−4 7 × 10−4 6.5 × 10−6
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Fig. 1. Schematic diagram of the computational domain of annulus.

Fig. 2. Structured non-uniform grid used for an annulus.
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temperature, nanoparticles size andweight fraction on the thermal con-
ductivity of Al2O3–water nanofluid. They compared their results with
numerical results and proposed a good correlation for thermal conduc-
tivity, which depends on temperature, nanoparticles size and weight
fraction. Recently, Das et al. [40] and Putra et al. [41] have investigated
a water–Al2O3 mixture experimentally and found that increasing tem-
perature increases the effective thermal conductivity remarkably
while the dynamic viscosity decreases. Yu et al. [42] measured the ther-
mal conductivity of ZnO-EG nanofluid. They establish that the enhanced
value of 5.0 vol.% ZnO-EG nanofluid is 26.5%, well beyond the values
given by the existing classical models for the solid liquid mixture, and
it is consistent with the prediction values by the combination of the ag-
gregation mechanism with the Maxwell and Bruggeman models.
Murshed et al. [43] have done a similar experimental work, which has
considered the effects of particle size, nanolayer, Brownian motion,
and particle surface chemistry and interaction potential on the thermal
conductivity of nanofluids, and proposed a new model for thermal
conductivity.

It can be seen from the above literature review that the heat transfer
enhancement of laminar mixed convection flow using nanofluids in an
elliptic annulus under constant heat flux boundary condition seems not
to have been investigated in the past and this hasmotivated the present
study. In addition, most of the previous research on elliptic annulus in-
volved conventional fluids (not nanofluids) and there is a very little
work reported in the open literature that involved nanofluids in elliptic
annulus. However, there is no previous research that involved the usage
of nanofluid in an elliptic annulus. The current study examines 3D lam-
inar mixed convective heat transfer in the elliptic annulus with uniform
heat flux by using different types of nanofluids, different nanoparticle
volume fractions, and different nanoparticle diameters, are dispersed
in different base fluids (ethylene glycol, glycerine, engine oil and
water). This investigation covers Reynolds number in the range of 200
to 1000 and particle diameters range from 20 to 80 nm. Different
types of nanofluids (Al2O3, SiO2, CuO and ZnO) and different volume
fractions ranged from0% to 4%. Results of interests such as Nusselt num-
ber and friction factor for laminar mixed convection heat transfer in an
Table 2
The values of β for different particles with its boundary conditions [46,47].

Type of particles β Concentration Temperature

Al2O3 8.4407(100ϕ) −1.07304 1% ≤ ϕ ≤ 10%
298 K ≤ T ≤ 363 K

CuO 9.881(100ϕ)−0.9446 1% ≤ ϕ ≤ 6%
298 K ≤ T ≤ 363 K

SiO2 1.9526(100ϕ)−1.4594 1% ≤ ϕ≤ 10%
298 K ≤ T ≤ 363 K

ZnO 8.4407(100ϕ)−1.07304 1% ≤ ϕ ≤ 7%
298 K ≤ T ≤ 363 K
elliptic annulus are reported to illustrate the effect of nanofluids on
these parameters.

2. Numerical model

2.1. Physical model

Thephysicalmodel of the test sectionmainly consists of two concen-
tric horizontal cylinders used to form an annular space ranging from an
elliptical tube placed at the center of a circular cylinder. The outer cylin-
der was made from aluminum of 50.8 mm outer diameter, 1 mm thick-
ness, and 500 mm length. The inner elliptic cylinder was made of
aluminum with a major radius (r2) of 9 mm and a length of 500 mm
that had an axis ratio (r1/ r2 = 1/3). Pure ethylene glycol, various nano-
particles and various base fluids are selected as the working fluid and
the thermophysical properties assumed to be temperature indepen-
dent. The thermo-physical properties of ethylene glycol and nanoparti-
cle materials used for simulation are shown in Table 1. The internal wall
of the annular space (elliptic tube surface) was maintained under con-
stant heatflux ( qh).Whereas the externalwall of the annular space (cir-
cular cylinder surface) was kept isothermally at a constant
temperature ( Tc). The schematic diagram of the annular space under
consideration and coordinate system are shown in Fig. 1.

2.2. Geometry and the governing equations

The three-dimensional Navier–Stokes and energy equations were
used to describe the flow and heat transfer in the annuals. Heat is trans-
ferred between the fluids through the wall which is separating them.
Numerous assumptions were made on the operating conditions of the
annulus: (i) the annulus operates under steady-state conditions and
three-dimensional; (ii) the nanofluid is Newtonian and incompressible;
(iii)fluid is in single phase and theflow is laminar; (iv) the external heat
transfer effects are ignored; (v) the outer walls of the annulus are adia-
batic; and (vi) constant thermophysical properties are considered for
the nanofluid, except for the density variation in the buoyancy forces,
determined by using the Boussinesq approximation where the approx-
imation is applicable for sufficiently small temperature difference be-
tween the inner and outer cylinders. The numerical prediction of the
conjugate heat transfer was conducted using the CFD code FLUENT
6.3.26. The CFDmodeling involves numerical solutions of the conserva-
tion equations for continuity, momentum and energy.

The governing equations for flow and heat transfer in the annulus
are as follows [44]:

Continuity equation:

∂ρ
∂t

þ 1
r
∂
∂r

ρrvrð Þ þ 1
r
∂
∂θ

ρvθð Þ þ ∂
∂z

ρvzð Þ ¼ 0 ð1Þ
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R –Momentum equation:
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θ –Momentum equation:
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Z –Momentum equation:

ρ vr
∂vz
∂r

þ vθ
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∂vz
∂θ
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∂vz
∂z

þ ∂vz
∂t

� �
¼

ρgz−
∂p
∂z

þ μ
1
r
∂
∂r

r
∂vz
∂r

� �
þ 1
r2

∂2vz
∂θ2

þ ∂2vz
∂z2

" # ð2cÞ

Energy equation:

ρcp
∂T
∂t

þ vr
∂T
∂r

þ vθ
r
∂T
∂θ

þ vz
∂T
∂z

� �
¼ k

1
r
∂
∂r

r
∂T
∂r

� �
þ 1
r2

∂2T
∂θ2

þ ∂2T
∂z2

" #

þ μϕ ð3Þ

These governing equations with the given boundary conditions are
solved to obtain the fluid Nusselt number distribution along the annu-
lus. These data were then used to examine the thermal field along the
annulus.

The Nusselt number, the Reynolds number and the friction factor are
dimensionless parameters which are calculated, respectively, as follows
[6]:

Nu ¼ hDh

k
ð4Þ

Where k and h are the thermal conductivity and average heat transfer
coefficient of fluid, respectively.

The Reynolds number is defined as:

Re ¼ ρum Dh

μ
ð5Þ

Where ρ, um, and μ are density, mean fluid velocity over the cross-
section and dynamic-viscosity of fluid, respectively. The hydraulic di-
ameter (Dh) is defined as:

Dh¼4 A
P

ð6Þ

Where A is the cross area and P is the wetted perimeter of the cross-
section.

The friction factor for fully developed flow is expressed as follows:

f ¼ 2Δp Dh

L ρ u2
m

ð7Þ

2.3. Boundary conditions

At the elliptic inlet, different velocities depending on the values of
Reynolds number were used, and the outlet temperature was taken as
Fig. 3. Comparison of the heat transfer coefficient and friction factor at (b) & (d) inner wall and
[1] at Re = 900, Ø = 0.03, qi/qo = 1, dp = 25 mm.
Tin = 300 K. The constant heat flux used was 5000 W/m2 to heat up
the inside walls. At the domain outlet the flow and heat transfer are as-
sumed to be fully developed. The boundary condition can be expressed
as follow:

• At the inlet of annulus (z = 0 and ri ≤ r ≤ ro):

ur ¼ uθ ¼ uz ¼ 0; and T ¼ Ti ð8Þ

• At the fluid wall interface: (r = ri and 0 ≤ z ≤ L)

ur ¼ uθ ¼ uz ¼ 0;

and qw;i ¼ −keff
∂T
∂r

����r ¼ ri ð9Þ

• At the outlet of annulus (z = L and ri ≤ r ≤ ro): p = p0 and an overall

mass balance correction is applied.

2.4. Thermophysical properties of nanofluids

The thermophysical properties of pure ethylene glycol (EG), various
nanoparticles and various base fluids which are density, heat capacity,
effective dynamic viscosity, effective thermal conductivity and thermal
expansion coefficient are given in Table 1. These properties are calculat-
ed using the following equations:

Density [45]:

ρeff ¼ 1−ϕð Þρbf þ ϕρnp ð9Þ
Heat capacity [46]:

Cpð Þeff ¼
1−ϕð Þ ρCpð Þbf þ ϕ ρCpð Þnp

1−ϕð Þρbf þ ϕρnp
ð10Þ

Effective thermal conductivity [45]:

keff ¼ kstatic þ kBrownian ð11Þ

Static thermal conductivity [45]:

kstatic ¼ kbf
knp þ 2kbf
� �

−2ϕ kbf þ 2knp
� �

knp þ 2kbf
� �þ ϕ kbf þ 2knp

� �
" #

ð12Þ

Brownian thermal conductivity [45]:

kBrownian ¼ 5� 104βϕρbf Cpbf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kT

2ρnpRnp

s
f T;ϕð Þ ð13Þ

Modeling function, f (T, ϕ) [46]:

f T;ϕð Þ ¼ 0:028217ϕþ 0:003917ð Þ T
To

þ 0:030669ϕ−0:00391123ð Þ ð14Þ

Where K is the Boltzman constant (κ = 1.3807 × 10−23 J/K), T is the
fluid temperature and T0 is the reference temperature. The term of f
(T,∅) is a function of temperature and particle volume fraction. The
(c) & (e) outerwall respectively with published numerical results carried out by Izadi et al.



Fig. 4. The effect of different nanofluids types at different Reynolds numbers, (a) Nusselt number, and (b) Friction factor.
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correlation of β is a function of the liquid volume that travels with a par-
ticle material expressed in Table 2 as it is given by Vijjha [47].

Dynamic viscosity [48]:

μeff

μbf
¼ 1

1−34:8 dnp
dbf

� 	−0:3
ϕ1:03

ð15Þ

Where dbf ¼ ½6M=Nπρbf �
1=3 μeff and μbf are the effective dynamic viscos-

ity of nanofluid and dynamic viscosity of the base fluid respectively, dnp
is the nanoparticle diameter, dbf is the base fluid equivalent diameter
and ϕ is the nanoparticle volume fraction. M is the molecular weight
of thebasefluid,N is theAvogadronumber=6.022×1023mol−1andρfo
is the mass density of the base fluid calculated at temperature To =
293 K.

2.5. Numerical parameters and procedures

The numerical computations were carried out by solving the
governing conservation along with the boundary conditions using the
Fig. 5. The effect of different volume fractions of nanoparticles at differe
finite volumemethod (FVM)with the aid of commercial software (FLU-
ENT©). SIMPLE algorithm is used to solve the flow field inside an annu-
lus. The diffusion term in the momentum and energy equations is
approximated byfirst-order central differencewhich gives a stable solu-
tion. In addition, a first-order upwind differencing scheme is adopted
for the convective terms [51]. An unstructured non uniform grid distri-
bution has been used to discretize the computational domain as shown
in Fig. 2. The numerical model was developed in the physical domain,
and dimensionless parameters were calculated from the computed ve-
locity and temperature distributions. The residual sum for each of the
conserved variables is computed and stored at the end of each the iter-
ation. The convergence criterion required that the maximum relative
mass residual based on the inlet mass be smaller than 1 × 10−6.

2.6. Grid testing and code validation

The computational domain resulted from the subtraction of the el-
liptical cylinder section from the circular cylinder section. The grid is
made up of triangular elements to improve the quality of the numerical
prediction near the curved surfaces as shown in Fig. 2. Four different
nt Reynolds numbers, (a) Nusselt number, and (b) Friction factor.



Fig. 6. The effect of different nanoparticles diameters at different Reynolds numbers, (a) Nusselt number, and (b) Friction factor.
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sets of the grid sizes were imposed to the geometry and simulated by
calculating the Nusselt number at Re = 1000. The four grids sizes are
40 × 10 × 100, 20 × 10 × 200, 50 × 10 × 200 and 40 × 30 × 100 show
no much difference in the values of Nusselt number. Thus, the grid
size of 40 × 10 × 100 is selected in this study as it is found to provide
a more stable grid independent solution. The code validation was
done based on the geometry and boundary conditions which were
used by Izadi et al. [1]. They studied the thermal characteristics of lam-
inar and turbulent convection heat transfer in an elliptic annulus with
constant heat flux boundary condition. In this case, the results of the
Nusselt number variation were compared with the predictions of the
following well-known Shah equation for laminar flows under the con-
stant heat flux boundary condition [1] as shown in Fig. 3a. To validate
the accuracy of the numerical solutions, the Nusselt number (Nu) and
the friction factor (f) of the elliptic annular is compared with the theo-
retical data. It is clearly seen that the deviation between the numerical
results and the theoretical data is 5% by Izadi et al. [1] as shown in
Fig. 3b–e. Therefore, the present numerical predictions have reasonable
accuracy.
Fig. 7. The effect of different Reynolds numbers at x-po
3. Results and discussion

In this work, laminar heat transfer and fluid flow for different types
of nanofluids in a three-dimensional through an elliptic annulus is ex-
amined. Five values of Reynolds number were used in the range of
200 ≤ Re ≤ 1000 and four nanoparticles volume friction in the range of
0 ≤ϕ ≤ 0.04. The ethylene glycol was considered as a base fluid. Four dif-
ferent types of nanoparticles are studiedwhich are, Al2O3, CuO, SiO2 and
ZnO. The nanoparticles diameter was in the range of
20 nm ≤ dp ≤ 80 nm. The effects of particle type, volume fraction, parti-
cle diameter, Reynolds number and different base fluids on the Nusselt
number and friction factor are presented and interpreted in this section.

3.1. The effects of nanofluids on the thermal field

The effects of different nanoparticle types on the thermal fields are
presented via the Nusselt number. The base fluid considered is pure
EG and the nanoparticle diameter and concentrations are set to 20 nm
and 4% respectively. The nanoparticle type affects the nanofluid
sition, (a) Nusselt number, and (b) Friction factor.



Fig. 8. The effect of different base fluids at different Reynolds numbers, (a) Nusselt number, and (b) Friction factor.
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properties which in turn affect the heat transfer performance. The
Nusselt number for different values of Reynolds number and different
nanofluids are shown in Fig. 4a. It is observed that SiO2 nanofluid has
the highest surface Nusselt number and velocity, followed by Al2O3,
ZnO, and CuO respectively. This is because SiO2 has the lowest thermal
conductivity than other nanofluids, but higher than EG and has the
highest average velocity among other fluids due to its lowest density
compared with the others. The Nusselt number increases significantly
as Reynolds number increases for the four nanofluids types. It is less
dense and this property enables the particle to move rapidly in the
tube and it characterizes the main reason to give high heat transfer co-
efficient. In universal, the value of Nusselt number is inversely propor-
tional to the value of thermal conductivity of that particular fluid.

The effect of different nanofluids on the friction factor with a Reyn-
olds number is displayed in Fig. 4b where the particle volume fraction
and nanoparticle diameter are kept constant at 4% and 20 nm respec-
tively. It is clearly seen that the friction factor decreases when Reynolds
Fig. 9. The contours of velocity profile of different nanoparticle types. (a) SiO2 (b) Al2O3 (c
number increases for all types of nanofluids. It is found that SiO2

nanofluid has the highest friction factor, followed by Al2O3, ZnO, and
CuO nanofluids and finally pure EG. The suspension of nanoparticles in
the base fluid causes a slight increase in the friction factor.

3.2. The effect of different nanoparticles volume fractions

In this study, the effect of nanoparticle volume fraction in the range
of 0%–4% with different values of the Reynolds number and diameter of
particle dp=20 nm is investigated. As shown clearly in Fig. 5a, increas-
ing nanoparticle volume fraction enhances the Nusselt number. The re-
sults showed that the Nusselt number is not very sensitive to the
volume fraction of nanoparticles at lower Reynolds number and in all
cases with increasing the Reynolds number, the Nusselt number in-
creases. This is because as the volume fraction increases, irregular and
random movements of the particles increases the energy exchange
rates in the fluidwith penalty on thewall shear stress and consequently
) CuO (d) ZnO and (e) EG for Re= 1000, ϕ=0.04, dp = 20 nm in the annulus tube.



Fig. 10. The contours of temperature profile of different nanoparticle types. (a) CuO (b) ZnO (c) Al2O3 (d) SiO2 and (e) EG for Re= 1000, ϕ=0.04, dp= 20 nm in the annulus tube.
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enhance the thermal dispersion of the flow. It is also found that the sur-
faceNusselt number increaseswith the increase of Reynolds number. As
shown in Fig. 5b the friction factor decreases with the increase of Reyn-
olds number for different volume fractions of nanoparticles. In general,
the increase of nanoparticles volume fraction results in an increase of
fluid viscosity which diminishes the fluid movement.

3.3. The effect of different nanoparticles diameters

This study used SiO2-EG as a working fluid with fixed other param-
eters such as volume fraction 4% except that Reynolds number was in
the range of 200–1000. The range of nanoparticle diameter is 20–
80 nm. As illustrated in Fig. 6a, the results revealed that the nanofluid
with smaller particle diameter has the higher Nusselt number. The ef-
fect of particle size may be attributed mainly to two reasons which are
the high specific surface area of thenanoparticles and the Brownianmo-
tion. As the particle size reduces, the surface area per unit volume in-
creases, the heat transfer is being dependent on the surface area, and
thus the effectiveness of nanoparticles in transferring heat to the base
liquid increases. However, reducing the particle size means increasing
the Brownian motion velocity, which again adds up to the contribution
by the nanoparticles to the total heat transfer by continuously creating
additional paths for the heat flow in the fluid. As presented in this figure
the nanofluidwith 20 nmnanoparticle diameter has the highest Nusselt
number, whereas, the nanoparticle with a diameter of 80 nm has the
lowest Nusselt number.

The effect of different nanoparticle diameters of SiO2 nanofluid on
the friction factor with different Reynolds numbers is presented in
Fig. 6b. It is noted that there is a slight change in the friction factor
when nanoparticle diameters of SiO2 nanofluid are varied.

3.4. The effect of different Reynolds numbers

Different values of Reynolds number in the range of 200 b Re b 1000
were used in this study that produced variation output accordingly.
From Fig. 7a, it can be observed that as the Reynolds number increases
the average Nusselt number also increases. From Fig. 7a, it can clearly
be seen that the Reynolds number increases the convective current be-
comes more and more strong and maximum value of isotherms
reduces. The difference of Nusselt numberwith x- position in elliptic an-
nulus at variation Reynolds number is presented in Fig. 7a. TheReynolds
number Re = 1000 provided the highest heat transfer enhancement
over other Reynolds numbers. This is because of a strong mixing of
thefluid induced form laminar flowand appearance of revenue flowbe-
tween the adjacent elliptic annulus. As shown in Fig. 7a the Re = 1000
has the best heat transfer more than Re = 800, 600, 400, 200
respectively.

Fig. 7b shows the variation of friction factorwith x-position at differ-
ent Reynolds numbers. It can be seen that the friction factor is high at
lower Reynolds number and then it tends to decrease when the Reyn-
olds number increases.
3.5. The effect of different base fluids

The effect of different types of base fluids on theNusselt number ver-
sus the Reynolds number is presented in Fig. 8a. It can clearly be seen
that SiO2-glycerine has the highest value of Nusselt number while
SiO2-EG has the lowest value of Nusselt number. This is because glycer-
ine has the highest dynamic viscosity in nature compared to other base
fluids and SiO2 particles are mixed properly in glycerine which contrib-
utes to increase the thermal transport capacity of the mixture which in
turn increases theNusselt number. As shown in Fig. 8b the friction factor
decreaseswith increasing in the Reynolds number for the different base
fluids.
3.6. The effect velocity field of different types of nanoparticles

It is pointed out that increasing the radial and longitudinal velocity
has a significant effect on increasing the annulus tube heat transfer
rate. In order to explain the effect of nanofluid velocity on heat transfer
rate, the CFD predicted the velocity magnitudes relating to the type of
nanofluid and compared for Re = 1000 as shown in Fig. 9. It can be
clearly seen that SiO2 being the nanofluid with the lowest density
shows the highest amount of pressure drop due to higher velocity
followed by CuO, Al2O3, ZnO, and water. This can be the reason of
more heat transfer rate obtained.
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3.7. The effect temperature profile of different types of nanoparticles

For Re=1000, ϕ=0.04, dp=20 nm to different nanoparticle types
of the heat transfer patterns in annuals zone via Temperature map con-
tour are demonstrated in Fig. 10. In this study, the lower temperature
surface corresponds to the higher convective heat transfer. The results
reveal that the maximum heat transfer rate is found around elliptical
inner pipe and diminishes along the radial direction. However, the
higher convective heat transfer (lower temperature surface) is obtained
from usage of CuO nanofluid. This means that the random movements
of the CuO nanoparticles enhance the thermal dispersion than other
nanoparticles. It can be clearly seen that this case is corresponding
with another study.
4. Conclusions

In this paper, numerical investigations for three-dimensional lami-
nar mixed convective flow and heat transfer using various types of
nanofluids in an elliptic annulus with uniform heat flux are carried
out. The heat transfer enhancement resulting from various parameters
such as types of nanofluids, nanoparticle volume fraction, nanoparticle
diameter, Reynolds number and base fluid type were studied. The
governing equations were solved using the finite volume method with
certain assumptions and appropriate boundary conditions. The results
were predicted and compared based on their Nusselt number and fric-
tion factor can be made from the current study through the numerical
simulation that gives the highest Nusselt number. The results show
that the Nusselt number is remarkably increased by using nanofluids.
It is observed that the increase of Reynolds number and nanoparticle
volume fraction leads to increase in the Nusselt number. The results re-
vealed that the increase in the nanoparticles diameter leads to decrease
in the Nusselt number. The nanofluid of SiO2 has the highest Nusselt
number and friction factor values, followed by Al2O3, ZnO, and CuO
and finally pure EG has the lowest Nusselt number. It is found that
SiO2–EG gave the best heat transfer performance compared to other
nanofluids through the elliptic annulus were by using SiO2 as the work-
ing fluid with percentage of concentration of 4%, diameter of particle
(dp) of 20 nm, using Reynolds number of 1000. Results reveal that
glycerine-SiO2 gives the highest Nusselt number and friction factor
followed by engine oil–SiO2 while EG–SiO2 gives the lowest Nusselt
number.
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