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Abstract. In this paper, the forced convective heat transfer enhancement with nanofluids in a 90� pipe bend

has been presented. Numerical investigation is carried out for the turbulent flow through the pipe employing

finite volume method. The governing differential equations are discretized using hexahedral cells, and the

resulting algebraic equations are solved using Commercial solver Fluent 6.3. In order to close the time averaged

Navier–Stokes equations, the two-equation k–e turbulence model with a standard wall function have been used.

The duct Reynolds number is varied in the range of 2,500–6,000. It is observed that the heat transfer is enhanced

significantly by varying the volume fraction of the nanofluid. It is also found that the heat transfer is increased

with Reynolds number. A strong secondary flow is observed due to the presence of the wall. Turbulent kinetic

energy near outer wall is found to be higher than the inner wall of the bend. A comparative assessment for the

heat transfer enhancement with different types of nanofluids is also presented. The computed results of area

weighted average Nusselt numbers are validated with some of the existing literature.

Keywords. Nanofluids; k–e turbulence model; 90� bend pipe; forced convection.

1. Introduction

Forced convection heat transfer can be enhanced by

increasing the thermal conductivity of a fluid medium,

which carries the heat along with it. Also, the operating

condition is one of the factors that affect the heat transfer

rate. Conventional fluids such as oil, water, and ethylene

glycol are rather poor heat transfer mediums. The thermal

management of the heat transfer equipment demands a high

heat transfer rate from a smaller surface area. The designing

of thermal equipment is more challenging because of

miniaturization of devices. Thus, the attempts have been

focused by many researchers [1–3] to optimize the geom-

etry of engineering equipment with a hope to attain a higher

thermal efficiency. Now-a-days, the use of the conventional

fluids in these miniaturized devices has been replaced with

nanofluids. The fluid flow and the heat transfer character-

istics of a fluid containing millimeter- or micrometer-sized

particles have been studied by different researchers [4–7].

Since these suspended particles are relatively larger in size

as compared to the nanofluids, the problems of poor sus-

pension stability, channel clogging and abrasion of tubes

are inevitable. However, the fluids with nanometer-sized

particles do not suffer these problems; rather have higher

thermal conductivity than that of the theoretical predicted

values [8]. The heat transfer enhancement by the nanofluids

has been studied comprehensively by Xuan and Li [9],

Wang and Majumdar [10], Kakaç and Pramuanjaroenkij

[11]. According to these researchers the nanofluids enhance

the heat transfer because of (1) increased surface area

around nanoparticles in the base fluid, (2) increased thermal

conductivity of the mixture (i.e., basefluid ? nanoparticle),

and (3) intense inter-particle collisions and thermal

dispersion.

The convective heat transfer mechanism in nanofluids

was studied first by Xuan and Roetzel [12]. They concluded

that thermal dispersion and increased thermal conductivity

are the major mechanisms to enhance heat transfer rate in

nanofluids. Roy et al [13] and Palm et al [14] numerically

studied the convective heat transfer characteristics of

nanofluid using single-phase model, and assumed that the

nanofluid maintains thermal equilibrium with the base fluid.

The turbulent heat transfer performance of nanofluid was

studied numerically by Boungiorno [15]. The heat transfer

enhancement near-wall layer was based on two region

model: the viscous sub-layer and the turbulent sub-layer.

The thermal conductivity was dominated over the fluid

viscosity and the particle volume fraction in the viscous

sub-layer. In this region, the heat transfer enhancement was

primarily due to the reduction in the viscosity resulting in a

thinner viscous sub-layer due to the nanoparticles. More-

over, the turbulent convective heat transfer of Al2O3–water*For correspondence
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nanofluids has been studied numerically in a long hori-

zontal tube by Rostamani et al [16].

Anoop et al [17] studied the effect of nanoparticle size on

heat transfer augmentation. They reported that the small sized

nanoparticles (45 nm diameter) were better heat transfer

augmenter than the large sized nanoparticles (150 nm diam-

eter). In an experimental study of TiO2–water nanofluid

flowing in a vertical pipe, Heris et al [18] observed a reduction

in heat transfer enhancement as the size of the nanoparticle

was increased. The reduction in the heat transfer enhancement

was attributed to the decrease in thermal conductivity of

nanofluids with particle size. The laminar convective heat

transfer of nanofluids has been studied experimentally byWen

andDing [19] usinga straight copper tubeof970mmlong.The

heat transfer enhancement in the developing region of the pipe

was found higher. Heris et al [18, 20], Seyf and Feizbakhshi

[21], Nazififard et al [22], Bianco et al [23] have studied the

effects of nanofluids CuO–water/Al2O3–water on the heat

transfer rate for laminar or turbulent flow through circular

pipes. An experimental investigation for the convective heat

transfer enhancement has been carried out by Heris et al [24]

using of Al2O3/water nanofluid flowing in a square duct. They

concluded that the poor heat transfer performance of non-

circular cross section such as square can be overcome by using

nanofluids. They reported that there exists the static fluid

region near the corners of the non-circular dusts; and with the

use of nanofluid, the nanoparticles can migrate to the sharp

corners and effectively dissipate heat from those regions so as

to enhance the heat transfer performances.

A two-phase approach has been employed by Lotfi et al

[25] to investigate the turbulent forced convective heat

transfer characteristics of Al2O3–water nanofluids flowing

in a circular tube. They demonstrated that the two-phase

mixture model was able to predict the heat transfer rate in a

very precise way. A comparative study has been carried out

by Azari et al [26] employing different two-phase models

of commercial software Fluent. They concluded that the

single-phase model was able to predict the heat transfer

effectively at low concentration of nanofluids; whereas at

high concentration the heat transfer rate matches well with

their experimental results. From the above literature review,

it is clear that the heat transfer enhancement in 90� bend

pipe using Al2O3–water nanofluid has not been carried out

earlier. As far as authors’ knowledge, the present investi-

gation is the first of its kind. Therefore, in the present study,

an attempt has been made to carry out the numerical

investigation of the effects of the nanofluid volume fraction

and the Reynolds number on the heat transfer rate.

2. Mathematical formulation

2.1 Physical situation and grid arrangement

The physical model used in the present numerical investi-

gation has been depicted in figures 1(a) and (c). The

expanded and cutaway view of the grid arrangement has

been illustrated in figure 1(b). Hexahedral cells have been

Isothermal 
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Figure 1. Physical situation and grid arrangement (a) Cutaway view of 90� bend; (b) Grid arrangement; (c) x–z plane passing through

the 90� bend pipe.
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employed to mesh the computational domain. It is seen that

finer grids have been used on the bend portion of the pipe

since the flow at the bend portion experiences a centrifugal

force due to the curvature effect. Therefore, it is expected

that the flow attains a higher velocity at the outer wall than

the inner wall. Thus, the sharp gradients in the flow vari-

ables may be correctly captured by employing finer grids in

the bend portion.

2.2 Governing equations

The conservation equations for mass, momentum and

energy are solved in a three-dimensional computational

domain as shown in figures 1(a) and (b). For practical

applications, the size of the nanoparticles, in general, is

less than 100 nm. Therefore, these finer particles when

mixed with the base fluid forms a mixture that can be

modelled as a continuous medium like a single-phase fluid

such as water [9, 27]. In the present study, the following

assumptions have been incorporated into the numerical

scheme:

1. The average flow is steady, turbulent and single phase.

2. The slip velocity between nanoparticles and base fluid is

negligible, and the thermal equilibrium between the

continuous phase and discrete particles is prevailed.

3. The nanofluid is treated as incompressible and Newto-

nian with constant physical properties.

4. The thermal radiation, viscous dissipation, and compres-

sion work are negligibly small in the energy equation.

Thus, these terms are neglected.

With these assumptions, the governing equations for the

above analysis can be written as

Continuity

qnfr � vnf ¼ 0 ð1Þ

Momentum

qnfr � ðvnf vnf Þ ¼ �rp þr: ��sð Þ ð2Þ

Energy

qnf Cp;nfr � Tnf ¼ knfr � ðrTnf Þ ð3Þ

where s is the stress tensor. Since constant fluid properties

have been used in the present study, thus, the laminar vis-

cosity and thermal conductivity are kept constant. As an

isotropic turbulence model (i.e., the standard k � e turbu-

lence) is used, the modified pressure, ‘p’ in Eq. (2) will

scramble to be p þ 2kqnf =3
� �

, which is computed itera-

tively from the momentum and continuity balance using the

SIMPLE algorithm.

The stress tensor s is given by

s ¼ leff
nf rvnf þrvT

nf

� �
ð4Þ

Effective viscosity, leff
nf ¼ lnf þ lt;nf

� �
Turbulent vis-

cosity, lt;nf , computed from lt;nf ¼ qnf Cl
k2

e

Turbulent kinetic energy (k)

r � qnf vnf k
� �

¼ r �
lt;nf

rk

rk

� �
þ Gk;nf � qnf e: ð5Þ

Dissipation rate (e)

r � qnf vnf e
� �

¼ r �
lt;nf

re
re

� �
þ e

k
C1eGk;nf � C2eqnf e
� �

:

ð6Þ

The term Gk;nf represents the production of turbulent

kinetic energy and is computed from

Gk;nf ¼ lt;nf rvnf þ ðrvnf ÞT
� �

: rvnf ð7Þ

rk, re are Prandtl’s numbers for k and

e.C1e ¼ 1:44;C2e ¼ 0:09; rk ¼ 1:0; re ¼ 1:3;Cl ¼ 0:09

Prt ¼ 1. To link the solution variables at near-wall cells

and the corresponding quantites on the wall, a standard wall

function has been employed as proposed by Launder and

Spalding [28]. Barik et al [29, 30] used k–e turbulence

model along with the standard wall function to model the

air entrainment into an infrared suppression device (IRS).

The law-of-wall for mean velocity is given as

qnf upk1=2p c
1=4
l;nf

sw=qnf

¼ 1

j
ln Ey�ð Þ ð8Þ

y� ¼
qnf k

1=2
p c

1=4
l;nf yp

lnf

ð9Þ

E ¼ empirical constant¼ 9:793; j ¼ von Karman con-

stant¼ 0:4187; up ¼mean velocity of fluid at point ‘P’, and

sw ¼ the wall shear stress. The turbulent intensity at the

duct inlet has been calculated from I ¼ 0:016Re�ð1=8Þ.

2.3 Boundary conditions

Since Eqs. (1)–(3) are elliptic, nonlinear and coupled partial

differential equations; an iterative solution method has been

adopted to solve the unknown variables by imposing

appropriate boundary conditions. At the duct inlet, the

velocity inlet boundary condition has been imposed. A

uniform axial velocity uin, temperature Tin (which is equal

to To) has been specified at the inlet. At the pipe outlet, the

outflow boundary condition has been applied. The outflow

boundary condition ensures that there would be no back

flow at the pipe outlet. It is expected that the flow is hydro-

dynamically fully developed before reaching the bend

portion of the conduit. For turbulent flows, it has been well

established that the hydrodynamic entry length for most of

the practical engineering applications is about 10 times the

CFD study of forced convective heat transfer enhancement 797



hydraulic diameter of the conduit. In the present study, a

length of the conduit 20 times the hydraulic diameter

(x=Dh ¼ 20) has been considered, so that flow is expected

to develop fully (hydrodynamic) at the entrance of the

bend. However, it is worth mentioning here that the flow

may not be fully developed at the outlet section of the

conduit due to the presence of the bend. Recently, the finite

element method has been employed by Choi and Zhang

[31] to investigate the heat transfer characteristics of cir-

cular return bend tube using nanofluids. The lengths of the

straight portion of the tube before and after the return bend

are 10 times the dimensionless diameter. Since the present

investigation is concerned about the thermo-hydraulic

characteristics of 90� bend; thus, the inlet and outlet por-

tions of the 90� bend are subjected to adiabatic boundary

condition. A constant temperature (Tw ¼ 363K) has been

applied to the walls of the bend. The mathematical

descriptions of different boundary conditions used in the

present computational study are given as follows:

Pipe inlet: v ¼ w ¼ 0; u ¼ uin; T ¼ Tin ¼ T0 ð10Þ

Pipe outlet:
oðÞ
on

¼ 0; ð11Þ

where n is the outward normal drawn to the pipe outlet. At

the pipe outlet, the pressure outlet boundary condition has

been imposed since atmospheric pressure is prevailed.

Adiabatic walls of the pipe: u ¼ v ¼ w ¼ 0;
oT

ox
¼ oT

oy
¼ oT

oz
¼ 0;

ð12Þ

Constant temperature bend walls: u ¼ v ¼ w ¼ 0;
Tx ¼ Ty ¼ Tz ¼ Tw

ð13Þ

2.4 Physical properties for nanofluid

The nanoparticles are assumed to be dispersed well in the

base fluid. Therefore, the thermo-physical properties of

nanofluid are evaluated from some classical well-known

formulas for single phase constant property fluids. Different

thermo-physical properties of Al2O3 nanoparticle as well as

water (i.e., base fluid) are given in the table 1. The sub-

scripts p, bf and nf represents the nanoparticle, base fluid

and nanofluid, respectively. In the present study, the tem-

perature independent, and the volume fraction dependent

densities for Al2O3–water nanofluid have been employed.

The volume fraction dependent density for nanofluid is

calculated from Eq. (14) as has been suggested by different

researchers [23, 32]:

qnf ¼ 1� /ð Þqbf þ /qp ð14Þ

The above formula commonly used for obtaining the

nanofluid density has been obtained from experimental results

of Pak and Cho [33]. The dynamic viscosity of Al2O3–water

nanofluid has been evaluated from the classical homogenous

two-phasemixturemodel neglecting the slip velocity between

the phases as given in the following equation.

lr ¼
lnf

lbf

¼ 123/2 þ 7:3/þ 1: ð15Þ

A least square analysis had been carried out by Maiga

et al [34] to fit the experimental data of the researchers [35]

to obtain the above equation. The specific heat of the

mixture is obtained from Eq. (16) as has been reported by

different researchers [27, 36].

cnf ¼ 1� /ð Þcbf þ /cp: ð16Þ

The same criteria as that of the viscosity have been used to

determine the thermal conductivity of the nanofluid. The ther-

mal conductivity is determined from the following equation.

kr ¼
knf

kbf

¼ 4:97/2 þ 2:72/þ 1: ð17Þ

The above thermal conductivity model assumes that the

nanoparticles are spherical in shape which is may not be the

case in a real situation. Thus, this model under-predicts the

thermal conductivity of nanofluids. However, this model is

very simple and easy model to implement in the numerical

computations. Therefore, we have used this model to

evaluate the thermal conductivity of Al2O3–water nano-

fluid. Before proceeding to the validation of the present

numerical methodology, the area weighted average Nusselt

number, local Nusselt number, bulk mean temperature and

the Reynolds number based on the hydraulic diameter of

the duct are given as follows:

The area weighted average Nusselt number:

NuDh ¼ 1

A

Z
NuDhdA: ð18Þ

The local Nusselt number is computed as

NuDh ¼ hwDh

knf

; ð19Þ

where the local heat transfer coefficient,

hw ¼ qw=ðTw � TbÞ ¼ knf oT=orð Þjr ¼ 0
� �

=ðTw � TbÞ, and

r, is the coordinate direction in y and z, respectively. The

Table 1. Thermo-physical properties Al2O3 nanoprticle and

water.

Properties

Al2O3-

nanoparicles (p) Water (bf)

Density, q (kg/m3) 3880 998.2

Thremal conductivity, k(W/

m - K)

36 0.597

Sp. heat, c(J/kg -K) 773 4182

Viscosity (kg/m - s) – 9.93 9 10-4
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bulk mean temperature in the computational domain is

computed from the local temperature, T according to the

following equation.

Tb ¼ 1

A

Z
TdA: ð20Þ

In Eq. (18), dA is the cross-sectional area. All properties

are calculated from the bulk temperature.

ReDh ¼
qnf uinDh

lnf

: ð21Þ

3. Numerical solution procedure

Hexahedral cells have been deployed to discretize the

three-dimensional computational domain. A faster conver-

gence rate and better solution accuracy are achieved with

the hexahedral cells since the flow is aligned with the cell

faces. Conservation equations for mass, momentum, and

energy are integrated over the control volume to yield a set

of algebraic equations. The second order upwind scheme is

used for the convective terms [25, 26], and central differ-

ence scheme which is always second order accurate has

been employed to discretize the diffusion terms. A short

description of the second order upwind scheme has been

given for reference. In a second order upwind scheme, the

face value (uf ) is computed as uf ¼ uþru: r!. u,
denotes the cell centered value with its upstream gradient is

ru, and r! represents the displacement vector from

upstream cell centroid to face centroid. ru, at cell centroid
is computed as ru ¼ 1

v

P

f

uf Af . uf, is the value of u at the

face centroid, and is computed from the Green–Gauss node

based gradient evolution as uf ¼ 1
Nf

PNf

n

un, uf ¼ the

arithmetic average of node values on a face, Nf is the

number of nodes on the face, and un is calculated from a

weighted average of cells surrounding a node. A staggered

grid layout has been employed to compute the temperature

and velocity components at the center of control volume

interfaces. SIMPLE (Semi-Implicit Method for Pressure-

Linked Equations) algorithm has been employed for pres-

sure–velocity coupling to solve pressure correction equa-

tion. The algebraic equations are then solved iteratively

using a point implicit (Gauss–Siedel) linear equation solver

in conjunction with algebraic multi-grid solver of Fluent

6.3 by incorporating the boundary conditions. The under

relaxation factors (for pressure = 0.3, momentum = 0.7,

energy = 1, turbulent kinetic energy and its dissipation

rate = 0.8 each) have been used to update solution vari-

ables at the end of each iteration. The solutions are found to

converge, when the residuals resulting from the iterative

solutions fall below 10-4 and 10-7 respectively for

momentum and energy equations.

4. Validation of numerical methodology

Attempts have been made to validate the present numerical

scheme with some of the existing literature. It is worth men-

tioning here that there exist neither experimental nor numer-

ical data to validate the heat transfer from a 90� bend pipe of
rectangular cross section carrying Al2O3–water nanofluid.

Therefore, the authors have tried their best to validate the

present numerical models with some of the correlations given

by Pak and Cho [33] as well as Maiga et al [27] as shown in

figure 2(a). It is observed from figure 2(a) that the Nusselt

number increases linearly with the duct Reynolds number. A

similar trend has been captured by our numerical scheme. The

present computedNusselt numbers little higher than the results

reported by Pak and Cho [33].

This is due to the fact that the Al2O3 nanofluid has been

used in the present computation; whereas TiO2, whose
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Figure 2. (a) Variation of average Nusselt number with duct Reynolds number; (b) Variation of velocity along radial direction at outlet

of square duct.
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thermal conductivity is lower than that of the Al2O3,

nanofluid was used by Pak and Cho [33]. It is also

observed that the computed values of the Nusselt number

matches well with the results obtained by Maiga et al

[27]. Figure 2(b) shows the validation of the present CFD

results with the analytical results of Muralidhar and Bis-

was [37] as well as Chakraborty [38]. It has been noticed

from figure 2(b) that the CFD results matches reasonably

with the analytical results. Laminar flow in a square duct

has been taken for the present validation. Thus, it is

ascertained that the present numerical schemes are capable

of predicting the heat transfer as well as flow character-

istics in non-circular ducts, and are implemented in the

present study.

5. Results and discussions

5.1 Grid independence test

The grid independence test for the present work has been

shown in figure 3. The computation has been started ini-

tially with 19,200 cells. The computed Nusselt number was

50.78. The grids are refined subsequently to increase the

number of cells to 33,000 and the Nusselt number by that

time was 53.21, which register a change in Nusselt number

4.78%. Thereafter, the number of cells has been increased

to 50,000, which register a change in Nusselt number

0.375%. Therefore, a computational domain containing

number of cells of 33,000 have been used for our further

analysis. At 33,000 cells, the y? value is noticed within the

limit of 30\y?\300, which is a required condition for the

use of the standard wall function. In the present case the y?

value lies in the range of 50–148 for the hot wall where we

have incorporated fine meshes in order to capture the sharp

gradients in the flow variables.

5.2 Effect of Reynolds number on heat transfer

enhancement

The effect of Reynolds number on heat transfer enhance-

ment for Al2O3–water nanofluid is shown in figure 4. At a

particular volume fraction of the nanofluid, the average

Nusselt number is observed to increase monotonously with

the Reynolds number. It is quite obvious that the heat

transfer rate to the fluid increases with the Reynolds num-

ber, as a more amount of heat is carried by a faster moving

fluid than a slower moving fluid; and as a result of this, the

Nusselt number has been increased with the Reynolds

number. The same phenomena have been shown by the

nanofluid.

At a particular volume fraction and Reynolds number,

the velocity contours (expanded and cutaway view) are

shown in figure 4 to explain the fluid flow characteristics.

The occurrence of secondary flow in the bend duct has been

shown in the sub-figure of figure 5. For the sake of clarity,

the velocity vector has been shown in a single plane (as

shown by an arrow mark in figure 5). It is seen from the

sub-figure of figure 5 that two counter rotating vertices are

developed which are thought to be the direct consequence

of the effect of centrifugal force on the bulk fluid motion.

The centrifugal force causes the inner fluid to move towards

the outer wall. The heat transfer from the outer wall would

be higher than the inner wall because of two reasons; firstly,

the occurrence of a higher fluid velocity (see sub-figure of

figure 5) in the vicinity of the outer wall (see figure 5) and

secondly, the appearance of secondary flow due to cen-

trifugal force. Thus, it is expected that the transfer perfor-

mances of bend pipes are better than that of straight pipes.

A similar observation has been reported by Chandratilleke

[39] while studying the convective heat transfer in a curved

rectangular duct.
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Figure 3. Grid independence test.
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It is interesting to note that a higher heat transfer

enhancement is achieved for a higher volume fraction of

the nanofluid (see figure 4). At ReDh = 2,500, the average

Nusslet number has been increased by 9.6% as the nano-

fluid volume fraction is increased from 0% to 5%. How-

ever, at ReDh = 6,000, the heat transfer rate is increased by

12.3% as the volume fraction is increased from 0% to 5%.

Since the heat transfer rate is augmented by the use of the

nanofluid as compared to the conventional fluids such as

water, it may be used for the thermal equipment where the

heat elimination would be the prime objective.

5.3 Effect of volume fraction of nanofluid on heat

transfer enhancement

Figure 6(a) shows the increase in Nusselt number with the

nanofluid volume fraction. Al2O3-nano particles are added

to the base fluid to form a homogeneous mixture. Two

different Reynolds numbers have been considered for the

present analysis. At a particular volume fraction (/ = 5%),

Nusselt number has been increased by 10.9% when the

Reynolds number is increased from 5,000 to 6,000. Fur-

thermore, at ReDh = 5,000 and 6,000, the heat transfer is

enhanced by 10.34% and 10.2%, respectively, when a more

nanoparticle by volume has been suspended in the base

fluid (i.e., water). The heat transfer enhancement with the

use of nanofluid is achieved because the thermal conduc-

tivity of the nanofluid is increased significantly which can

carry heat effectively from the heated surface.

It has been evident from figure 6(b) that the turbulent

kinetic energy (TKE) is increased with nanofluid volume

fraction. The TKE is higher at the outer wall as compared

to the inner wall. This is attributed to the centrifugal force

experienced by the flow as it takes the curve. A peak in the

TKE is seen at AA/Dh = 22.2 because of the secondary

flow. The enhancement in TKE at outer wall is further

explained from the velocity counter plots as shown in fig-

ure 7(a). At a particular ReDh = 5,000, the resultant velocity

at the outer region of the wall is increased with the volume

fraction; and hence, the turbulent kinetic energy is

increased. The increased velocity along with high turbu-

lence kinetic energy is responsible to dissipate more heat

from the outer wall to the bulk fluid.

In figure 7(b), it is clear that the temperature gradient

near the walls for / = 4% is higher than that of / = 1%.

Therefore, a more amount of heat is transferred from the

wall to bulk fluid at higher volume fraction. Further, the

particle–particle collision is intensified with the volume

fraction of nanofluid; and thus, the fluid turbulence is

increased. The intense collision can reduce the thermal

boundary layer near the wall so as to facilitate the heat

transfer to bulk fluid. Xuan and Li [9] proposed that the

heat transfer enhancement was because of the intensifica-

tion of turbulence due to the nanoparticles. Mansour et al

[36] reported that the dimensionless thermal conductivity

(knf/kbf) of Al2O3–water nanofluid has been increased from

1 to 1.15, when the volume fraction of the nanofluid was

Figure 5. Velocity contours (m/s) for a square bend duct in

different vertical planes for Al2O3-water nanofluid (/ = 1%,

ReDh = 3,000).
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Figure 6. (a) Variation of Nusselt number with nanofluid volume fraction; (b) Variation in TKE along the line AA.
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increased from 0% to 5%. In our present model, the

dimensionless thermal conductivity is also improved from 1

to 1.14 as the volume fraction of the nanofluid is changed

from 0% to 5%. It is worth mentioning here that the vari-

ation of nanofluid thermal conductivity with the volume

fraction has been determined from Eq. (12).

5.4 Effect of different water soluble nanofluids

on heat transfer rate

The effect of different types of nanofluid on heat transfer

enhancement is shown in figure 8. The heat transfer by a

particular type of nanofluid has been expressed in terms of

area weighted Nusselt number. It is evident from figure 8

that the Nusselt number is increased linearly with Reynolds

number as has already been discussed in section 5.2.

At a particular Reynolds number and the volume fraction

of the nanofluid, the average Nusselt number of the CuO–

water nanofluid is relatively higher than the other two types

of the nanofluids (i.e., Al2O3–water and TiO2–water). The

higher Nusselt number of the CuO–water nanofluid is

attributed to its higher thermal conductivity as compared to

other two nanofluids considered. The present trend in the

variation of the Nusselt number with Reynolds number

employing different types of nanofluids is similar to the

results reported by Abdolbaqi et al [40].

6. Conclusions

A three-dimensional computational domain has been solved

numerically using the finite volume technique in order to

investigate the heat transfer augmentation by nanofluids.

Following conclusions can be drawn from the present

study.

1. The area weighted average Nusselt number is found to

increase linearly with the duct Reynolds number. At a

particular duct Reynolds number (i.e., ReDh = 6,000),

the heat transfer rate is increased by 12.3% as the

volume fraction is increased from 0% to 5%.

2. At a particular volume fraction (phi = 5%), Nusselt

number has been increased by 10.9% when the Reynolds

number is increased from 5,000 to 6,000.

3. The secondary vortices observed the bend duct causes

higher turbulence near the outer wall as compared to the

inner wall. A higher velocity is also seen towards the

outer wall.

4. The heat transfer augmentation with CuO nanofluid is

observed to be higher than that of other two nanofluids

(i.e., Al2O3 and TiO2) considered in the present study.

The numerical values of Nusselt number are observed to

match well with the existing literature.

List of symbols

Dh Hydraulic diameter of the rectangular duct (m)

Cp Specific heat (J kg-1 K-1)

k Thermal conductivity (W m-1 K-1)

uin Inlet velocity (m s-1)

u, v, w Velocity in x-, y-and z-directions (m s-1)

P Pressure (N m-2)

Figure 7. Contours of (a) Velocity; (b) Temperature fields at ReDh = 5,000 in plane (i.e., Pout).
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Figure 8. Variation of Nusselt number with duct Reynolds
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Tw Wall temperature (K)

T0 Inlet temperature (K)

Tb Bulk mean temperature (K)

NuDh Area weighted average Nusselt number

ReDh Duct Reynolds number based on hydraulic

diameter of the duct

qw Heat flux of isothermal surface (W m-2)

Greek symbols

q Density (kg m-3)

l Kinematic viscosity (N s m-2)

/ Volume fraction

Subscripts

w Wall

b Bulk

in Inlet

bf Base fluid

nf Nanofluid
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