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Abstract The steady state, viscous flow and heat transfer

of a nanofluid in the vicinity of an axisymmetric stagnation

point of a stationary cylinder is investigated. Exact solution

of the Navier–Stokes equations and energy equation are

derived in this problem. For all Reynolds numbers, as the

particle fraction increases, the depth of diffusion of the

thermal boundary layer and shear stresses decreases. It’s

clear that by adding nanoparticles to the base fluid there is

a significant enhancement in convective heat transfer

coefficient and convective heat flux.

Keywords Nanofluid � Stagnation-point flow � Convective
heat transfer coefficient � Stationary cylinder � Self-similar

solution

1 Introduction

Convective heat transfer is very important for many

industrial heating or cooling equipment. An innovative way

of improving the thermal conductivities of fluids is to

suspend small solid particles in the fluid. Maxwell (1881)

showed the possibility of increasing thermal conductivity

of a mixture by more volume fraction of solid particles

called nanofluid. In recent years, many researches have

been performed to study the effects of nanofluid on con-

vective heat transfer rate.

Wang (1974) was first to find exact solution for the

problem of axisymmetric stagnation flow on an infinite

stationary circular cylinder. In another investigation, Saleh

and Rahimi (2004) presented the results of a stagnation

flow on a moving cylinder with transpiration where Rey-

nolds number was considered for high values. In a study

performed by Tahavvor (2013), experimental and numeri-

cal results of a turbulent axisymmetric impinging jet flow

were presented. He considered the flow on a circular

cylinder with both offset and non-offset situations. Gorla

(1978a, b, 1979), in a series of papers, studied the steady

and unsteady flows over a circular cylinder in the vicinity

of the stagnation point for the cases of constant axial

movement and the special case of axial harmonic motion of

a non-rotating cylinder. Recently, Mohammadiun and

Rahimi (2012) have investigated the stagnation-point flow

and heat transfer of a viscous, compressible fluid on a

cylinder.

In the present analysis, for the first time the heat transfer

enhancement of steady viscous flow of nanofluid in the

vicinity of an axisymmetric stagnation point of a stationary

cylinder is considered. It is interesting to note that in cur-

rent work the thermal conductivity coefficient of nanofluid

is considered temperature-dependent and the ordinary

& Hamid Mohammadiun

hmohammadiun@iau-shahrood.ac.ir

Vahid Amerian

vahid.mech86@gmail.com

Mohammad Mohammadiun

mmohammadiun@iau-shahrood.ac.ir

Asghar B. Rahimi

rahimiab@um.ac.ir

1 Department of Mechanical Engineering, Shahrood Branch,

Islamic Azad University, Shahrood, Iran

2 Department of Mechanical Engineering, Shahrood

University, Shahrood, Iran

3 Faculty of Engineering, Ferdowsi University of Mashhad,

Mashhad, Iran

123

Iran J Sci Technol Trans Mech Eng (2017) 41:91–95

DOI 10.1007/s40997-016-0022-8

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s40997-016-0022-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40997-016-0022-8&amp;domain=pdf


differential equation has been derived. An exact solution of

the Navier–Stokes equations is obtained. The self-similar

solution is reached by introducing the similarity variables.

Sample distributions of shear stress, temperature and the

convective heat transfer coefficient at Reynolds numbers

ranging from 0.1 to 1000 are presented for different values

of particle volume fractions.

2 Properties of Nanofluid

The aluminum oxide (cAl2O3) nanoparticles which have

been used in this research have the following characteris-

tics (Table 1).

3 Problem Formulation

Flow is considered in cylindrical coordinates (r, z) with

corresponding velocity components (u, w). A reduction of

the Navier–Stokes equations (Tahavvor 2013; Gorla

1978a, b; 1979) is obtained by the following coordinate

separation of the velocity field which is actually modeled by

the form of their limits, and introducing g r
a

� �2�1, we have:

u ¼ ��k
a
ffiffiffiffiffiffiffiffiffiffiffi
gþ 1

p f gð Þ; w ¼ 2�kf
0
gð Þz; p ¼ qn�k

2a2P ð1Þ

Note that, for the case of base fluid (/t = 0), this variable

is similar to the one in Wang (1974), except that it changes

from zero to infinity instead of one to infinity. Transfor-

mations (1) yields an ordinary differential equation in

terms of f(g)

gþ 1ð Þf 000 þ f 00 þ Ren 1� f 0ð Þ2 þ ff 00
h i

¼ 0 ð2Þ

In these equations,

Re ¼
�ka2

2mf
ð3Þ

Ren ¼ bRe ð4Þ

b ¼ 1� 34:87
dp

df

� ��0:3

/1:03
v

" #

1� /v þ /v

qp
qf

 !

ð5Þ

To transform the energy equation into a non-dimensional

form, we introduce h gð Þ ¼ T gð Þ�T1
Tw�T1

, therefore, by using

Corcione’s correlation and introducing C as

C ¼ 4:4
2qbfkb
pl2bfdp

� �0:4
1

T10
f r

kp

kf

� �0:03

ð6Þ

The energy equation can be written as

1þ C/0:66
v Pr0:66bf T1 þ Tw � T1ð Þh½ �10:4

n o
gþ 1ð Þh00 þ h0½ �

þ 10:4 T1 þ Tw � T1ð Þh½ �9:4 Tw � T1ð ÞC/0:66
v Pr0:66bf gþ 1ð Þ h0ð Þ2

þ 1� /v þ /v

qcp
� �

p

qcp
� �

f

" #( )

RebfPrbf f h
0 ¼ 0

ð7Þ

Boundary conditions are as follows:

g ¼ 0 : f ¼ 0; f 0 ¼ 0 h ¼ 1

g ! 1 : f 0 ¼ 1 h ¼ 0
ð8Þ

The convective heat transfer coefficient is obtained from:

h ¼ �2knf jT¼Tw
h0 0ð Þ

¼ �2kbf 1þ 4:4Re0:4p Pr0:66bf

Tw

Tfr

� �10
kp

kf

� �0:03

/0:66
v

" #

h0 0ð Þ

ð9Þ

The shear stress on the surface of the cylinder is obtained

from:

r ¼ ln 2�kf
00 0ð Þz½ � 2

a
) ra

4ln�kz
¼ f 00 0ð Þ ð10Þ

Equations (2) and (7) along with boundary conditions (8)

have been solved by using the fourth-order Runge–Kutta

method of integration along with a shooting method, Press

et al. (1997).

Table 1 Characteristics and

correlation used in current study
Property Relation

Density qn = (1 - /v)qf ? qp
Viscosity (Corcione 2011) ln

l ¼ 1

1�34:87
dp
df

� ��:03

/1:03
v

, where df ¼ 0:1 6M
Npqf0

� �1
3

Thermal conductivity (Corcione 2011) kef f
kf

¼ 1þ 4:4Re0:4p Pr0:66bf
T
Tfr

� �10
kp
kf

� �0:03
/0:66
v

where Rep ¼ 2qbfkbT
pl2

bf
dp

and Prbf ¼
lbf cpð Þ

bf

kbf
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4 Results and Discussion

In this section, the solution of the self-similar Eqs. (2) and

(7), along with surface shear stresses and convective heat

transfer coefficient for prescribed values of surface tem-

perature for selected values of Reynolds numbers and

particle volume fraction is presented.

Sample profiles of the h(g) function against g for the case
of constant surface temperature for /t = 0.02, Tw = 450 K,

and for selected values of Reynolds numbers are depicted in

Fig. 1. As expected, the momentum is increased with the

Reynolds number and consequently, the thermal layer

thickness is decreased once the thermal diffusion is over-

come, as can be observed in the following figures.

Effect of variations of particle fraction factor on h(g)
function against g for Tw = 450 K and selected value of

Reynolds number is presented in Fig. 2. For /t = 0 base

fluid, the result of Gorla (1976) is extracted; it is interesting

to note that, as /t increases, the absolute value of the

dimensionless temperature gradient is decreased at sur-

faces; nevertheless, this decreasing rate is negligible

compared to that of increasing rate in the thermal con-

ductivity. Therefore, the heat transfer coefficient is

increased through addition of nanoparticles.

Sample profiles of the convective heat transfer coeffi-

cient h against Reynolds number for /t = 0.02 and

/t = 0.05 and for selected values of wall temperature are

depicted in Fig. 3. When the wall temperature or Reynolds

number increases, the thermal boundary layer thickness

increases. Moreover, in the interaction between the

decreasing rate of dimensionless temperature gradient and

increasing rate of thermal conductivity coefficient, a more

significant effect is reported for the heat transfer

coefficient.

Effect of variations of particle fraction factor on

h against Re for selected value of Tw is presented in Fig. 4.

It is interesting to note that, as /t increases, the depth of

the diffusion of the thermal boundary layer increases.

Based on the figures, an increase in the wall temperature

and the Reynolds number along with addition of

nanoparticles will result in increased heat transfer

coefficient.
Fig. 1 Variation of h in terms of g at Tw = 450 K and /v = 0.02 for

different values of Reynolds number

Fig. 2 Variation of h in terms of g at Tw = 450 K and Re = 100 for

different values of particle fractions

Fig. 3 Variation of h in terms of Re at /t = 0.02 for different values

of wall temperature
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Sample profiles of surface shear stress against Reynolds

Number are shown in Fig. 5, for selected values of particle

volume fraction. As expected, as the particle volume

fraction increases because of decreasing in the velocity

gradient on the cylinder wall, the surface shear stress

decreases.

Sample profiles of surface shear stress against particle

volume fraction are shown in Fig. 6, for selected values of

Reynolds numbers. As expected, by increasing the

Reynolds number the momentum boundary layer thickness

decreases and the velocity gradient on the surface increa-

ses. Increasing of the velocity gradient on the surface leads

to increase in the surface shear stress.

5 Conclusions

An exact solution for the Navier–Stokes equations and

energy equation has been obtained for the problem of

axisymmetric stagnation-point flow of a nanofluid on a

stationary cylinder. A reduction of these equations is

obtained by the use of appropriate transformations intro-

duced for the first time. The general self-similar solution is

obtained when the wall temperature of the cylinder is

constant. It can be said that for all Reynolds numbers and

cylinder wall temperatures, as /t increases the shear

stresses decreases and heat transfer coefficient increases. It

is proposed to consider different movements of the cylin-

der; for instance, an oscillating cylinder might be appli-

cable. Further, applying Rheology approach can be

considered as another future opportunity.
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