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ABSTRACT: Dimensionless temperature, Nusselt nhumber, and entropy generation in stagnation
flow of incompressible nanofluid impinging on the infinite cylinder with uniform suction and blowing
have been presented in this study. The initial stream rate of the steady free stream is kL. A similar solution
of Navier-Stokes and energy equations has been presented. These equations are simplified by implementing
appropriate transformations introduced in this research. The governing equations are solved where
the heat flux at the cylinder’s wall is constant. All these solutions are acceptable for Reynolds numbers
Re=kJa%2u of 0.1-1000, various dimensionless surface diffusion S=Up / k[Ja , and specific volume
fractions of nanoparticles where a is the cylinder radius and ux is the kinematic viscosity of the base fluid.
The results show that for all Reynolds numbers, diffusion depth of radial and axial components of velocity
field

and wall shear stress increases as a result of the decline in nanoparticles volume fraction and growth
in surface diffusion. Moreover, an increase in nanoparticles volume fraction and surface suction raises
the heat transfer coefficient and Nusselt number. Also, the greatest amount of entropy generation is calculated.

KEYWORDS: Nanofluid, Stagnation flow; Similarity solution; Volume fraction; Entropy
generation.

INTRODUCTION
Nanofluids are fluids consisting of suspended solid

nanoparticles of less than 100 nm size and 5 % volume
fraction. This definition was first introduced by Choi [1].
The selection of suitable nanoparticles can improve fluid
heat transfer compared with pure liquids. The nanofluids
can be applied to improve the system’s heat management in

engineering applications, including heat transfer,
micromechanics, air conditioning systems, and cooling
facilities. In recent years, large numbers of numerical and
experimental investigations have focused on nanofluids'
convection heat transfer in different geometries.
Kuznetsov and Nield investigated free convection heat
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transfer in the boundary layer of a laminar nanofluid
analytically [2]. They merged the applied model for
nanofluid with Brownian motion effects. In another
research, Kuznetsov and Nield investigated thermal
instability in a porous boundary layer saturated with
nanofluid. Recently, Khan and Pop studied the boundary
layer flow of nanofluid passing over an extended surface [4].
The relation of nanofluid’s conduction coefficient with
temperature was not taken into account in the models
presented by Kuznetsov-Nield and Khan-Pop.

Generally, finding exact solutions for Navier-Stokes
equations incorporates many complexities. This is because
of the equations' nonlinearities which makes the application
of the superposition theorem useless in this case, while
it is very profitable in potential flow. However,
in some specific cases, exact solutions are achievable
for Navier-Stokes equations. Most of these solutions
are related to the cases with advection terms, which are
the nonlinear part of the problem, naturally eliminated.
The first exact solution for the stagnation flow problem
was introduced by Hiemenz [5], who achieved an ordinary
differential equation. The two-dimensional stagnation
flow over a flat surface was investigated in this solution.

After Hiemenz, Homann [6] obtained an exact solution
for three-dimensional Navier-Stokes from axisymmetric
stagnation flow over a flat plate. Howarth [7] and Davey [8]
investigated the three-dimensional stagnation flow over
a flat plate for nonaxisymmetric states. The first exact
solution for axisymmetric stagnation flow over an infinite
cylinder was presented by Wang [9]. In this solution,
it is assumed that the cylinder is fixed with no rotation or
axial movement and there are no flow passing over the surface
and no surface suction and blowing. The flow is radially
axisymmetric and perpendicular to the axis. Gorla [10-13]
investigated the axisymmetric stagnation flow around
the cylinder in a set of papers where the flow was assumed
laminar in steady and transition states. The effects of
uniform and harmonic axial movement of the cylinder
were investigated in these papers. Cunning et al. [14]
studied the effect of the cylinder’s rotation with constant
rotational speed for stagnation flow over the cylinder. The effect
of uniform suction and blowing on the cylinder surface
was also investigated in this study. Takhar et al. [15] studied
the effect of unsteadiness in radially axisymmetric stagnation
flow over the cylinder beside the effect of the cylinder’s axial
movement with variable velocity. Saleh and Rahimi [16-18]
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introduced exact solutions for axisymmetric stagnation
flow over an infinite cylinder as well as its heat transfer
considering states with axial and rotational movement of
the cylinder as a function of time. Also, Abbasi and Rahimi [19-22]
presented exact solutions for three-dimensional stagnation
flow and heat transfer of incompressible viscose fluid
in transition state over a flat plate. Mohammadiun and
Rahimi et al. [23-25] introduced self-similar solutions
to analyze axisymmetric stagnation flow and its heat
transfer over a cylinder’s axis considering the
compressibility effects of flow in a steady state.
Thermodynamics' second law is considered very
applicable in heat transfer and analysis of flow field
problems in different devices. So, the systems’ best
performance is when the generated entropy is minimum.
Also, entropy generation is absolutely related to the system’s
reversibility. In thermal systems, the main resources of
entropy generation are heat transfer, mass transfer, viscosity
losses, electrical conduction, chemical reaction, and
the simultaneous effects of mass and heat transfer [26-29].
On the other hand, exergy loss in thermodynamic systems
is related to entropy variation in those systems. In this regard,
as the generated entropy increases in a system, exergy loss
promotes, and exergy efficiency can be calculated from
dissipated entropy. Also, it has been found that operating
fluids are substantially effective in a system’s energy
increase or decrease. This effect depends upon conduction
coefficient, heat capacity, and other physical properties.
Mahmud et al. investigated the entropy generation in
combined convection heat transfer in a channel under the
influence of a magnetic field [30]. Aziz investigated
entropy generation in parallel flow between two surfaces
under various boundary conditions [31]. Magnetic field
effects and viscosity dissipation on entropy production
in the fluid film were studied by Aiboud-Saouli et al. [32-33].
They also investigated entropy generation in viscoelastic
hydromagnetic fluid flow [34]. Besides, Rezaiguia et al.
investigated the effects of Prandtl and Eckert numbers on
local entropy generation in forced convection heat transfer
inside the boundary layer [35]. Hirschfelder et al.
presented a general formulation for entropy generation in
Newtonian incompressible flow [36]. Entropy generation
in forced convection heat transfer accompanied by mass
transfer in a two-dimensional channel has been analyzed
by San et al. [37]. Bianco et al. presented a numerical
solution to improve forced convection heat transfer for
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turbulent flow inside a square channel under wall constant
heat flux in the presence of water-Aluminum oxide and
calculated the generated entropy [38]. Rashidi et al.
computed the entropy generation in stagnation flow over
a flat plate in porous media [39].

In the last 30 years, minimization of entropy generation
has been the subject of much research including Bejan and
Ledezma [40], Lin and Lee [41], and Sasikumar and
Balaji [42]. Rashidi et al. investigated entropy generation
in hydromagnetic flow over a porous disk with different
physical properties in 2014 [43]. Malvandi et al. have
recently investigated thermodynamics second law and heat
transfer for the fluid flow passing over a flat plate [44].
Freidoonimehr and Rahimi presented an exact solution
to calculate the entropy generation in nanofluid
hydromagnetic flow over a plate that could expand or
contract and included surface suction and blowing
in a steady-state [45]. Heat and mass transfer effects in
three-dimensional mixed convection flow of Eyring
Powell over an exponentially stretching surface with
convective boundary conditions have been investigated
by Bilal et al. [49]. Recently Nematollahzadeh et al.
have presented an exact analytical solution for the
convective heat transfer equation from a semi-spherical
fin. They compared exact solutions with numerical results
such as the finite difference method and midpoint method
with Richardson extrapolation (Midrich) [50].

Mohammadiun et al. proposed self-similar Solutions of
radial stagnation point flow and heat transfer of a viscous,
compressible fluid impinging on a rotating cylinder [52].

Combined heat and mass transfer and thermodynamic
irreversibilities in the stagnation point flow of Casson
rheological fluid over a cylinder with catalytic reactions
and inside a porous medium under local thermal
nonequilibrium have been investigated by Alizadeh et al [53].
Nasir et al [54] applied the similarity solution method to
solve the momentum and energy equations in the
stagnation point of unsteady incompressible fluid toward
the stretching/ shrinking sheet. The momentum and forced
convection heat transfer from a rotating isothermal
cylinder in power-law fluids, confined in between two plane
walls have been studied by Thakur et al. [55]. A numerical
solution to the three-dimensional unsteady problem of
impulsive stagnation-point flow with mixed convection
heat transfer on a vertical cylinder that rotates at a constant
angular velocity has been presented by Bayat et al [56].
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Numerical simulation has been applied to investigate
the pulsatile flow and heat transfer of a micropolar fluid
in a Darcy-Forchhmeir porous channel with transpiration
at the wall by Ashraf et al [57]. Salawu et al. [58]
have presented a theoretical analysis of thermal stability
and entropy generation of reactive hydromagnetic Powell-
Eyring fluid flow in a fixed vertical channel with variable
electrical and thermal conductivity. Amirsom et al. [59]
presented a similar solution to governing equations
for the magneto convective stagnation point flow of bionanofluid
with melting heat transfer. Madelatparvar et al. [60]
developed a numerical code based on the Finite Element
Method (FEM) for numerical Study on parameters affecting
the structure of scaffolds prepared by freeze-drying.

A mathematical model for the prediction of internal
recirculation of complex impinging stream reactors
has been presented by Safaei et al [61]. To study the choking
phenomena in the granular flow in an industrial screw feeder
a computational fluid dynamics analysis has been performed
by Zahoor et al. [62]. Habibi et al. [63] investigated
the viscosity uncertainty in the floating-axis fluid flow
and heat transfer along a horizontal hot circle cylinder
immersed in a cold Al,O3 water nanofluid.

In this research, the entropy generation rate is analyzed
theoretically in nanofluid axisymmetric stagnation flow
impinging on the cylinder with uniform surface suction
and blowing which has not been considered in past studies.
As shown in Fig. 1, flow in cylindrical coordinates (r, o, 2)
is assumed correspondent with velocity components (u, v, w).
The cylinder is infinite in length with a radius of a. The
cylinder’s wall is under constant heat flux. Flow over
the cylinder is radially inward, gets the stagnation point,
and forms the stagnation circle (r=a & z=0). Subsequently,
a flow parallel to the cylinder’s axis (in the z-direction)
is created whose size depends on the distance from
the stagnation circle. The fluid is assumed incompressible and
viscose near the cylinder. The far-field flow was of
the potential type and studied based on ideal flow equations.

The following items are some of the stagnation flow
applications over a cylinder: the analysis of centrifugal
machinery movement, production processes in chemical,
petrochemical, and cement industries, heating and cooling
procedures, Rocket engines’ acceleration phases,
activating and disabling industrial machines, industrial
mixtures, industrial sieves, and other industrial oscillating
machines. In the industry also the movement of colored
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Table 1: Base- and nano- fluid properties [51].
/ value parameter \

0.6316 (W/m-k) Base-fluid conductivity (k)

40 (W/m-k) Nanoparticles conductivity (kp)

4.181 (kJ/kg-K) Base-fluid specific heat capacity (Cps)

0.765 (kJ/kg-K) nanoparticles specific heat capacity (Cy,p)

987.6 (kg/m®) Base-fluid density

3600 (kg/m®) nanoparticles density

0.000538 (kg/m-s) Base-fluid dynamic viscosity

44 Nm Nanoparticles diameter (d)

K 0.384 Nm

Base-fluid molecular diameter (ds) /

JIKL

Fig. 1: Schematic diagram of radial stagnation flow over the
infinite cylinder with uniform transpiration.

and polymeric fluids, fluid flow inside the bearings,
microelectromechanical equipment, and micro fluids
are usually described by low Reynolds number flow(Re<1).

THEORETICAL SECTION
Nanofluid properties

Aluminum oxide nanoparticles (yAl,0;) used in
present research have the following properties:

density p, = 3600%
of 44 nm and the other listed properties in Table 1.

, the average particle diameter

Nanofluid density

In this research, the density of Aluminum oxide
nanoparticles is assumed constant over the whole
temperature domain, and the following equation is used
to calculate the nanofluid density:

P =(1=0, )P x0,p, (1)
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Where n, f, and p indexes introduce nanofluid, base-
fluid, and Aluminum oxide particles respectively and ¢,, is
the volume fraction of suspended particles in the fluid.

Dynamic viscosity of nanofluid

Nanofluid dynamic viscosity can be quantified by the
present relation for two-phase mixtures.

Einstein introduced the Einstein formula to assess
effective velocity [48]. The fluid contains a dilute
suspension of spherical and small particles.

Ha =Ho (1-2.56,) @

This equation is applicable for low volume
concentration of particles, less than 5%. There are different
equations with their applications and restrictions to determine
two-phase mixture equivalent viscosity. Results show that
the Brinkman formula is not consistent with experimental
data. Also, Brinkman has introduced the generalized
form of the Einstein equation as follows:

Hy =Hg (1_¢v )_2.5 (3)

One of the most comprehensive equations for the
calculation of nanofluid kinematic viscosity is the
following equation presented by Corcione [46]:

B : @)
u

d -0.3
p 1.03
1—34.87(dJ 0!
f

Where d is the equivalent diameter of one molecule of
base-fluid calculated as below:

1
d, =o.1[ oM ]3 ®)

anfo

Where M is the base-fluid molecular weight, N is the
Avogadro number and ps, is the base-fluid density at
To=293K. In the present research, the Corcione formula
has been implemented to rewrite Navier-Stokes governing
equations of nanofluid and energy equation.

Nanofluid conductivity
The following equation is suggested for the calculation
of nanofluid conductivity [46]:

T 10 k 0.03
e—ff:1+4.4Reg'4PrSf'66(—J [—p] ¢2-%¢ (6)

f Tfr kf

Research Article



Iran. J. Chem. Chem. Eng.

Pryf , Re,, are defined in the following equations:

2pek, T Hpg (Cp )
Pry :k—p @)

Re, = >
T, d, bf

p

Covering equation

The steady Navier-Stokes and energy equations in
cylindrical coordinates governing the axisymmetric flow
are given by:

Continuity equation

0 ow
—(ru)+r—=0 8
ar( ) 0z ®

Momentum equation in r direction

2
LSy g

6u ou 1 aP
W _
Yar ez Py or or ror r?

Momentum equation in the z-direction

ow - ow_ 1 0P o°w 1ow o°w

U—+wW—= — 4o (—+-—+— 10
or oz p, or ”(arz ror oz (10)
Energy equation

10 oT) 0 oT

MKess — |+ —| Kt — | = 11

rar( o arj 82[ ot 62) (1)

(pc,) |uZl+wll
PInl = or oz
Boundary conditions

r=a: u=-Uy,,w=0 (12)

ou - =

r—oo: u_—k(r——)&a—:—k,W:Zkz (13)

r
r=a: o _ 9w (14)
or K

rLow: T=T,

Where k,; is the nanofluid conduction coefficient
and, qw is the specified heat flux over the cylinder’s wall.
Also T, is the free stream temperature or far-field
temperature of the fluid that is assumed constant.
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Utilizing suitable similarity variables, the number of
variables in governing equations is reduced. Regarding
inviscid solutions presented in Eq. (13) and multiplying these
equations in appropriate transformation functions, the following
equations are presented to reduce Navier-Stokes equations
to dimensionless similarity ones [9]:

u=-k f(n) ,w=2kf'(nz, P=p,k%a®p  (15)

a
Jn+1
In above equations ( )" introduces derivative with
respect to variable n which is:
r
n=()"-1 (16)

Eqg. (15) satisfies the continuity equation automatically
and by substituting these equations in the momentum
equation in z and r directions, an ordinary differential
equation is obtained to find f:

n+1)f"+f" +Re, | 1-(f') +ff"|=0 17)
n

Nanofluid’s Reynolds number in Eq. (17) is:
i

Re, = BK (18)
f

d -0.3 p
B= [1-34.87[d—pj - 03}[1 9, +0, ] (19)
f Pt

The required boundary conditions to solve Eq.(17) are
obtained from Eqgs (12) and (13):

f'=0 (20)
n—oo: f'=1

To transfer energy equation, the dimensionless variable
of () is used:

T(T]) _Too
aq,,

6(n) = (1)

In this state, boundary conditions presented in Eq. (14)
are defined as below:
n=0: -kie'(0)=1 (22)
Kpf
n—>o: 0=0
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Simplifying Eq. (11), the energy equation will be:

14T, 0% Pr, 0%O[T, + Sw_gpiod |, (23)
2K

[(N+D) 0" +0]+10.4[T, +—dw_g194

ad,y, F(pVO'GG Prbfo.ee (n+l)(6')2 4

c
10y + 2% L Rey Pry f/ =0
(pcp)f

2o, K k
Where T = 4.4(—2% 20 yoa _L_ o009
Ty § dp Tey K
The following equations are utilized in calculating
convection heat transfer coefficient and Nusselt number,
while constant heat flux is applied on the cylinders’ wall:

00) = Togpo_Tw (24)
an TW o
Nu — ﬁ — i
2ky;  0(0)

Egs (17) and (23) with their boundary conditions are solved
simultaneously by the finite difference method and
the Three-Diagonal Matrix Algorithm (TDMA). The results
will be discussed in the following sections.

Shear stress over the cylinder wall
The following equation is used to calculate effective
shear stress over the cylinder wall:

o-u| e, (25)
or rea

aw . .
To calculate the shear stress, % is transformed using

the chain rule:

ow _owon

= 2r
=(2kf"z)— 26
or on or ( )a2 (26)

With r=a and n = 0, shear stress is calculated from
the following equation:

°2 __$"(0) @7)

LE" 2
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Stream function
To give a better description of the fluid flow,
streamlines are drawn in r-z plane. In this regard, Stokes

dimensionless stream function i/ is defined:

¥ i
==t %) @

The velocity components are rewritten using stream
function:

__1ov
roz

ror

(29)

Calculation of entropy generation

Entropy generation is discussed in two different
approaches. The first calculates local entropy generation in
each point of the system and in the second one, total
entropy generation (average value) can be obtained by
integrating the local entropy distribution function over the
control volume.

Local entropy generation is calculated in cylindrical
coordinates by the following equations [47]:

., k(T2 (10T (aT)

o :F{(EJ (3 (%) } <0

BEEREE]

2| — | +=| —=+u| +| —| |+
or r2\ 00 oz

(av 16\sz (aw auj2
— | | == +
o0z r oo or o0z

1ou o (V)Y
r oo or\r

Looking at the above equations, entropy generation
depends on two factors, first one id related to heat
conductivity where finite temperature difference produces
entropy and the second factor is related to frictional
irreversibility of viscose fluid which depends upon the

velocity gradient. As dimensionless results are preferable,
kAT
ol

—|=

the entropy generation rate (") is divided to §"" =~
117

and the final result is expressed as N; = S,S,,, .
0
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Fig. 2: Variation of f(n) with respect to n in ¢,, = 0.02 for
different Reynolds numbers.

RESULTS AND DISCUSSION

Here, the results of solving differential Eqs (17) and (23)
for different Reynolds numbers and selected values of
volume fractions are presented and the entropy generation
rate is calculated after the determination of velocity field
and dimensionless temperature.

A typical f(n) curve with respect to 1 for the volume
fraction of (¢, = 0.02) and selected Reynolds number
is presented for the rigid wall in Fig. 2.

As shown in the figure, diffusion depth of fluid velocity
radial component field goes up with an increase in
Reynolds number. The reason can be the fact that fluid
radial inertia increases as the Reynolds number grows.
In other terms, the flow field radial component grows with
an increase in the diffusion of fluid radial momentum.

The effect of nanoparticles volume fraction on function
f'(n) in S=0, Re=1000 is indicated Fig. 3.

The results of the presented solution in ¢, = 0 (for
base-fluid) have shown good consistency with Wang’s
solution results [9]. Increasing nanoparticles volume
fraction, diffusion depth of velocity field axial component
declines. In other words, nanoparticle injection to base-
fluid decreases fluid inertia. Axial velocity demotes a
reduction in fluid axial motion. The results point out that
the highest axial component is defined in base-fluid.

Atypical f'(n) curve with respect tor for S=0, ¢, = 0.02
and selected Reynolds numbers are depicted in Fig. 4.
As expected, velocity boundary layer thickness diminishes
with growth in Reynolds number which increases the slope of
velocity distribution profile in n = 0. As a result velocity
gradient goes up over the cylinder’s wall. The same results
can be obtained for other nanoparticles volume fractions.
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Fig. 3: Variation of f'(n) with respect to n in Re = 1000.

Wall shear stress with respect to Reynolds number
in different nanoparticles volume fractions for rigid cylinder
without surface suction or blowing is Fig. 5. Based on these
curves, it is concluded that an increase in nanoparticles
volume fraction diminishes wall shear stress. Because this
increase reduces the slope of velocity distribution profiles and
velocity gradient over the surface. It declines shear stress over
the cylinder wall. Also, Equation (27) states that
dimensionless shear stress over the surface is equal to f*(0)
which defines the slope of the tangent line to f' curves
inn = 0. According to Fig. 3, the slope of tangent lines to f'
curves and subsequently dimensionless shear stress reduces
with an increase in nanoparticles weight fraction.

A typical curve of dimensionless temperature
distribution (6) with respect to n is presented in Fig. 6.
Cylinder’s wall is under constant heat flux. As expected,
with an increase in Reynolds number, fluid momentum
grows, and with a growth in diffusion depth of fluid
momentum, not only the heat boundary layer’s thickness
but also surface dimensionless temperature decrease.

The effect of nanoparticles volume fraction on dimensionless
temperature @ curves are shown in Fig. 7 while constant
heat fluxes are applied on the cylinder’s wall without
any surface suction or blowing. According to these curves,
for zero-valued volume fraction (¢ = 0), Gorla’s [12]
results are reproduced and the suggested method is validated
where with an increase in nanoparticles volume fraction,
dimensionless temperature gradient decreases over the
surface and conduction coefficient inversely goes up.
As the increase in conduction coefficient is higher than
the decrease in a dimensionless temperature gradient,
the convection heat transfer coefficient goes up.
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Fig. 4: Variation of f'(n ) with respect to 7 in ¢ = 0.02 for
different Reynolds numbers.

ca/4pkz

0 250 500 750 1000

Fig. 5: Variation of cylinder’s wall shear stress with respect to
Reynolds number for different nanoparticles volume fractions.

The effect of nanoparticles volume fraction on Nusselt
number when cylinder’s wall is under constant heat flux is
indicated in Fig. 8. Nusselt number with respect to
Reynolds number in different volume fractions is plotted
in these curves. With an increase in nanoparticles volume
fraction, dimensionless temperature [6(0)]over surface
declines. As Nusselt number is inversely proportional to
dimensionless temperature over a surface according to
Eq. (24), Nusselt number has raised improving conduction
coefficient.

The effect of surface suction on streamlines is shown
in Figs. 9 and 10. The streamlines are plotted in Re=10,
Re=100, (¢, = 0.02) and surface suction values of S=0,
0.5, 1, and with an increase in surface suction streamlines
drawn toward the cylinder, more surface suction results
in fewer stream lines” widths.
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Fig. 6: Dimensionless temperature & curves for various wall
constant heat fluxes in different Reynolds numbers.
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Fig. 7: Effect of nanoparticles volume fraction on dimensionless
temperature.

A typical f(77) curve with respect to n for volume
fraction (¢ = 0.02) and Re=0.1 and selected values
for surface suction and blowing is presented in Fig. 11.
As it is found from the figure, with an increase in surface
suction, f(77) promotes meaning that diffusion depth of
velocity field radial component grows. The reason is that
growth in surface suction raises fluid inertia in the fluid
motion toward the cylinder’s surface and causes an increase
in velocity field radial component. But, as expected,
surface blowing acts completely the reverse which means:
an increase in surface blowing reduces f(7) resulting
in a drop in velocity field radial component. Because
motion inertia for the fluid blown is absolutely
in the opposite direction to the fluid jet getting close to the
surface. Obviously, fluid radial motion decreases in this
case. It can be shown that similar results are obtained
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Fig. 8: Effect of nanoparticles volume fraction on Nusselt
number.
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Fig. 9: Streamlines @ = +1 for different values of surface
suction in Re=10.

for other Reynolds numbers. In all cases, the promotion of
the Reynolds number results in an increase in diffusion
depth of velocity field radial component due to fluid
inertia growth.

Effect of suction and blowing on f'(n) in (¢, = 0.02)
and for selected values of Reynolds number is shown in
Figs. 12 and 13 respectively. As indicated, f'(n) promotes
an increase in suction over the cylinder’s surface for all
Reynolds numbers. In other terms, surface suction growth
raises velocity field axial component, because it increases
fluid momentum. In this case, surface blowing acts
completely the reverse which means: an increase
in surface blowing reduces f'(n) resulting in a drop
in velocity field radial component. Because fluid blowing
in the opposite direction reduces the striking fluid jet
momentum which results in a decrease in velocity field
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Fig. 10: Streamlines ¢ = +1 for different values of surface
suction in Re=100.

f(n)

Fig. 11: Variation of f(n) with respect to i in (¢, = 0.02)
and Re=0.1 for different suction and blowing values applied
constantly over the surface.

axial component. In all cases, surface suction reduces
the boundary layer’s thickness causing an increase in
surface velocity gradient. Reversely, surface blowing
promotes the boundary layer’s thickness causing growth
in velocity gradient over the cylinder’s surface.

A typical shear stress curve is plotted as a function of
the Reynolds number in Fig. 14. Dimensionless surface
suction is assumed S=0,1,2. As expected, surface suction
affects the shear stress over the cylinder’s surface
substantially and surface suction increase raises shear
stress over the surface. Because an increase in surface
suction reduces the boundary layer’s thickness resulting
in growth in the slope of velocity distribution profiles.
In other words, the velocity gradient goes up over the surface.
As shear stress is directly proportional to velocity gradient,
surface suction increase promotes shear stress.
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Fig. 12: Variation of f'(n) with respect to  in (¢, = 0.02)
and Re=1 for different suction and blowing values applied
constantly over the surface.
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Fig. 13: Variation of f'(n) with respect to  in (¢, = 0.02)
and Re=10 for different suction and blowing values applied
constantly over the surface.

Simultaneous effect of suction and blowing on
dimensionless temperature 6 (1) is investigated in Figs (15)
and (16). As seen, this affects suction reversely. Because
with an increase in suction, wall temperature diffusion
depth rises in the fluid around the wall. So,
the thermal boundary layer’s thickness grows and surface
blow adds up to surface temperature.

Variation of Nusselt number with respect to Reynolds
number with constant heat flux over the wall and in
volume fraction of (¢, = 0.035) is shown in Fig. 17.
If the cylinder’s wall is under constant heat flux,
the Nusselt number is proportional to inverse
dimensionless temperature over the surface. As surface
suction increase and diminishes dimensionless temperature
over the cylinder surface, the Nusselt number goes up.
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Fig. 14: Surface shear stress variation with respect to Reynolds
number in (¢, = 0.035) for different uniform surface suction
values.
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Fig. 15: Simultaneous effect of suction and blowing on
dimensionless temperature 6(n) in Re=1.

The effect of volume fraction on entropy generation
rate with the wall under constant heat flux and uniform
surface suction is represented in Figures (18) and (19).
Very close to the surface, base-fluid entropy (¢, = 0) is
more than nanofluid entropy. The reason is that fluid
momentum is more than nanofluid momentum which
results in an increase in velocity field radial component as
well as velocity gradient. In other words, the frictional
irreversibility growth rate is more than thermal
irreversibility resulting from wall heat flux which
increases total entropy. The curves follow the same trend
for volume fractions (¢, = 0.02.0.035.0.05).

At first and because of frictional irreversibility
reduction, the entropy generation rate declines with growth
in volume fraction. Getting far away from the surface,
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Fig. 16: Simultaneous effect of suction and blowing on
dimensionless temperature 8(1n) in Re=100.
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Fig. 17: Effect of surface suction on Nusselt number.

velocity gradients decrease and the effect of frictional
irreversibility would become substantially less than
thermal irreversibility. As predicted, with an increase in
nanofluid volume fraction, thermal diffusion and heat
transfer go up, entropy generation for nanofluid gets more
than base-fluid and this continues as the volume fraction
proceed to grow. This entropy generation continues to the
point where substantial energy diffusion is found from
the surface to the fluid and the velocity gradient is not zero.
But the results also indicate that far from the surface,
a reduction in velocity gradients and energy diffusion
results in a less entropy generation rate and it's
approaching zero.

As shown in Figs. 18 and 19, entropy is maximum
in a specific radial distance from the cylinder’s surface.
This value is affected by fluid temperature, dynamic
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Fig.18: Entropy generation rate curves with respect to n in
Re=1 for different volume fractions.

No

Fig. 19: Entropy generation rate curves with respect to i in
Re=10 for different volume fractions.

viscosity, conduction coefficient, wvelocity gradient,
and temperature gradient. Maximum entropy and
corresponding location are stated in Tables 2 to 4.

The effect of surface suction and blowing on entropy
generation rate is shown in Figs. 20-22. According to the
Figures, in areas close to the surface where surface suction
has reduced thermal and hydrodynamic boundary layers’
thickness, with an increase in temperature and velocity
gradients, thermal as well as frictional entropy goes up
simultaneously and entropy generation rate grows
significantly, while surface blowing gets hot boundary
layer away from the surface and promote thermal and
hydrodynamic boundary layers’ thickness. This increase
in thickness reduces temperature and velocity gradients
as well as thermal and frictional entropy which demotes
the total entropy generation rate.
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Table 2: Maximum entropy generation rate and its location in ¢, = 0.02 and :Kﬂ =1000.
bf

4 Re Mmax NG max N
1 2.231 2.296
10 0.352 14.117
50 0.0985 43.086
100 0.056 68.823
250 0.0266 126.652
500 0.0153 196.914
\ 1000 0.0082 301.658 /
Table 3: Maximum entropy generation rate and its location in ¢»,, = 0.035 and % =1000.
4 Re TMmax Ne max )
1 2.404 2.146
10 0.381 13.49
50 0.1076 41.404
100 0.0618 66.064
250 0.029 121.08
500 0.0168 188.790
\_ 1000 0.0096 289.732 )
Table 4: Maximum entropy generation rate and its location in ¢, = 0.05 and % =1000.
/ Re MNmax NG max \
1 2.547 2.0273
10 0.405 12.917
50 0.1153 39.785
100 0.0667 63.44
250 0.0323 116.144
500 0.0185 181.11
\_ 1000 0.0104 278.273 J

Ne

Fig. 20: Entropy generation rate curves with respect to n for
different surface suction and blowing.
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Fig. 21: Entropy generation rate curves with respect to n for
different surface suction and blowing.
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Fig. 22: Entropy generation rate curves with respect to n for
different surface suction and blowing.

CONCLUSIONS

Similarity solution of nanofluid axisymmetric flow
impinging on a cylinder, its heat transfer, and entropy
generation have been presented in the current study. A
system of partial differential equations was transformed
to ordinary differential equations based on proper change
of variables and transformation functions. The differential
equations were solved by implementing the Thomas
algorithm (TDMA) after discretization by the finite
difference method. All these results were presented for
Reynolds numbers of 0.1 to 1000 and different
nanoparticles volume fractions. They indicate that increase
in nanoparticle volume fraction reduces velocity field
radial and shear stress axial components over the cylinder’s
wall. While conduction coefficient and Nusselt number go up.
In all cases studied, the entropy generation rate has an increasing
trend initially. Then after getting to the peak and far from
the surface, it tends to zero as energy diffusion and velocity
gradients decline.

Nomenclature

a Cylinder radius, m
Cot Base-fluid specific heat capacity, k/kg.K
Cop Nanoparticles specific heat capacity, kJ/kg.K

d;  The equivalent diameter of base-fluid molecules, m
d, The equivalent diameter of nanoparticles molecules, m

f Dimensionless function defining velocity field
kegs Nanofluid conduction coefficient, W/m.K
k Velocity field axial component, m/s
p Fluid pressure, N/m?
P Dimensionless pressure
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T,z Cylindrical coordinates, r,z
Re Base-fluid’s Reynolds number
Re, Nanofluid’s Reynolds number
T Temperature, K
U Velocity field radial component, m/s
w Velocity field axial component, m/s
n Similarity variable
0 Dimensionless temperature
U Base-fluid dynamic viscosity, kg/m.s
Un, Nanofluid dynamic viscosity, kg/m.s
Vs Base-fluid kinematic viscosity, m?/s

U, Nanofluid kinematic viscosity, m?/s
Pr Base-fluid density, kg/m?
Pp Nanoparticles density, kg/m?
1% Shear stress, N/m?
b, Volume fraction
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