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Background and Purpose: Studying the effects of suction and injection on heat
transportation in nanofluids for time-dependent boundary layer flow is a key
topic in fluid dynamics. Aerodynamics and the sciences of space both make
extensive use of these types of flow. In this research, nanodiamond and silver
nanoparticles in water-type base-fluid nanofluids flow are analyzed under the
effects of thermal radiation and non-Fourier theory.

Methodology: A mathematical system having certain physical variations of the
flow model is converted to a non-dimensional ordinary differential equation
system via suitable similarity transformation variables. Then the flow model is
numerically solved by RK4 and a shooting technique to describe the dynamics
of the nanofluids under varied flow conditions. RK4 with the shooting approach
gives a rapid result with high convergence accuracy. The relevant
characteristics of physical quantities evaluated by an inclusive numerical
scheme are observed for flow pattern, temperature distribution, and
nanofluids concentration variations in the presence of suction and injection
fluxes.

Finding: According to the findings, both ND-H,O and Ag-H,O have
outstanding thermal performance characteristics. The Ag-based nanofluid,
however, has a better heat transfer capability. To validate the analysis, a
graphical and tabular comparison is presented under specified assumptions.
The key finding is that, with the injection effect, the heat flow rate is larger than
with the suction effect. The unsteadiness parameter causes a drop in the
velocity profile, whereas energy distribution rises with this parameter.
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Introduction

The thermal performance of fluids is critical in the industrial
and technical sectors. Many industrial and technical operations
need a large quantity of heat transmission. Traditional liquids do
not provide the required quantity of heat to complete the
operation, which explains why there has been a need to
understand how to enhance the heat transmission of ordinary
liquids. Ultimately, in order to increase heat transfer in
conventional liquids, researchers and scientists have devised
the idea of utilizing metallic and non-metallic substances, in
the form of nanoparticles, in the host liquid. These fluids’
heat
industrialists’ and engineers’ impact on the contemporary

exceptional transfer  capabilities have improved
world. Nanofluids have been employed in aerodynamics,
computer chips, medical sciences, the cosmetics industry,
aviation parts manufacturing, and many other industries. As a
result of the aforementioned uses, heat transport research is
unavoidable. In many engineering areas, the modeling of
unsteady flow phenomena is becoming more relevant. In
turbomachinery, for instance, this encompasses the contact
between stationary and rotating components, pistons engine,
fluid-structure interactions, helicopter aerodynamics,
applications in the automotive industry, the DNS or LES of
turbulent flows, nuclear explosions, and so on. The heat
transportation rate has been investigated for time-dependent
nanofluid flow incorporating magnetic field and thermal
conduction effects (Lahmar et al, 2020), for unsteady
bioconvection hybrid nanofluid flow over a movable rotating
disk in upward and downward directions (Jayadevamurthy et al.,
2020), for time-dependent Carreau nanofluid flow under the
effect of variable conductivity (Irfan et al., 2020), for unsteady
nanofluid flow through a movable upper plate alongside suction
and magnetic effects (Shuaib et al., 2020), and so on (Sreedevi
et al., 2020; Khan et al,, 2021; Alsallami et al., 2022; Raja et al,,
2022; Rehman et al., 2022).

Nanodiamond particle dispersion in the host fluid water has
been investigated theoretically and experimentally by many
researchers aiming to enhance the thermal performance.
Sundar et al. (2021) experimentally investigated the entropy
and exergy of heat in nanodiamond/water nanofluid flow.
With increasing nanofluid particle loadings, research has
found a significant rise in the heat transfer coefficient and
Nusselt number. Nanodiamond/water and cobalt oxide/water
nanofluids have been placed in a square cavity containing heaters
and treated to investigate the heat transfer rate (Kalidasan and
Kanna, 2017). Numerical analysis has been made for entropy
generation in laminar convective nanodiamond/water nanofluid

through a rectangular channel (Uysal et al., 2019). Entropy
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generation has been estimated for tangent hyperbolized hybrid
nanofluid that enhances the thermal transportation capacity of
regular fluid (Hussain and Jamshed, 2021). Similarly, tangent
hyperbolized hybrid nanofluid in a solar wing parabolic trough
solar collector, used in solar plants, has been studied by Jamshed
et al. (2021a). The nanopolishing behavior of suspended
nanodiamond in elasto-hydrodynamic lubrication has been
studied by Shirvani et al. (2016). Similarly the silver/water
nanofluid flow over a vertical Riga plate has been studied by
Rawat et al. (2019). Analysis of the turbulent convective force of
Ag/HEG type nanofluid flow that flows through a circular
channel, silver/water nanofluid flow in mini channels, Ag/
HEG water nanofluid in pipes, and Ag/water nanofluid inside
a semi-circular lid-driven cavity has been conducted by Ny et al.
(2016), Sinz et al. (2016), Raja Bose et al. (2017), and Hadavand
etal. (2019), respectively. Bhatti et al. (2022a) studied nanofluids
composed of nanoparticles such that nanodiamond and silica in
the host fluid water flow through the elastic surface located
(2022b) studied hybrid
cobalt-oxide/graphene

exponentially, and Bhatti et al

nanofluids comprising oxide
nanoparticles in the base fluid water that flows across a
circular elastic surface in a porous medium. This research is
significant for improving the optical thermal performance in
solar energy conversion systems. Dogonchi et al. (2017) analyzed
the magnetohydrodynamic graphene oxide/water type nanofluid
through a permeable channel under the effect of thermal
radiation and found that when the Reynolds number and
extension ratio increase, so does the skin friction coefficient.
Alizadeh et al. (2018) studied the micropolar nanofluid flow that
passes through penetrable sheets. According to their findings, the
Nusselt number is a rising function of volume friction and
Dib et al. (2015) studied the thermal

transportation phenomena in nanofluid through a squeezing

thermal radiation.

medium and found that nanofluids with different types have
positive effects on heat transfer. Sheikholeslami et al. (2012)
examined the heat transfer rate in copper/water nanofluid flow
between two rotating stretched surfaces. Their findings showed
that the surface heat transfer rate increases the volume fraction of
nanomaterials. Entropy generation has been measured by
Jamshed (2021) in the MHD flow of Maxwell nanofluid that
passes infinite horizontal sheets in terms of the imposed viscous
dissipation and thermal radiation effects. Many researchers have
been paying close attention to the study of nanofluid flow
through porous surfaces, and Henry Darcy’s 1856 Darcy
model is the most used model in this kind of study (Darcy,
1965). Khanafer and Vafai (2019) discussed in detail the usages of
nanofluid in a porous medium. Shahsavar et al. (2020)
investigated the effects of a permeable medium using a silver/
water nanofluid with a heat sink filled with metal foam, utilizing
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the first and second laws of thermodynamics. Bioconvection
phenomena have been used by Bhatti et al. (2022¢) in
magnetohydrodynamic Williamson nanofluid flow that passes
a circular permeable medium when a nanofluid flows through a
cylinder entirely saturated with a porous medium. Other useful
literature about nanofluids in a porous medium can be found in
Ahmed et al. (2019), Menni et al. (2019), Zuhra et al. (2020), and
Wang et al. (2022).

Considerable focus has been placed on the flow and heat
transmission of viscous fluids via surfaces that are constantly
stretching in a fluid medium. Innovative and pioneering studies
about stretching the surface for the fluid flow include those of
Sakiadis (1961) and Crane (1970). Many researchers have since
built on Crane’s and Sakiadis’s groundbreaking work to
investigate various elements of flow and heat transmission in
an infinite domain of fluid through a stretched sheet (Laha et al.,
1989; Afzal, 1993; Wang, 2006; Ahmed et al., 2022a; Ashraf et al.,
20225 Elattar et al., 2022). These investigations are based on
continuous flow. A quick stretching of the flat sheet or a steep
shift in the sheet’s temperature might cause the flow field and
heat transmission to be unstable in some instances. Hossain et al.
(1999) investigated the effect of radiation on free convection
from a porous vertical plate. Prasannakumara et al. (2017)
reported on the convective thermal performance of an
unstable nanofluid passing through a stretchy sheet. They
presented their findings for dusty nanofluid, concluding that a
higher radiative surface is preferable for dusty nanofluid thermal
increase. Bhattacharyya and Layek (2014) studied the heat
transport of nanofluids in the presence of applied Lorentz
forces. The time-dependent non-Newtonian Casson nanofluid
flow through a slippery surface was assessed by Jamshed et al.
(2021b) for entropy generation and thermal transportation
measurement. Dutta et al. (1985) investigated the temperature
behavior of a normal liquid across a stretchy sheet in the presence
of a continuous heat flow condition. Many researchers have
studied exponentially extending sheets (Magyari and Keller,
1999; Rehman et al.,, 2017; Mushtaq et al., 2019), which have
the most important technological and industrial applications.

The heat conduction law developed by Fourier (Fourier and
Darboux, 1822) has been used to forecast heat transfer behavior
in a variety of practical circumstances. Since this model generates
a parabolic energy equation, any initial perturbation would have
a significant impact on the system under study. Fourier’s law has
been adjusted multiple times to solve this contradiction (Dong
et al, 2011; Zhang et al, 2013; Reddy and Sreedevi, 2021).
Fourier’s law was updated by Cattaneo (1948) by including
the relaxation time for heat flux, which is defined as the time
it takes for heat conduction to stabilize once a temperature
gradient has been introduced. Christov (2009) proposed a
materially invariant version of Cattaneo’s model based on
Oldroyd’s upper-convected derivative. To date, significant
research has been undertaken on nanofluidic flow models
adding non-Fourier heat conduction theory (Alhowaity et al.,

Frontiers in Energy Research

03

10.3389/fenrg.2022.967444

20225 Imtiaz et al., 2022; Salmi et al., 2022). In the present paper,
non-Fourier heat flux theory and thermal radiation effects are
imposed to investigate the heat transfer rate in two different types
of nanofluids composed of nanodiamond-water and silver-water
over an unsteady stretching sheet. Suction and injection fluxes
are also considered in the model. The thermal properties of both
nanoparticles are different; hence, this study shows the best heat
transfer performance rate. The non-dimensional system of
equations is achieved via the adjustment of suitable similarity
variables in the traditional form of the flow model with many
assumptions, which are further solved through the shooting
technique. The resulting data are compared to the physical
characteristics, and the findings are shown graphically in the
11.0,
comparison study is used to verify the colloidal analyses. The

form of graphs. Using Mathematica a  graphical
hydrothermal efficiency of heat transfer systems improved with
smaller silver/water nanoparticle size and concentrations. Silver
nanoparticles, when used in small enough concentrations and with
a small enough size, may reduce the pressure drop and erosion
problems that arise during the suspension of nanoparticles in the
host fluid. Thus, such a type of nanoparticle is more stable in
nanofluid over a long time. Additionally, thermal fluids based on
nanodiamond may improve thermal conductivity by as much as
70%. Therefore, both of the nanofluids possess good thermal
conductivity. Nanodiamond nanofluid is mostly used in electron
microscopy, Raman spectroscopy, and X-ray diffraction analyses.

The flow model and its formulation

The the
nanofluids flow that passes over a stretchable surface located

model considers unsteady, incompressible
horizontally. The nanofluids are composed of two types of
nanoparticles, namely nanodiamond and silver nanoparticles,
suspended in base fluid water. The flow is assumed under the
effects of suction injection and non-Fourier theory for the
stability of heat transfer at the boundary layer flow. In
Cartesian coordinates, the flow scenario is configured as two-
dimensional and unidirectional. Let 7 and ¥ be the nanofluidic
velocities in the horizontal x_ and vertical y_ directions,
respectively. T is the temperature variation with ambient
temperature To,. Figure 1 displays the flow pattern of ND-
H,O and Ag-H,O nanofluids flow across an unstable
stretching sheet.

Governing equation: In light of the aforementioned
restrictions, the following is the form of mass, momentum,
and energy conservations (Ahmed et al., 2022b):

o v _ 0
ox 0y

o0 00 00t My (00

g 2 w22 2

s Max oy pnf<ay2 @
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FIGURE 1
Flow geometry of nanodiamond-water and silver-water nanofluids

TABLE 1 Thermophysical values of nanodiamond and silver nanoparticles.

Characteristics Density (£%) Heat-capacity (ﬁIK) Thermal conductivity Electrical-conductivity
Silver 10.500 234 425 6.210 x 10°
Nanodiamond 3,100 516 1,000 34.840 x 10°
H,0 997.1 4,179 0.613 0.005
or .oT According to the above assumption, the acceptable flow
of + uﬁ conditions at the surface and far from it are defined as:
0 ) ( %)% o)
3= (3) i = Gg~—"2, V=17, (f),
( ox " 0y (1 + af) ®)
' (1) W
2 2 2
+ﬁ28 r + f/za +24 Aa_T =Ty + ———%atthe surface
FYERPY oz Teuvs 7 (1 +at)’
where p, . is dynamic viscosity, p,, is density, k. is thermal 4 —0, and T — T far from the surface (5)

conductivity, and (pC,), s is heat capacity defined as:

Py = (1= ¢)+ ¢p.(p)) py

(65, = (1-9)+9(pC,) (6C1), ) (0s),

oy =ty (1= )

ey = k(I + 2K7) = 29 (ky = ) ) (ks + 2K ) + ¢k — K))
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where y, T, thy, T are positive
n, and c. Moreover, if Re = l"°

function ¢ (%,

9(%7) = 1/(V—

04

constants with reference length /,
and Pr = ,%, then the stream

¥) can be deﬁned as:

(1+9f) )f(’?) ()
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TABLE 2 Assessment of present study with literature.

A 0.8 1.2 2.1
Ahmed et al. (2022b) 1.32342 1.42353 1.61214
Elbashbeshy and Bazid (2004) 1.3321 1.4691 1.7087
Present study 1.3332 1.4783 1.73424

From the stream function, velocity components may be
expressed as:

o¢ (%, y)
0%

99 (%, y)
0y

<>

U= =

>

Suitable similarity variables for the above model are
defined as:
)

1 Re 12 . .
=-\77——= A, dT:TOO‘I—TiAC
1 <( )) e "(1+ai)

I\ (1+at o)

As a result, the velocities components in horizontal and
vertical directions are defined as:

= mf’ (n) @)
R ©)

(@ #(01 +u£))f(11)

The required partial derivatives can be formulated as follows:

o0 _ iy () 00 _ VR , . i iyiRe ., ) ¥ _,
% 1(1+yD) % P(1+af) 7' P (1+ai) o%
N a\e
A X - X
- . L - ﬁTu(‘») . Tol =) VRe
ou N xa iiyxayVRe aT 1 o'T 1
) - T ), = (), Tt ' (n)

3 10 1 ah) oF (1 +aiy 3% I(t+al) " 07 E(1+ai)”

fﬁ(’;)am—e . T(f)vk—e
B 0 < L A—
21(1+af)™?

of . (%) a
e ) ok -
ot "C(l) aray @

% (14 aiyt

(10)

F(n)

FIGURE 2
Influence of (A) suction and (B) injection on the velocity profile.
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Substituting Eqs 8-10 into Eqs 1-5 yields the following non-
dimensional system of momentum and energy equation:

S )+ (f () f" () = 7 () + A(f' () + 050" (n)))
=0,
(1m

" PrA(c6(n) +0.518' (1) + Pr(n 6 (n).f" (1) + 6" () f (n)) ) -
0" (n) +d, ( +Pry(f ) f ()8 (n) - f? (r/)e”(n)) 0,
(12)

I . . v
where A = 3—0 is the unsteadiness parameter, and where Pr = é,

di=(1-¢)(1-¢+¢L), and

(1-9)+ 6 {2
(ke + 2ky ) - 20(ks - &))((k, + 2k5) + 9(ky ~ &))"
The corresponding boundary conditions of Eq. 11 and Eq. 12 are:

fm)=fu ff(n)=1 0(n)=1,at =0,  (13)
f'(n) =0, 8(n) -0, at - oo, (14)

dzz

Solution process of the nanofluidic system

Computational fluid dynamics (CFD) has been an
increasingly significant technology in chemical and
engineering since the 1990s. Transport processes including
heat, momentum, and mass transfer may be studied using
CFD (Thabet and Thabit, 2018). In CFD, the geometry of
the process being modeled is first split into tiny volumes
called computational meshes. It is then applied and solved
for each mesh point using the governing equations (such as heat
and mass transport, as well as boundary conditions). Graphical
representations of mesh findings are the most typical way to
analyze CFD results (Pandey et al., 2017). In order to solve
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FIGURE 3

Influence of the unsteadiness parameter in the presence of (A) suction, (B) injection, and (C) without suction/injection on the velocity profile.

highly nonlinear differential equations involving energy,
temperature, and air velocity, CFD uses numerical shooting
and RK4 methods.

Basic principles of the shooting technique

The transport equations are quite nonlinear and can be
affected by boundary circumstances. The RK4 scheme and
shooting approach may be used to compute this numerically.
This method has a small margin of error. Converting the
resultant differential equations into first-order equations is the
first step in solving the framed model of a nanofluid flow
problem. The essential replacements for the aforementioned
step are as follows:

T
T -~ -
(f) f,) f”a 0, 9’) = <921»x,1 = 562) x’2 = 923)3%4) 92,4 = 325)
(15)
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Some assumptions are made to solve the fluidic model:

« a relevant value for 7, representing the field distance, is
taken as 10 for the far field;

o conditions in the far field
are f’(n) - 1,@(;1) - O,G(n) - 0;

« the scale of convergence is 107 and

wrt. 71— 00

o for calculations, the step size is recorded as 7 = 0.025.

Eqs 11-14 can thus be written as:

%

f %3

f” o S . .

b —dy (%1% - %5 + A(%2 +0.57%,)) (16)
0 X

6" ® _dz

m (PrA(xs +0.51x5) + Pr(nxsx; + Xsx,) — Pry(%:%,%57))
1

The corresponding conditions according to the variables are
as follows:
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FIGURE 4

Influence of the unsteadiness parameter in the presence of (A) suction, (B) injection, and (C) without suction/injection on the temperature

distribution.

{fcl (0) = fur %,(0) =1, %(0) =1, 17

?ACz(OO)=0, 324(00)=0

which can be determined via the shooting method and the first-
order system in Eqs 11-14 is integrated via the RK4 scheme.

Results and discussion

The intended domain’s flow properties are greatly
modified by varying the amount of flow. As a result, this
section investigates the behavior of the non-dimensional flow
field f'(n) and energy distribution 6(z) of ND-H,O and Ag-
H,O nanofluids by adjusting the flow quantities. Using the
11-12 with the boundary
conditions in Eqs 13-14 provides the significant results of

shooting technique in Eqs

the proposed model. Table 1 show the values of four main
thermophysical properties of nanodiamond, Silver and water
(Ahmed et al., 2022b). Table 2 shows the close agreement of
the shooting-RK4 technique with the existing literature for the
proposed flow model.

Frontiers in Energy Research

07

Flow distribution f' (1)

The velocity of a nanofluid in relation to f, is given by f' ().
Figures 2A,B

depict the flow of ND-H,0 and Ag-H,0 nanofluids as a
function of suction and injection values. As shown in
Figure 2A, the velocity f'(n) for both nanofluids decreases
because of higher suction impacts at the plates. As a result of
the suction effects, more nanofluid particles adhere to the
surface, lowering the velocity profile. The motion of Ag-H,0O
quickly decreases as the nanofluid gets thicker for the higher
density compared to the ND nanoparticles. Because of the low
density of ND, the fluid velocity f' (1) (ND-H,O) decreases
slowly. The effects of injecting fluid from the surface on ND-
H,0 and Ag-H,O0 velocity f' (1) are shown in Figure 2B. As a
result of the fluid particles being physically separated from
the sheet surface because of injection, their momentum has
increased, causing an upturn in the flow. ND-H,O has a lower
density; therefore, intermolecular interactions are lessened,
allowing fluid particles to move freely across the required
area. In comparison to Ag-H,O nanofluid, the velocity of

frontiersin.org
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Influence of (A) Prandtl number, (B) thermal relaxation parameter, and (C) suction/injection on the temperature distribution.

ND-H,O0 increases more suddenly as a response of this. The
velocity f'(#) of a nanofluid in relation to the unsteadiness
parameter A are presented in Figures 3A,B,C showing the
impacts of the time-dependent quantity on nanofluid
velocities at fixed suction and injection, respectively. Both
ND-H,O0 and Ag-H,0 nanofluids yielded similar results. The
velocity f'(r) decreases rapidly as the unsteadiness
parameter increases in the presence of suction/injection
and when there is no suction or injection over the surface.
The fluid motion decreases towards the surface and then
begins to rise. The decrease in the fluid’s velocity, f' (1) slows
down over time, eventually disappearing asymptotically
beyond values greater than 5.

The temperature distribution 0(#)

The significant thermal physical properties of nano-
materials are critical in determining the heat transport
procedure of nanofluids. These values have a substantial
impact on the fluid’s thermal properties. As a result, this
section presents the temperature profile () of ND-H,0 and
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Ag-H,0 as a function of several factors. These factors are
estimated in the presence of suction or injection fluxes to
control the boundary layer and reduce the losses of energy in
the medium. Figures 4A,B,C show the time-dependent
parameter in the presence of suction effect, injection, and
no suction/injection impacts on energy distribution,
respectively. Due to the unsteadiness parameter, the
temperature of the nanofluids rises significantly. Suction
causes the fluid velocity to rise quickly, resulting in an
increase in the kinetic energy of the fluid particles. The
collision of particles increases as the kinetic energy of the
particles increases. As a result, the temperature quickly rises.
Due to increased injection effects near the surface, the
temperature quickly rises. In these cases, the silver/water
nanofluid temperature increases more rapidly compared to
the ND/water nanofluid. Figures 5A,B,C display the influence
of the Prandtl number, thermal relaxation parameter, and
The

boundary layer thickness of energy distribution has an

suction/injection for temperature distributions.
inverse relationship with thermal diffusivity, which slows
down the temperature profile for both nanofluids. At the

initial boundary layer, the thickness rapidly decreases, but
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(A) Influence of volume fraction on the thermos-physical values for nanodiamond/water. (B) Influence of volume fraction on the thermos-

further away, the energy distribution shows a constant
decrease when the values of the Prandtl parameter increase
simultaneously. Thermal relaxation time occurs when time is
required for thermal conductivity in the region far from the
directly heated surface. Here, thermal relaxation does not
affect the energy distribution at the boundary layer surface
but decreases this temperature distribution far from the
boundary layer. The presence of suction and injection
fluxes boosts the heat distribution source, as shown in
5C. the
temperature increases more rapidly compared to the ND/

Figure Moreover, silver/water  nanofluid

water nanofluid.

The volume fraction (¢)
Nanomaterials effectively change the thermophysical

parameters in nanofluids, which plays an important role in
the heat transfer process. Figures 6A,B show the values for the
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effective density, thermal conductivity, and dynamic viscosity
for the nanofluids under study, respectively. The thermal
conductivity of Ag-H,O is greater than that of ND-H,O0, as
can be seen upon close examination. As a result, Ag-H,O
nanofluid is a better conductor and has excellent heat
the
volumetric proportion of nanomaterials improves their

transmission  properties.  Similarly, increasing

effective density and heat capacity.

Major findings

The current investigation focuses on the thermal transfer
enhancement over the unsteady surface of nanofluids
composed of nanodiamond-water and silver-water. The
flow model is taken under the effect of heat source sink,
thermal radiation, and non-Fourier heat theory. Such flows
may occur on the bonnet of a vehicle, on the surface of a solar
thermal aircraft, and on the surface of a bullet. An unstable
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surface has been used to study the effects of embedded factors
on heat transport in ND-H,O and Ag-H,O nanofluids.
According to the results of this study, nanofluids are better
heat conductors than normal liquids and might be employed
for industrial and technical applications.

The main findings are as follows:

o When suction increases, the flow speed drops rapidly but
the flow is boosted under the effect of the injection
parameter.

o The velocity profile decreases for the unsteadiness
parameter in the presence of suction/injection parameters.

o The energy distribution rises rapidly with the unsteadiness

parameter and is high on the far boundary.

The effect of the Prandtl number drops the temperature of

the flow but, due to the thermal relaxation parameter,

energy distribution rises and is stable on the boundary.
o Numerical shooting along with RK4 gives the best
assessment results in comparison with the existingliterature.
 The thermal conductivity of Ag-H,O is found to be higher
than that of ND- H,O. Since it is a better conductor and hasa
higher heat capacity, Ag-H,O nanofluid is a superior choice.

Data availability statement

The original contributions presented in the study are
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Nomenclature

© and v Velocity components in x and y directions

t Time component

T oo, tig, T Positive constant with reference length [, n, and ¢
A= % Unsteadiness parameter

a Constant parameter [é]

C Nanoparticle concentration

Co Concentration of nanoparticles in the free stream

C,, Concentration of nanoparticles at the wall of the sheet
Pr= Z—; Prandtl number

f () Dimensionless stream function

fuw Suction injection quantity

Re!”? Reynolds number

T Temperature [K]

T, Temperature in free stream [K]

Greek Symbols

@ (%, 9) Stream functions [m?s™!]
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&y, Thermal diffusivity [m?s™!]

n Similarity variable

(PCpln Y Specific heat capacity of the nanofluid [J/K],

A Constant with dimension reciprocal of time [1/5]

t,s Dynamic viscosity of nanofluid

Py Density of nanofluid [kg.m™],

v Coefficient of kinematic viscosity [(m*s)™]

k,s Thermal conductivity of nanofluid

¢* Boltzmann constant [W (m2K*)™]

o Specific heat capacity of nanoparticles/specific heat capacity of
fluid

7, Wall shear stress [kg (m?s)™'],

0(n) Dimensionless temperature

7 Specific heat capacity of nanoparticles/specific heat capacity of
fluid

¢ Dimensionless nanoparticle concentration

y Time relaxation parameter
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