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Abstract. Present attempt reports the characteristics of nonlinear radiation and induced magnetic field on the forced convective Falkner-Skan
flow of Single-Walled Carbon NanoHorn(SWCNH)/diamond-ethylene
glycol (EG) and water nanofluid over a wedge, plate, and stagnation
point. We consider 40:60 EG and water mixture as base fluid. Similarity transformations are utilized to transform the governing equations
into ordinary differential equation and solved numerically using Runge–
Kutta (RK) Fehlberg method. To check the accuracy of present model,
numerical results for various Prandtl numbers have been compared
with the results from the literature which divulges good agreement.
Influence of active parameters like magnetic Prandtl number, magnetic parameter, radiation parameter, Biot number, Prandtl number
and temperature parameter are graphically presented. Results exhibit
that SWCNH nanoparticle has a higher heat transfer compared with
diamond nanoparticle. Increasing the nanoparticle volume fraction with
the suspensions of SWCNH and diamond nanoparticles enhances the
temperature over the wedge, plate and stagnation point.

1 Introduction
The terrific population growth, usual energy (nuclear energy, crude oil, coals) generation techniques, and intensification of industries are causing global warming and
greenhouse effect. Consequently, many researchers began to focus on natural energy
sources, such as solar, wind, and tidal energies because such natural energy generation
techniques are easily renewable and environmentally friendly. It is to be noted that
solar energy can be easily converted into electricity [1], chemical energy, mechanical
energy and thermal energy [2]. The conventional fluids such as water and ethylene
glycol are adopted to improve the efficiency in the solar energy system but these fluids
a
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did not improve the efficiency notably due to low thermal conductivity. The invention
of nanoparticles has considerably subsidized to improve the efficiency in extracting energy from the solar energy system. Many researchers have experimentally and
theoretically scrutinized the use of water, ethylene glycol, transformer oil-based copper, aluminium oxide, single-walled carbon nanotube, multi-walled carbon nanotube,
silicon dioxide, titanium dioxide, zinc oxide and diamond nanofluids for enhancing
solar energy performance [3–12]. As a result nowadays, vehicles (car, bikes), electrical
(inverter, water heater) and electronic (watches, calculators, batteries) equipments
are designed to utilize solar energy.
The fluid movement near the stagnation region in front of the blunt-nosed object
is described as stagnation point flow which presents on all solid objects that move
in a fluid. A two-dimensional flow of stagnation point was first explored by Heimanz
[13]. At present, several researchers scrutinize the stagnation point flow in various aspects like reverse or forward, normal or oblique, viscous or inviscid fluid
flows [14–16]. Especially these flows are significant for cooling the nuclear reactor
in emergency shutdown, metallurgical processes, paper production and cooling the
electronic equipment. Khan et al. [17] used Buongiorno nanofluid model to investigate left oblique stagnation point flow with changing viscosity and expressed that
the fluid flow is oblique towards right (λ2 = −2.5), normal (λ2 = 0) and oblique
towards left (λ2 = 2.5) due to the influence of the free stream parameter (λ2 ). Nasir
et al. [18] obtained a dual solution for reverse and forward stagnation point flow over
an extending/shrinking sheet and found that the upper branch and lower branch
solutions have reverse behavior in velocity and temperature. Tian et al. [19] scrutinized the time-dependent flow of a water-based nanofluid near a stagnation point
and noticed that L-shape appears in velocity due to the small value of the velocity
parameter. Several researchers [20–22] have deliberated about stagnation point flow
and its impotence.
Cooling the machinery and equipment is one of the major problems in heat
transfer applications confronting many industries such as microelectronics, defense,
transport, and manufacturing. Engineers and researchers have made many attempts
to increase the performance of heat transfer mechanism for effective cooling. One of
the regular techniques to increase the cooling rate is the use of stretching surfaces
such as fines and micro-channels which already attained their limits. Furthermore,
the low thermal conductivity of normal heat transfer fluids (ethylene glycol, oil, and
water) is not enough to meet today’s needs. Several techniques have been proposed
to inflate the thermal conductivity of these normal fluids, one of the ways to the
suspended ultrafine solid particle in the fluids dubbed as nanofluid. Such a new class
of high heat transfer fluids was first proposed by Choi et al. [23]. Nanofluid was initially used only for heat transfer applications but in recent days it is widely employed
in biomedical engineering (drug delivery, vivo therapy, photodynamic therapy, neuro
electronic interfaces and chromatography) and renewable energy (solar thermoelectric
devices, solar collector, biomass and geothermal).
Magnetic field plays a substantial role in controlling the fluid transport characteristics which is immensely used in magnetohydrodynamic generators, hightemperature plasma, cooling of nuclear reactors and hyperthermia [24–28]. Many
researchers investigate the influence of magnetic field but negate the induced magnetic field. It is witnessed that the induced magnetic field also produces self-magnetic
field and alters the original magnetic field. The induced magnetic field controls the
hydromagnetic boundary layer and plays a vital role in several realistic approaches
like magneto-plasma dynamics, thermo-magneto-aerodynamics and nuclear engineering thermo hydraulics process. Iqbal et al. [29] examined the heat transfer and entropy
generation on engine oil based ferric oxide nanofluid with an induced magnetic field
and manifested that higher values of magnetic parameter enhances the induced magnetic field. Beg et al. [30] used a local non-similarity method to explore the induced
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magnetic field impact on Newtonian fluid over a plate and noted that the magnetic
parameter uplifted the fluid flow but decline the heat transfer. Kumar and singh [31]
discussed the time-dependent natural convective flow of an electrically conducting
fluid over a plate and observed that the larger magnetic Prandtl number upsurge the
inducted magnetic field. From the literature, it is observed that the induced magnetic field has a considerable impact on fluid transport properties [32–34]. Siavashi
et al. [35] have elucidated the significance of SWCNH nanofluid in enhancing solar
collector performance. Sani et al. [36] highlighted the light-intensity dependent optical properties of diamond suspension in ethaline glycol to enhance the potential for
direct absorption solar vapor generation. Zhang et al. [37] revealed the significance
of induced magnetic field to improve the efficiency of bulk heterojunction polymer
solar cells.
The essence of present communication is to scrutinize the Falkner–Skan flow of
SWCNH/diamond-ethylene glycol nanofluid over the wedge, plate and stagnation
point with the influence of an induced magnetic field and nonlinear radiation. This
kind of studies may be used to improve the performance of solar collectors, solar
energy and solar cells. It is to be noted that the employed similarity transformation
is suitable for any fluid Prandtl number. Runge–Kutta (RK) Fehlberg method is
adopted as a computational tool for characterizing the non-dimensional governing
equations. Influence of diverse pertinent parameters on the velocity, induced magnetic
field and temperature are analyzed through the graphs.

2 Mathematical formulation
We consider two-dimensional (x, y) forced convective Falkner–Skan flow of a
SWCNH/diamond-ethylene glycol nanofluid over a wedge, plate and stagnation
point of flat plate as demonstrated in Figure 1. Thermo physical properties of
SWCNH/diamond nanoparticles and base fluid are shown in Table 1. It is assumed
that the velocity of the potential flow away from the boundary layer is u∞ = Cxm
β1
where C is the constant. Here, m = 2−β
is the Hartree pressure gradient and β1
1
is the angle factor of the wedge. β1 = 0, 0.5 and 1 represent the flow over a plate,
wedge and stagnation point of a flat plate, respectively. The temperature (Tw ) of the
wall is fixed and it is higher than the ambient temperature (T∞ ). H is an induced
magnetic field vector along with the magnetic field at the free stream i.e. He (x) =
H0 (x), where H0 represents the upstream uniform magnetic field for away from the
geometry. H1 and H2 are the induced magnetic field components that are represented
in the parallel and normal directions of the flow, respectively. The normal direction
component (H2 ) disappears on the surface while the parallel direction component
(H1 ) is H0 .
The flow assumptions with the above settings are:
– Laminar, steady, forced convective flow of SWCNH/diamond-ethylene glycol
nanofluid is considered.
– The body force is negligible in the momentum equation. Convective heating is
considered at the wall.
– The characteristics of ethylene glycol Prandtl number is taken into consideration in the momentum, induced magnetic field and temperature distributions.
– The energy equation is accounting the influence of nonlinear radiation.
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Fig. 1. Physical configuration of the problem.
Table 1. Thermo physical properties of base fluid and SWCNH/diamond nanoparticles.
Properties
 
ρ Kg m3
Cp (J/Kg K)
k (W/mK)

EG and water [39]

SWCNH [35]

Diamond [10]

1057.60
3485
0.4080

1100
750
6000

3150
497.26
1000

Under the aforementioned suppositions, the governing equations are [18,29,30],
∂u ∂v
+
= 0,
∂x ∂y
∂H2
∂H1
+
= 0,
∂x
∂y


∂u
∂u
du∞
µmp
∂H1
∂H1
u
+v
= u∞
+
+ H2
H1
∂x
∂y
dx
4πρf
∂x
∂y
−

(1)
(2)

µmp He dHe
µnf ∂ 2 u
+
,
4πρf dx
ρnf ∂y 2

(3)

∂H1
∂u
∂u
∂ 2 H1
∂H1
+v
− H1
− H2
= µe
,
∂x
∂y
∂x
∂y
∂y 2
∂T
∂T
knf ∂ 2 T
∂qr
1
u
+v
=
,
−
∂x
∂y
(ρCp )nf ∂y 2
(ρCp )nf ∂y
u

(4)
(5)

with the boundary conditions [19,33]
∂H1
∂T
= 0, H2 = 0, −knf
= hf (Tw − T ) at y = 0,
∂y
∂y
u = u∞ , H1 = He → H0 , T → T∞
as y → ∞,

u = 0, v = 0,

(6)

where u and v are the velocity components along the x and y directions, H1 and H2
are the magnetic components along the x and y directions, T is the fluid temperature,
hf is the convective heat transfer coefficient, knf is the thermal conductivity,
 µe is
∗

4

∂T
the magnetic diffusivity and µmp is the magnetic permeability, qr = − 4σ
is
3k∗
∂y
∗
∗
the radiative heat flux [20], σ is the Stefan–Boltzman constant and k is the mean
absorption coefficient, λ is the parameter which is used to apply for any fluid Prandtl
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√
√
x
1
Pr
,
δ
=
number λ = δ Re, Re = uν∞
(1+Pr)n , n = 6 for plate, wedge and stagnation of
nf
flat plate, Re is Reynolds number and Pr is Prandtl number.
In which dynamic viscosity, density, specific heat capacity and thermal conductivity of nanofluid are defined as,

µf
µnf = (1−φ)
2.5 ,





ρnf = (1 − φ) ρf + φρs ,
(7)
(ρCp )nf = (1 − φ) (ρCp )f + φ(ρCp )s , 



knf
k +2k −2φ(kf −ks )

= s f
,
kf

ks +2kf +φ(kf −ks )

where µnf , µf , φ, ρnf , ρf , ρs , (ρCp )nf , and knf are the dynamic viscosity of the
nanofluid, dynamic viscosity of the base fluid, nanoparticle volume fraction, density
of the nanofluid, density of the base fluid, density of the nanoparticle, specific heat
capacity of the nanofluid and thermal conductivity of the nanofluid, respectively.
Now, the similarity transformation are introduced as


η = xy λ,





ψ(x,y)


f (η) = α∗ λ ,





f 0 (η) Cxm


u = (1+Pr)2n ,



 ∗ 

m+1
m−1
α
0
(8)
v = − x λ 2 f (η) + 2 η f (η) ,



0
m

0 g (η)x


H1 = H(1+Pr)
2n ,



 ∗





H0 λ m+1
α
m−1
0

H2 = − x
g
(η)
+
η
g
(η)
,

C
2
2



T = (Tw − T∞ ) θ (η) + T∞ .
Based on equations (7) and (8), the equations (3)–(6) reduced





 m + 1
2
4n
0


  + m (1 + Pr) − (f ) +
Pr f
f f 00
2.5
2
(1 − φ) + φ ρρfs
(1 − φ)




m+1
4n
00
0 2
+βmp m(g ) −
gg − m(1 + Pr)
= 0,
(9)
2


m+1
Pr g 000 Mmp +
(g 00 f − gf 00 ) = 0,
(10)
2



 


 0 0
1
knf
m+1
3



+
R
1
+
(θ
−
1)
θ
θ
+
θf 0 = 0.
d
w
(ρCp )s
k
2
f
(1 − φ) + φ (ρCp )
1

000 

f

(11)
The corresponding boundary conditions are
n

f (η) = 0, f 0 (η) = 0, g (η) = 0, g 00 (η) = 0, θ0 (η) = −
2n

2n

f 0 (η) = (1 + Pr) , g 0 (η) = (1 + Pr) , θ (η) → 0

Bi (1 − θ)(1 + Pr)
√
at η = 0,
Pr
as η → ∞.
(12)
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Table 2. Comparison result of N u∗ in the absence of Rd , θw , Mmp , Bi , φ and βmp with the
results of Lin and Lin [38] and bvp4c.
Pr

0.01
0.1
1
10

Plate

Wedge

Stagnation point

RKF
Lin and bvp4c
Present Lin [38]

RKF
Lin and bvp4c
Present Lin [38]

RKF
Lin and bvp4c
Present Lin [38]

0.51675
0.44997
0.37293
0.34371

0.61440
0.55926
0.49401
0.47824

0.76098
0.70524
0.64032
0.63192

where βmp =

0.51675
0.44991
0.37272
0.34338

µmp
4πρf

0.51681
0.44993
0.37281
0.34356


H0 2
C

ratio parameter, Mmp =

0.61437
0.55922
0.49396
0.47703

0.61435
0.55922
0.49396
0.47947

0.76098
0.70524
0.64032
0.63192

Tw
T∞

is the temperature
q
νf
xh
is the magnetic Prandtl number, Bi = knff Cxm+1
is

is the magnetic parameter, θw =
µe
νf

0.76098
0.70524
0.64032
0.63136

16σ ∗ T 3

ν

the Biot number, Pr = αf∗ is the Prandtl number, and Rd = 3k∗ (ρCp∞
)nf is the radiation
parameter.
The dimensionless local skin friction coefficient (Cf∗ ) and dimensionless local rate
of heat transfer (N u∗ ) at the wall are defined as
Cf∗ Re1/2 =

√
00
2 pr
√
f
(1−φ)2.5 ( 1+pr)

N u∗ Re−1/2 δ −1 = −



knf
kf





(0) ,

+ Rd ((θw − 1) θ (0) + 1)

3



(13)


θ0 (0) . 

3 Numerical method and code validation
The forced convective Falkner–Skan flow of SWCNH/diamond-EG and water
nanofluid over a wedge, plate and stagnation point has been discussed. The nondimensionalzed equations are solved by using RK Fehlberg scheme. The step size
in the numerical solution is fixed as 0.001 (η = 0.001). Ten-decimal 1 × 10−10 place
accuracy is fixed for the criterion of convergence.
To check the validity of the present model, the numerical results of N u∗ are
compared with the results of Lin and Lin [38] and the results obtained by bvp4c
which are given in Table 2 in absence of Rd , θw , Mmp , Bi , φ and βmp . It is noticed
that bvp4c is a MATLAB package which is widely employed to solve boundary value
problems [14 and 21]. The comparison results reported in Table 2 received a good
agreement. This evidences that the adopted numerical simulation gives precise results.

4 Result and discussions
The purpose of this section is to address the graphical outcomes of diverse parameters on velocity (f 0 ), induced magnetic field (g 0 ), temperature (θ), Cf∗ and N u∗ of
SWCNH/diamond-EG and water nanofluid. Calculations have been made for different values of βmp = 0.1, 0.3, 0.5, Mmp = 0.1, 0.4, 0.7, Bi = 0.5, 1.0, 1.5, Rd = 1.0, 2.0,
3.0, θw = 1.1, 2.0, 3.0, φ = 0.00, 0.03, 0.05 and Pr = 21.95. The solutions of non-linear
equations are obtained numerically by using RK Feldberg method. All the graphs
display the suspensions of SWCNH and diamond nanoparticles in a EG and water
base fluid. Blue color solid, dot, dash lines in order represent the SWCNH nanoparticle characteristics over a plate, wedge, and stagnation point. The red color solid, dot,
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Fig. 2. f 0 for diverse values of βmp .

Fig. 3. g 0 for diverse values of βmp .
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Fig. 4. θ for diverse values of βmp .

Fig. 5. f 0 for diverse values of Mmp .
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Fig. 6. g 0 for diverse values of Mmp .

Fig. 7. f 0 for diverse values of φ.
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Fig. 8. g 0 for diverse values of φ.

Fig. 9. θ for diverse values of φ.
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Fig. 10. θ for diverse values of Rd .

Fig. 11. θ for diverse values of θw .
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Fig. 12. θ for diverse values of Bi .

Fig. 13. Cf∗ for diverse values of Mmp and φ.

dash lines in order represent the diamond nanoparticle characteristics over a plate,
wedge and stagnation point. Figures 2–16 depict the characteristics of fluid transport
properties, Figures 17–22 present the streamlines of velocity and Figures 23–28 illustrate the influence of θw and Rd on rate of heat transfer for the cases plate, wedge
and stagnation point flow.
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Fig. 14. Cf∗ for diverse values of βmp and φ.

Fig. 15. N u∗ for diverse values of Bi and φ.

Impact of βmp on SWCNH and diamond nanofluid for f 0 , g 0 and θ are depicted
in Figures 2–4. f 0 and g 0 are portrayed for increasing the values of βmp in Figures 2
and 3. Since the Lorentz force is acting transverse to the geometry which results in
diminishing f 0 and g 0 boundary layers. Variation of θ against βmp is displayed in Figure 4. The impact of Lorentz force drags the SWCNH and diamond nanofluid which
dissipates the sub kinetic energy. As a result the thermal energy is elevated. This
enhancement in θ for SWCNH nanoparticles is higher than diamond nanoparticles.
This outcome accords with the study of Nadeem et al. [34] for static and moving
wedge. Figures 5 and 6 exhibit the influence of Mmp on f 0 and g 0 for two different nanofluids namely SWCNH and diamond, respectively. Mmp is representing the
characteristics of induced magnetic field and it is described as the ratio between the
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Fig. 16. N u∗ for diverse values of Rd and φ.

Fig. 17. Velocity flow pattern for SWCNH nanofluid when β1 = 0.

viscous diffusivity and magnetic diffusivity. Mmp is certainly more than enough to
dumb the influence of magnetic field on the fluid velocity through deviation in the
magnetic field. For these cases, the value of this parameter is too small compared
with unity. Therefore, the fluid flow does not cause magnetic field deviation. For this
reason, f 0 and g 0 lessen with the rise of Mmp .
Figures 7–9 are depicted to exhibit the impact of nanoparticle volume fraction
of SWCNH and diamond nanofluids on f 0 , g 0 and θ, respectively. Increasing the
nanoparticle volume fraction increases the thermal conductivity of SWCNH/diamond
nanofluids which promotes nanoparticles clustering due to the low viscosity of base
fluid and this, in turn, leads to interference channels to spread thermal energy. Hence,
the momentum and magnetic induction field boundary layers thickness are declined
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Fig. 18. Velocity flow pattern for SWCNH nanofluid when β1 = 0.5.

Fig. 19. Velocity flow pattern for SWCNH nanofluid when β1 =1.

and the thermal boundary layer thickness is enhanced. Moreover, it is noticed that the
temperature of diamond nanofluid is slightly less than the temperature of SWCNH
nanofluid. Figures 10–12 in order illustrate the effects of Rd , θw and Bi on θ of
SWCNH and diamond suspended nanofluids. Figure 10 discloses the influence of Rd
on θ. It is observed that θ enhances for larger values of Rd . Physically, the average
absorption coefficient (k ∗ ) decreases when Rd rises and hence the thickness of the
thermal boundary layer increases. Influence of θw on θ is demonstrated in Figure 11.
It is clear that the higher values of θw augment θ over the plate, wedge and stagnation
point. It is also seen that the influence of θw is higher over the plate for both the
SWCNH and diamond-EG and water nanofluids compared with other two geometries.
Figure 12 is plotted to explore the effect of Bi on θ. It is seen from this figure that the
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Fig. 20. Velocity flow pattern for diamond nanofluid when β1 = 0.

Fig. 21. Velocity flow pattern for diamond nanofluid when β1 = 0.5.

convective heating uplifts by escalating Bi . Furthermore, higher values of Bi indicate
that the inner thermal resistance of the plate, wedge and stagnation point is higher
than thermal resistance of the plate, wedge and stagnation point in the boundary
layer. As a result θ elevates for higher values of Bi .
The consequences of Mmp on Cf∗ along with nanoparticle volume fraction is analyzed in Figure 13 for both the SWCNH and diamond suspended nanofluids. It is
observed that Cf∗ of nanofluid at the surface increases by augmenting the nanoparticle
volume fraction. It is depicted that higher values of Mmp enhance Cf∗ at the surface. It
is noteworthy that the suspension of SWCNH nanoparticles produces less friction at
the surface compared with suspension of diamond nanoparticles. The impacts of βmp
and nanoparticle volume fraction on Cf∗ are elucidated in Figure 14. It is explicated

Heat Transfer in Nanofluids

2547

Fig. 22. Velocity flow pattern for diamond nanofluid when β1 =1.

Fig. 23. Influence of Rd and θw on N u∗ for SWCNH nanofluid when β1 = 0.

that Cf∗ increases for a given values of nanoparticle volume fraction. The influences of
βmp are quite opposite to those of nanoparticle volume fraction. Figures 15 and 16 are
drawn to explore the influences of volume fraction of SWCNH and diamond nanoparticles on N u∗ against Bi and Rd , respectively. It is noticed that N u∗ of nanofluid at
the surfaces of the plate, wedge and stagnation point increases by enhancing Bi and
Rd . However, an increase in the nanoparticle volume fraction restricts the augments
of N u∗ at the surface. It is also seen that SWCNH has higher heat transfer as compared to diamond. Figures 17–22 are elucidated the flow pattern of fluid transport
over the plate, wedge and stagnation point for SWCNH and diamond nanofluids. N u∗
for various values of Rd and θw is indicated in Figures 23–28. N u∗ is an improving
function of Rd and θw .
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Fig. 24. Influence of Rd and θw on N u∗ for SWCNH nanofluid when β1 = 0.5.

Fig. 25. Influence of Rd and θw on N u∗ for SWCNH nanofluid when β1 = 1.

5 Conclusions
Present exploration examines the forced convective SWCNH/diamond-EG and water
nanofluid flow over the plate, wedge and stagnation point with an induced magnetic
field. Streamlines, 3-dimensional surface plots and some important plots are sketched
to exhibit the impact of active parameters on the fluid transport regime. Runge–Kutta
Fehlberg method is used to solve the non-dimensionalized governing equations. The
main observations can be pointed out as follows:
– Fluid velocity and induced magnetic field declines with augmenting magnetic
parameter and magnetic Prandtl number.
– The temperature of SWCNH/diamond nanofluid enhances with an increment
of Biot number, radiation parameter and temperature ratio parameter.
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Fig. 26. Influence of Rd and θw on N u∗ for diamond nanofluid when β1 = 0.

Fig. 27. Influence of Rd and θw on N u∗ for diamond nanofluid when β1 = 0.5.

Fig. 28. Influence of Rd and θw on N u∗ for diamond nanofluid when β1 =1.
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– Diamond nanoparticles dominate the SWCNH nanoparticles in fluid flow over
the wedge, plate and stagnation point.
– Compare to diamond nanoparticles, SWCNH has slightly higher heat transfer.
– Over the plate, rate of heat transfer of SWCNH and diamond nanofluids are
almost similar but the rate of heat transfer of SWCNH and diamond nanofluids
are differing over wedge and stagnation point.
– From this model, it can be concluded that the suspension of SWCNH nanoparticles can provide better performance in a solar energy system as compared to
suspension of diamond nanoparticles.
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