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Abstract

The current investigation considers the two-dimensional time independent MHD flow and
heat transfer of a water-based hybrid nanofluid induced by a stretching sheet of porous
medium with first order boundary slip conditions. The Effects of thermal radiation, vis-
cous dissipation, and Joule heating are taken into consideration. For investigation, hybrid
nanoparticles of silver (Ag) and alumina (Al O3) are considered along with water (H,O) as
base fluid. Following a suitable similarity transformation, the governing equations are recon-
structed as a set of non-linear ordinary differential equations. The equations are solved using
the Keller-box numerical technique. The influence of different parameters on the velocity
profile and temperature profile are illustrated graphically, whereas its impact on skin-friction
coefficient and local Nusselt number are tabulated. From this study, it is concluded that the
thermal boundary layer thickness increases with an increase in the radiation and magnetic
parameter. Furthermore, it is observed that the speed of the hybrid nanofluid can be con-
trolled by applying a magnetic field, porous media, and enhancing the volume fraction of
the nanoparticles. It is found that better results are shown by the use of hybrid nanofluid
(Ag — Al, O3 /water) compared to the nanofluids with single nanoparticles (Ag/water). An
excellent comparison with previously published works is presented in the current article.

Keywords Thermal radiation - Viscous dissipation - Nanofluid - Joule heating - Stretching
sheet - Slip effect

List of symbols

c Constant

x, y Cartesian coordinates along the surface and normal to it, respectively (m)
u, v Velocity component along x-axis and y-axis respectively (m s~ !)
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T Temperature (K)
B, Magnetic field (T)
ko Porous term (m?)
Cp Specific heat at constant pressure (J kg=! K~ 1)
qr Radiative heat flux
k* Mean absorption co-efficient
M Magnetic parameter
Re,  Reynold number
K,  Permeability parameter
Ec  Eckert number
Pr  Prandtl number
R Radiation parameter
N Velocity slip factor
D Thermal slip factor
f Dimensionless stream function
quw Surface heat flux
Cf: Skin-friction coefficient
Nu, Nusselt number
Greek Symbols
v Kinematic viscosity (m? s~ 1)
nw Dynamic viscosity (kg m~! s~ 1)
o Electrically conductivity (S m~!)
o Density (kg m~3)
K Thermal conductivity of the nanofluid
o Thermal diffusivity (m? s~ 1)
o1 Volume fraction of Ag nanoparticle
b2 Volume fraction of Al O3 nanoparticle
o* Stefan-Boltzmann coefficient
0 Dimensional temperature
A Velocity slip parameter
8 Thermal slip parameter
Superscript
/ Derivative with respect to 1
Subscript
w At wall
o0 At free stream region
hnf  For hybrid nanofluid
nf  For nanofluid with single nanoparticle
f For base fluid
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s1 For Ag nanoparticle
s2 For Al, O3 nanoparticle

Introduction

Due to its wide range of applications in biomedicine, heat exchangers, cooling of electrical
devices, double-pane windows, food, transportation, etc., nanofluids has become a more
widespread area of research for scientists in recent times. To enhance the thermal conductivity
of base fluids such as ethylene glycol, water, kerosene, and motor oils, it is necessary to add
nanoparticles such as graphene, silica, silver, gold, copper, alumina, carbon nanotubes, etc.
The diameter of such nanoparticles may vary anywhere from 1 to 100 nm. It was first observed
by Choi [1] that the thermal conductivity of the base fluid could be enhanced by nanopatrticles,
improving the fluid’s heat transfer rate. Later, the factors influencing the thermal conductivity
of nanofluids were investigated by Buongiorno [2], who reported that Brownian motion and
thermophoresis effects increase the thermal conductivity of the nanofluid. As a consequence
of this revelation, Buongiorno’s model was used on the boundary layer stream by Nield and
Kuznetsov [3]. The steady flow of nanofluid on a stretching sheet was first explored by Khan
and Pop [4]. The heat transfer characteristics of nanofluid flow were investigated by Makinde
and Aziz [5] using convective boundary conditions.

A new type of fluid called a hybrid nanofluid, is finding widespread technological usage
due to its excellent thermophysical properties. The advanced fluid, composed by adding
two or more nanoparticles in a base fluid, is referred to as hybrid nanofluids. Such kinds
of nanofluids have more superior properties than conventional nanofluids. An individual
substance may never possess all of the needed traits; hence, the substance may be missing
or deficient in some properties. Customizable hybrid nanoparticles can process important
information more effectively than other nanofluids. Nanofluids are ordinarily outperformed
by hybrid nanofluids in a variety of heat transfer applications, making them ideal for use in
industries as diverse as refrigeration, electronics cooling, drug reduction, generator cooling,
machining coolant, cooling for nuclear systems, cooling for transformers, biomedicine, and
many more. A detailed procedure for creating hybrid nanofluids, including their benefits and
drawbacks, was been suggested by Sundar [6]. The unsteady flow of a hybrid nanofluid made
by adding Cu nanoparticles in Al, Oz/water nanofluid due to a stretching/shrinking sheet has
been studied by Waini etal. [7]. The effect of thermal radiation, chemical reaction, suction, and
slip condition for the heat and mass transfer of an unsteady MHD flow over a stretching surface
has been studied by Shreedevi et al. [8], who have mixed both carbon nanotubes and silver
nanoparticles in the base fluid (water). The effect of thermal radiation and suction concerning
the dynamics of an MHD hybrid nanofluid as it moves through a stretching/shrinking sheet,
with particular emphasis on the heat transfer, has been investigated very recently by Yashkun
et al. [9]. It has been shown by his findings that the hybrid nanofluid (Cu — Al Oz/water) is
more efficient than the nanofluid (Cu/water) for the heat transfer phenomena. An analytical
approach to study the heat transfer phenomena of an unsteady hybrid nanofluid flow past an
infinite flat vertical plate has been made by Rajesh et al. [10]. The effect of heat transfer and
magnetic field in the flow of Casson hybrid nanofluid, composed by mixing the nanoparticles
of copper oxide and graphite oxide in methanol over a vertical stretching sheet, has been
investigated by Alkasasbeh [11]. The interaction between the flow of hybrid nanofluid and
melting heat transfer considering the effect of second-order slip, Eckert number, and Prandtl
number has been studied by Jawad et al. [12] over a stretching surface. Yaseen et al. [13] made
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an investigation on how MHD radiative hybrid nanofluids, such as Mo0S,—Si Oa/kerosene
oil and MoSy/kerosene oil, behave between shrinking and rotating disks. It examines heat
transfer using the Cattaneo—Christov heat flux model, convective heating, and magnetic fields.
Recent work on hybrid nanofluid is included in the literature cited in Ref. [14-17].

The effect of thermal radiation on natural convection has risen in prominence due to
its many practical applications in engineering and physics, especially in the development
of tools and machinery, aerospace engineering, and gas turbines. Since it does not need a
medium, thermal radiation is the preferred mode of heat transmission above conduction and
convection. Because of these characteristics, thermal radiation plays a crucial role in the
heat transmission of MHD nanofluids, minimising heat loss. In the early stage, the impact
of heat radiation on Air and C O, of laminar flow through the vertical plate was studied by
England and Emery [18]. The effects of radiation and viscous dissipation on the thermal
boundary layer over a nonlinearly stretching sheet were investigated by Cortell [19]. The
impact of thermal radiation on the motion of an MHD nanofluid in an unsteady state caused
by a stretching sheet was analysed by Shakhaoath et al. [20]. A model was developed by
Kumar et al. [21] to simulate the flow and heat transfer of a nanofluid across an infinite
vertical plate subject to a magnetic field and viscous dissipation. Details of impact made by
thermal radiation on MHD hybrid nanofluid flow along the stretching cylinder was studied in
subsequent research by Ali et al. [22]. In a situation where the bottom plate was permeable
and stretchy, the impact of thermal radiation, hall current, and uneven heat source/sink on the
flow of nanofluid between two horizontal flat plates was investigated by Lv et al. [23]. The
effect of thermal radiation and chemical reactions on MHD Casson nanofluid flow caused
by a stretching sheet was considered by Rao and Deka [24]. The flow behaviour of unsteady
Casson nanofluid over a stretching sheet with the effect of solar thermal radiation was studied
by Jamshed et al. [25]. A numerical investigation on the heat and mass transfer phenomena
of a nanofluid under the impact of solar radiation has been conducted by Rao and Deka
[26]. Some recent contributions to the flow of hybrid nanofluid under the effect of thermal
radiation are included in ref. [27-32].

The objective of this study is to investigate the influence of magnetic field, thermal radiation
Joule heating and viscous dissipation with different slip flow effects such as velocity and
thermal slips in the flow of hybrid nanofluid past a non-linear stretching sheet with porous
medium. Initially, the Ag nanoparticles of volume fraction (¢; = 0.01) are suspended on the
base fluid to form the Ag/water nanofluid. Again, Al O3 nanoparticles of volume fraction
(¢2 = 0.02) are added to the Ag/water nanofluid to form the Ag — Al, O3/water hybrid
nanofluid. The motivation for utilizing a hybrid nanofluid, consisting of silver (Ag) and
alumina (Al> O3) nanoparticles in water (H,O), is based on the expectation of synergistic
effects. This combination allows for tailored nanofluid properties, particularly enhancing
thermal boundary layer control in two-dimensional time-independent MHD flow and heat
transfer. The superior performance of the hybrid nanofluid over single-component nanofluids
is aimed to be showcased by the study, emphasizing improved heat transfer characteristics
and fluid speed control through external factors like magnetic fields and porous media. The
governing partial differential equations are transformed into ordinary differential equations
and then solved numerically by an implicit finite difference method known as the Keller-box
method. To prove the validity of the numerical approach the numerical results have been
compared with the previous results of Wang et al. [33], Gorla and Sidawi [34], Khan and
Pop [4], Devi and Devi [35] and Waini et al. [7] for certain cases and it is observed that all
the results are in excellent agreement. The study also shows the behaviour of Ag — water
nanofluid to draw a better comparison of hybrid nanofluid (Ag — Al O3/water) with that
of nanofluid (Ag — water).
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Mathematical Formulation

Letus consider a steady flow and heat transfer of a Ag — Al» O3 /water based hybrid nanofluid
with a slip effect through a permeable stretched surface as shown in Fig. 1. The x-axis is
measured along the sheet whereas the y-axis is taken normal to the sheet. The sheet is stretched
with the rate of ‘c’ resulting the fluid to flow with a speed of u, = cx. When time ¢ > 0
passed, the temperature increased to their maximum values of T;,( > T,) and remained
stable thereafter, here Ty, denote the temperature near the wall, and T, those away from the
confines of the wall. In the direction of y-axis, a magnetic field By is applied. Considering
that the fluid is slightly conducting, the magnetic Reynolds number is much less than unity,
and thus the induced magnetic field is negligible when compared to the applied magnetic
field. In addition, velocity slip and thermal slip are taken into consideration at the wall.
The thermophysical properties of water and nanoparticles are discussed in Table 1. Table 2
provides the thermophysical properties model for hybrid nanofluid.

The following equations describe the MHD hybrid nanofluid flow with heat transfer under
the aforementioned assumptions and the standard boundary conditions [9] [17]:

ou v
s =0, (M
dx dy
ou au mnf 0°u o hnf U
U gy = Bmf 22 Ol g2y, Pl 2 )
dx 8y Phnf 8y Phnf Phnf ko
-
Y v 8
T 4
Momentum boundary layer
Wi
Thermal boundary layer
Tf
) Hybrid nanofluld
OAHO
oS =
Stretching sheet -
x
u=u, +Nv, ( v T=T,+D { ‘17:.'
Fig. 1 Schematic diagram of the problem
Table 1 Thermophysical properties of water and nanoparticles
plkg/m?) k(W /mK) o (s/m) Cp(J /kgK)
H0 997.1 0.613 55%x107° 4179
Ag 10500 429 6.30 x 107 235
Al O3 3970 40 35 x 10° 765
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Table 2 Thermophysical properties model for hybrid nanofluid [35]

Property Hybrid nanofluid
Density Phnf = (1= ¢ [(1 — d1)pf +d1ps1] + D252
Dynamic viscosity Y 5 S
Bhnf = Q)25 (1=gy)23
Heat Capacity (Pcp)hnf =~ ‘7’2)[(1 - ‘Pl)(Pcp)f +¢1 (Pcp)sl} +¢2(0Cp)n
Thermal Conductivity K52 +2kp f =200 (K f —Kg2)

Khnf = K52 +2ky f+P2 (K f —K52) * Knf

K142k f =21 (k f —K51)

where, Knf = KS|+2Kf+¢1(Kf_KS|) XKf

Electrical conductivity Ohnf = 052 (142¢2)+20 ¢ (1—-¢)
T oo (I=¢2)+0yr (2+¢2)

051 (1+2¢1)+20 s (1—¢1)

X Opf

where, onf = =G =g wa, e X Of
2
LT T M32§+W<3u> T S B 4
dx —dy (pcp)hnf dy (pCP)hnf dy (pCP)hnf (pcp)hnf dy
(3)
The following are the initial and boundary conditions [36, 37]:
+N u 0, T = T + Dicus | - 0
= | — ), v=0V, = K — |jasy =y,
U=y Mhnf 3y w hnf dy y
u—>0,v—>0,T— Teasy — 00, “)

where, u,, = cx, N is the velocity slip factor and D is the thermal slip factor. Here, both
N and D are constant function and a no-slip condition can be obtained when N = D = 0.
The Rosseland approximation for radiative heat flux can be mathematically written as
[38-40] —
—40* 3T*
3k* 9y’

By generalizing the Taylor series and ignoring the higher order terms, we are able to get

g = ®)
4 3 4
T*=4T3, T -3T%,
Hence Eq. (5) becomes-
dq, —160* 5 3T

= T, —, 6
dy 3k* % 9y? ©
We use the similarity transformation [7]-
c T — T
n=_|—y,u=cxfrm,v=—Jcvif(m), 0 = ———, )
Vf Tw — Too
Substituting Eq. (7) in the governing Eqs. (1) to (3) we get:
Ap Ap MAs
my 2 e 22 2 _ +K =0, 8
e (Al p>f ®)
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4

4
o (A4 + gR) +A3f0/+ A\Ecf”? + AsMEcf? =0, )
p

The boundary condition given in Eq. (4) is transformed to:
F(©0) =0, £10) = 1+ 1f"(0), 6(0) = 1 +80/(0), f (00) — 0, 0(c0) — 0,  (10)

In this study, we specify the flow parameters as follows -

A = Whnf A _ Phny Ay — (pCP)hnf’ y = Khnf’ As = Uhnf,
s pf (0Cp) “f of
BZ pC 4T3 * 2.2
YO/ ”,Kp:vf Pr— f( ),R_ ’ _ c°x ,
cp s cky ka* Cp(Ty — To)

A= Nppns / S—DKhnf /

Combining velocity slip parameter (A) and thermal slip parameter (8) we get-
Khnf < Khnf

CombinedSlip = ¢ x —_—
g (PCp)y, f

The following physical quantities are observed in this study that are very important in
area of engineering sciences and industrial processes. The skin friction coefficient (C ) and
the Nusselt number (Nu,) are defined as follows-

tll}

Cfy= , (11)
T opguy,
Xqy
Nuy = ——, (12)
* Kf(Tw —Too)
where
u T
Tw = Mhnf(@) andqy = _Khnf<5> + (Clr)y:o (13)
y=0 y=0

Substituting Eq. (13) into Eqns. (11) to (12) we get-

1 1
Re:Cf, = "(0),
S = B ©
Rey 2 Nu, = —[K’”’f + 4R}9/(0)
Kf 3

where Re, = < stands for local Reynolds number.

“The Keller-box technique is used to numerically solve Eqgs. (8) and (9), together with
Boundary Condition in Eq. (10). We chose this scheme because of its flexibility and it is
found to be very effective in solving the non-linear problem with an error of order 1075.
Methodology from Cebeci and Bradshaw [41] has been implemented. Computational steps
(which were clearly explained by Anwar et al. [42]) involved in this scheme to get a numerical
solution are as follows:

a) Toreduce the obtained ordinary differential equations (ODE) into the system of first-order
equations.

b) To write the reduced equations in finite difference.

¢) To linearize the equations using Newton’s method and write them in vector form.
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Convert higher order Domain
to first order ODE's Discretization

Solution of A3=R by Formation of Block Linearization by

Thomas Algorithm tri-diagonal i.e. A6=R e o Ny
Scheme

Updation of solution Stopping criteria Finish

Fig. 2 Flow chart illustrating the Keller-box method

d) To solve the linear equations which involve the tri-diagonal matrix. The flow chart of the
Keller-box method is displayed in Fig. 2.

Results and Discussion

To study the physical representation of the problem, the numerical results are reported in
both graphical as well as in tabular form. The influence of various parameters on the velocity
profile and temperature profile are plotted in graphs whereas the numerical values of the
skin-friction coefficient and Nusselt number are presented in tables. Here all the graphs and
the numerical values are obtained by implementing the Keller-box method using MATLAB
code. In an attempt to check the validity of the results obtained a comparison is made with
those of previously reported results of Wang et al. [33], Gorla and Sidawi [34], Khan and Pop
[4], Devi and Devi [35], and Waini et al. [7]. Table 3 seems to be in excellent compliance and
higher accuracy. Therefore, we are confident that our results are reliably accurate to address
the problem.

Table 4 intends to draw a comparison of our results w1th that of Devi and Devi [35] and

Waini et al. [7] for the values of Cf, Rex and Nu,Re, > for Cu — Al O3/water hybrid
nanofluid for different values of ¢,.”

The changes in velocity of both hybrid nanofluid (Ag — Al, O3/water) and nanofluid
(Ag/water) for various values of M are shown in Fig. 3. It is seen here that for both cases,
the velocity decreases as the magnetic parameter rises. It can also be observed that Ag/water
nanofluid flow is slightly slower than the Ag — Al> O3 /water hybrid nanofluid flow. When
the magnetic field becomes stronger, a retarding force called the Lorentz force is produced,
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Table 3 Comparison for values of —6/(0) for ordinary fluid (¢; = Oand¢, = 0) with various values of Pr
whenl=6=M=R=Ec=Kp=0

Pr Wang et al. Gorla and Khan and Devi and Waini et al. [7] Present
[33] Sidawi [34] Pop [4] Devi [35]

2 09114 09114 09113 0.91135 0.911353 09114

6.13 - - - 1.75968 1.759682 1.7597

7 1.8954 1.8954 1.8954 1.89540 1.895400 1.8954

20 3.3539 3.3539 3.3539 3.35390 3.353902 3.3540

1

1

Table 4 Values of Cfx Rex7 and Nuy Re; 2 for Cu — Al O3 /water hybrid nanofluid for different values of
¢> when ¢; = 0.1, A =1, and Pr = 6.135

1

1

® CfcRe? NuxRey ?
Devi and Waini [7] Present Devi and Waini [7] Present
Devi [35] Devi [35]
0.005 — 1.327310 — 1.327098 —1.3271 1.961686 1.961773 1.9618
0.02 — 1.409683 — 1.409490 — 1.4094 1.989226 1.989308 1.9893
0.04 — 1.520894 — 1.520721 — 1.5206 2.026368 2.026446 2.0265
0.06 — 1.634279 — 1.634119 — 1.6341 2.064075 2.064150 2.0640

Pr=6.8; Ec=0.1;
T

A=0.1; §=0.1; R=2; Kp=0.5; ¢1=0.01; ¢2=0.02

028 %

0.27

0.26

0.25

0.24

Ag-AIZOS/water at M=1

Ag-AIZO‘/water at M=2

Ag-A1203/water at M=3

Ag—AleS/water at M=4

= = — Ag/water at M=1
Ag/water at M=2
= = = Ag/water at M=3

= = = Ag/water at M=4

Fig. 3 Velocity profile for different value of M
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Pr=6.8; Ec= 0.1; A=0.1; 6=0.1; R=2; Kp=0.5; ¢l=0.01; ¢2=0.02
T

Ag-AIZOJ/water at M=1

0.9 Ag—AIZOS/water at M=2
Ag-Al O _/water at M=3
08l 273
’ Ag-AL O /water at M=4
— = = Ag/water at M=1
0.7 - _
Ag/water at M=2
= = = Ag/water at M=3
06 = = = Ag/water at M=4
—_
05 4
'
5~)
04 7
03 i
0.2 q
0.1 7
| | | | e =
0 1 2 3 4 5 6 7

Fig. 4 Temperature profile for different value of M

which causes the flow to slow down. This is why the velocity profile decreases as M rises.
It can be shown in Fig. 4 that as M is raised, so too is the range of temperatures experienced
inside the boundary layer. The temperature in the boundary layer area rises as a result of
increased frictional resistance to the flow brought on by an increase in the Lorentz force.
Therefore, a temperature increase results from an increase in M. It was clear from the figure
that the Ag — Al> O3/water hybrid nanofluid holds temperature better than the Ag/water
nanofluid.

Figure 5 and 6 reveal the impact of K, on the velocity and temperature profile respectively.
It is clear from the figures that the velocity for both Ag — Al» O3/water hybrid nanofluid
and Ag/water nanofluid decrease with the increase in the value of K, whereas an opposite
behaviour is observed for the temperature profile of both cases. When the value of K,
increases, the porous layer expands, which reduces the Darcian body force and hence results
in slower fluid flow. Moreover, the porosity parameter in a nanofluid includes internal heat
generation, which causes the temperature to rise in the fluid. The porosity parameter is defined
as the ratio of the void volume to the total volume of the nanofluid. As a result, when the
porosity parameter increases, the internal heat generation within the nanofluid also increases,
which causes an increase in temperature. From the figure, it can be concluded that the hybrid
nanofluid shows better results in controlling the velocity as well as holding the temperature
for this instance.

Figure 7 exhibit the effect of Pr on dimensionless temperature for both Ag— Al, O3 /water
hybrid nanofluid and Ag/water nanofluid. As Pr rises, it’s easy to see how the temperature
within the boundary layer area drops. The Prandtl number (Pr) is the ratio of momentum
diffusivity to thermal diffusivity. When the Prandtl number increases, the heat transfer rate
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Pr=6.8; Ec= 0.1; A=0.1; 6=0.1; M=0.5; R=2; q51=0.01; ¢2=0.02

T T T T
0.23 Ag—Alzoalwater at Kp=0.5
0.8 0.22 Ag—AIz()s/water atKp=1.0
o 0.21 Ag—Alzoglwater atKp=15
02 Ag—AI203/water at Kp=2.0
= = = Ag/water at Kp = 0.5
06 0.19
) Ag/water at Kp =1.0
0.18 — — —Ag/water at Kp=1.5
05 = = = Ag/water at Kp = 2.0
—_—
s
- 0.9 1 1.1
Y= 04 b
03 Kp = 0.5, 1.0, 1.5, 2.0 :
0.2 3
0.1 3
0 0.5 1 1.5 2 25 3 35

Fig. 5 Velocity profile for different value of K

Pr=6.8; Ec= 0.1; A=0.1; 6=0.1; M=0.5; R=2; ¢1=0.01; ¢2=0.02

1 T T T T T
Ag-Alzozlwater at Kp =0.5
0.9 Ag-Al, O /water at Kp = 1.0
Ag-AIZO:‘/water at Kp =1.5
0.8
Ag-Alzoslwater at Kp =2.0
0.7 = = = Ag/water at Kp = 0.5
Ag/water at Kp =1.0
06 = = = Ag/water at Kp = 1.5
= = = Ag/water at Kp = 2.0
=
~ 0.5 4
5
041 -
03l =0.5,1.0,1,5, 2.0
02
01
1 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 55

Fig. 6 Temperature profile for different value of K,
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Ec=0.15 A=0.1; §=0.1; M=0.5; R=2; Kp=0.5; ¢ =0.01; ¢,=0.02

T T
Ag-Al, O, /water at Pr=4
0.36
09r Ag-Al, O, /water at Pr=5
\ 0.35 273
0.8 \\ 0.34 Ag—AIZOS/water at Pr=6
‘\\ 0.33 Ag-Al,O,/water at Pr=7
\ N
0.7 - \\ 0.32 » 1N — — — Ag/water at Pr=4
\
‘\\ 0.31 > B Ag/water at Pr=5
06 — — — Ag/water at Pr=6
— — — Ag/water at Pr=7
—
o5 .
—
5~
0.4 - T
0.3 - T
0.2 - T
0.1 T
T ——— —

Fig. 7 Temperature profile for different value of Pr

of the fluid increases, which causes the temperature of the boundary layer to decrease. This
is because the thermal diffusivity of the fluid is lower than the momentum diffusivity, which
means that heat is transferred more slowly than momentum. The impact of radiation parameter
(Rd) on the temperature profile is shown in Fig. 8. The figure shows the impact for both
Ag — Alp O3 /water hybrid nanofluid and Ag/water nanofluid and it is evident that when the
radiation parameter increases, the temperature rises. The reason for the observed phenomenon
is due to the release of heat energy into the fluid resulting from an increase in thermal
radiation.. It is noteworthy to see that the hybrid nanofluid shows a higher temperature
profile than the ordinary nanofluid.

The relationship between Eckert number and temperature profile is seen in Fig. 9. The
dimensionless temperature rises as Ec rises, as can be seen in both Ag — Al O3 /water hybrid
nanofluid as well as Ag/water nanofluid. Ec is a dimensionless quantity that represents the
ratio of kinetic energy to the thermal energy of a fluid. When the Ec increases, the kinetic
energy of the fluid increases relative to its thermal energy. This means that the fluid is able
to convert more of its kinetic energy into heat energy, which causes the temperature to rise.

The influence of the velocity slip parameter (A1) on the velocity profile is seen in Fig. 10.
Observations indicate that the dimensionless velocity profile decreases as A increases. A
is a dimensionless quantity that represents the ratio of the molecular mean free path to a
characteristic length scale of the flow. When the A increases, the mean free path becomes
more significant relative to the characteristic length scale of the flow. This leads to an increase
in the velocity slip at the fluid—solid interface. As a result of the increased velocity slip, the
fluid velocity near the solid surface decreases. This is because the velocity slip reduces the
amount of momentum transfer between the fluid and the solid surface, which causes the fluid
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Pr=6.8; Ec=0.1; A=0.1; 6=0.1; M=0.5; Kp=0.5; ¢1=0.01; ¢2=0.02;
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Fig. 10 Velocity profile for different value of :

velocity to decrease near the surface. Therefore, an increase in the velocity slip parameter
leads to a decrease in the velocity profile near the solid surface.

In Fig. 11 we see how the thermal slip parameter (§) affects the temperature distribution.
Raising the values of § decreases the temperature. § is a dimensionless quantity that represents
the ratio of the molecular mean free path for heat transfer to a characteristic length scale of the
flow. When the thermal slip parameter increases, the mean free path becomes more significant
relative to the characteristic length scale of the flow. This leads to an increase in the thermal
slip at the fluid—solid interface. As a result of the increased thermal slip, the temperature
gradient near the solid surface decreases. This is because the thermal slip reduces the amount
of heat transfer between the fluid and the solid surface, which causes the temperature gradient
to decrease near the surface. Therefore, an increase in the thermal slip parameter leads to a
decrease in the temperature profile near the solid surface.

Figures 12 and 13 reflect the influence of temperature profile for the increasing value
of ¢; and ¢, respectively. It is clear from the figures that the temperature intensifies with
the increases in the volume fraction of both nanoparticle of the hybrid nanofluid. When the
volume fraction of nanoparticles is increased, there is a greater chance for the nanoparticles
to come into contact with each other and form clusters or agglomerates. These clusters can
then act as heat sources, which can increase the temperature of the nanofluid.

The Effect of K, on — f7/(0) for different values of M is presented in Fig. 14. It can be
observed that the trends of — f//(0) keep increasing with the increase in both M and K p for
both Ag — Al, O3/water hybrid nanofluid as well as Ag/water nanofluid. Lastly, Fig. 15
depicts the influence of M on —07(0) for different values of Rd. It is noteworthy to see from
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Fig. 15 Effect of M on 6/(0) profile for different value of R

the plottings that —6/(0) continuously lowers as the value of both Rd and M rises for both
the case of Ag — Al> O3/water hybrid nanofluid and Ag/water nanofluid.

Conclusion

Considering the slip effect, heat transfer of a two-dimensional MHD hybrid nanofluid flow
over a porous stretching sheet is numerically analysed in this article. The equations are solved
using the Keller-box method. This method is highly accurate for parabolic problems. We have
used this scheme because it is quite flexible among most of the other schemes. The accuracy
of the numerical approach is validated against some previously published work and the results
show an excellent agreement. The finding from the study is drawn as follows:

1. The velocity of the hybrid nanofluid flow inside the boundary layer region can be con-
trolled by increasing the effect of magnetic field, porosity and boundary slip.

2. The temperature of the boundary layer region is enhanced with the increase in the effect
of the magnetic field, porosity, thermal radiation, viscosity and volume fraction of the
nanoparticles used.

3. The temperature of the hybrid nanofluid starts depleting with the increase in the value of
the Prandtl number and thermal slip parameter.

4. The flow of nanofluid with single nanoparticles is found to be slightly slower than that
of the hybrid nanofluid.
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5. Theboundary layer region of the hybrid nanofluid is found to be warmer than the nanofluid
with single nanoparticles.

6. The use of hybrid nanofluid gives better results than that of the nanofluid with single
nanoparticles.
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