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The study of stagnation point flow and heat transfer over a stretching/shrinking sheet in
a hybrid nanofluid has potential applications in a variety of fields. In order to investi-
gate the properties of fluid flow and heat transfer, this study must solve the governing
mathematical model(partial differential equations). By utilizing similarity variables, the
model is transformed into a system of ordinary differential equations. The study employs
a novel numerical scheme that combines the power of Haar wavelets with the collocation
method to solve these ordinary differential equations. Through this approach, the study
can predict several important values related to the fluid’s flow and heat transfer, including
the skin friction coefficient, local Nusselt number, and the profiles of velocity, temperature
which can be influenced by the governing parameters of the model.

Keywords: hybrid nanofluids; nonlinearly stretching/shrinking; stagnation point; Haar
wavelet.
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1. Introduction

Highly efficient heat transfer technologies are crucial for various industrial applications, especially in
processes involving cooling or heating. However, classical heat transfer fluids such as oil, water, and
ethylene glycol have poor thermal conductivity, which limits their performance. To address this is-
sue, Choi and Eastman [1] developed a novel fluid called “nanofluid” by incorporating nanosized solid
particles with high thermal conductivity into the classical fluids [2,3]. Nanofluid offers superior thermo-
physical attributes when compared to traditional fluids, resulting in improved heat transfer capabilities.
Interestingly, even a small number of nanoparticles can significantly increase thermal conductivity [4].
Suresh et al. [5,6] undertook experimental investigations to augment the thermal conductivity of base
fluids. Their findings unveiled the potential of hybrid nanofluids, which are a mixture of two different
nanoparticles dispersed in a base fluid, to amplify the principle fluid’s heat capacity. For instance,
metallic nanoparticles such as zinc, copper, and aluminium boast remarkable thermal conductivities,
while aluminium oxide demonstrates superior chemical inertness and stability. According to scientific
studies, hybrid nanofluid have the potential to supplant mono nanofluid, particularly in the automotive,
refrigeration systems, photovoltaic modules, electromechanical, industrial processes, and solar energy
applications [7-9]. Numerous researchers have focused on studying the heat transfer characteristics
of hybrid nanofluids in light of their potential applications. Devi [10] were pioneers in this field, con-
ducting the first to numerically investigate a stretching surface using boundary layer theory in hybrid
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nanofluids with Newtonian heating. Additionally, Hayat and Nadeem [11] made an intriguing discovery
that hybrid nanofluids had a faster cooling rate than nanofluids due to radiative heat generation and
chemical reactions. Furthermore, recent work by Anuar et al. [12]| explored the flow of hybrid nanofluid
due to stagnation point flow on a stretch/shrink surface.

Stagnation-point flow, a phenomenon occurring in the stagnation area of a solid surface at the front
of a blunt-nosed body, can manifest whether the body is stationary or moving through the fluid. The
area around the stagnation point has the greatest pressure and heat transfer rates, as well as the highest
mass deposition rates. Consequently, researchers have taken a keen interest in scrutinizing stagnation
point flow that flows past a surface that is either stretching or shrinking. References [13-15] explored
the magnetohydrodynamic (MHD) flow and heat transfer that is influenced by a stretching/shrinking
surface is quite important in extrusion processes such as metal sheet extrusion, polymer extrusion, and
various manufacturing procedures like glass blowing and plastic film drawing.

Numerous difficulties arise in solving nonlinear ordinary differential equations over an infinite in-
terval by using numerical and semi-numerical techniques discussed by many researchers. Established
numerical methods such as Shooting method, Keller box method, and Finite element method (FEM)
and these techniques require good initial guesses when tackling the solution to boundary value problems
(BVPs) at numerous values of the significant parameters. Although the shooting method is effective
for straightforward problems, such as the projectile problem, its effectiveness relies on the stability of
the initial value problem that must be solved at each iteration. Unfortunately, for numerous stable
boundary value problems, the corresponding initial value problems (from either endpoint to the other)
are insufficiently stable for shooting to succeed. Consequently, the shooting methods may not always
be computationally suitable for the whole range of practical boundary value problems, especially those
occurring over extended or infinite interval. Hence, shooting offers limited applicability in addressing
some practical engineering problems [16,17]. Semi-analytical methods depend on the presence of small
perturbation parameters and initial base functions, but they encounter divergence issues when the
boundary-layer variable tends to infinity. To address this, semi-analytical methods frequently turn to
Pade approximations as a means to enhance the radius of convergence. Because these methods have
convergence difficulties and mandatory prerequisites, it is crucial to explore and develop novel, efficient
techniques that can overcome all obstacles. Presently, wavelet methods are gaining momentum as a
promising alternative to traditional numerical and semi-analytical methods Karkera et al. [18].

In recent decades, wavelet methods have gained significant attention in numerical analysis as an
alternative to conventional approaches. Distinguished researchers like Meyer, Morlet, Grossmann,
Daubechies [19], and others explored the mathematical properties of wavelet functions in the late 20th
century. Various types of wavelets have been utilized to tackle differential equations, with particular
emphasis on the Haar wavelet method, which has gained significant consideration due to its numerous
advantages. Alfred Haar’s pioneering work in 1910 introduced the Haar wavelet, and subsequent
advancements were made by Chen and Hsiao [20]|, who derived the operational matrices for Haar
wavelets. Lepik [21] further extended this methodology, providing a systematic approach for solving
differential equations on grids with uniform spacing. Recent works have unveiled the potential of
Haar wavelets in solving integral and delay differential equations [22,23] and as well as establishing
the error analysis in the Holder classes [24|. Moreover, innovative combinations of the Haar wavelet
method with the quasi-linearization technique [25] have been employed by Arifeen et al. [26] and
Jiwari et al. [27] for the approximate solutions for nonlinear ordinary differential equations and partial
differential equations. However, while most of the research has concentrated on the problem of finite
domains, limited research has been done to study boundary value problems with infinite domains using
Haar wavelets [18]. Based on the published literature, this study delves into the examination of flow
properties and heat transfer of a hybrid nanofluid over a stretching/shrinking sheet within the context
of stagnation point flow in infinite domain.
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2. Haar wavelets

The Haar wavelet is a square-shaped wave with a magnitude of £1 at certain intervals and zero
elsewhere that forms a variety of wavelet families or basis. The Haar wavelet is classified as compact,
dyadic, discrete, and orthonormal. It consists of pairs of piecewise constant functions and it is the
numerically simplest of all wavelet families. The one-dimensional Haar wavelet family for x € [0,1) is

defined as
1, forz €, p),

hilw) = —1, forz € [6,7),
0, elsewhere,
where o = %, 8= k+—ﬂ?‘5, v = % hi(x) is the scaling function for the family can be defined as

ha () = {1, for x € [0,1),

0 elsewhere.

The Haar series is constructed by taking linear combinations of the scaled and translated Haar wavelet
functions. These combinations are weighted by the coefficients that depend on the properties original
function. Haar wavelet integration also can be expanded into Haar series. One significant advantage of
the Haar wavelet is the ability to integrate it analytically at arbitrary times. By referring to Karkera
et al. [18], these integrals can be determined as follows:

pi71(7f) = /Ox hz(t) dt

x—a, forxela,p),

=qv—uz, forxzelB,),
0, elsewhere,

%(w_a){ for x € [o, B),

=i —a)?, forae (),
ﬁv for z € [y,1),
0, elsewhere.

Likewise, Pi1:(t) = [3 Pi(z)dz, 1 =2,3,....

3. Mathematical formulation

A steady boundary layer of a hybrid’s nanofluid for solving stagnation point flow over a nonlinearly
stretching /shrinking sheet with slip effect by Haar wavelet was studied numerically. Figure 1 shows the
schematic illustration of the boundary layer problem where the x-axis is considered along the shrinking
sheet in the vertical direction while the y-axis is perpendicular to it. Then, the surface is supposed to
stretch/shrink with the velocity Uy, (z) = az™, where a > 0 indicates constant flow and the presence
of slip effect condition u = Uy, (z) + L(g—Z), given that L = le_(%) is the slip factor. Meanwhile for
Uso(x) = bz™ is the external (inviscid) fluid’s velocity with b > 0 as the stagnation-point’s strength.
The surface is maintained at constant temperature T}, and the temperature of ambient 7.

As a consequence of the previously mentioned boundary layer assumptions, the equations of conti-
nuity, momentum, and energy are formulated by Bachok et al. [28] and Anuar et al. [29],

ou Ov

%4_8_@/:0’ (1)
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Fig.1. Schematic illustration of the flow.

ou ou dU hnf 02U
5ty =l g O ®
ua—T—l-?}a—T = ayp faz—T (3)
Ox oy " Oy
along with the boundary conditions
v=0, u:Uw(x)+L<%>, T=T, at y=0,
Ay
u—=Ux(z), T—=Tx as y— oo. (4)

Then, the correlation of the physical properties is shown in Table 1 [30-32].
Table 1. Hybrid nanofluid thermophysical properties.

Properties Hybrid Nanofluid Correlations
Thermal Diffusivity Apnf = (pléf;i’)l;:f
Density Phnf = P2ps2 + (1 — 02)[(1 — @1)py + v1ps1]
Dynamic Viscosity Hhnf = (l_w)zﬁ(l_m)m
Thermal Conductivity k]:;f — k;j2122k£:f;2£2(%’Zl;f_—::;)),
kog _ 2kptks1—2p1(kyr—ks1)
kr = 2kstksi+o1(kr—ks1)

Given that, ¢1 and @9 are hybrid nanofluid volume fraction CuO and hybrid nanofluid volume frac-
tion Ag nanoparticles respectively. Here, f, hnf, s1, and s2 subscripts represent fluid, hybrid nanofluid,
CuO nanoparticle, and Ag nanoparticle, respectively. Then, the following similarity transformation is
introduced to reduce the governing equations by Malvadi et al. [33],

1 1
(n+1)b\2 na 200 \ 2 ni1
= — 2 = 2 T=(Ty—Tx)l T, 5
0= (B) wat o= (%) T, T nw T O
as 7 is the independent variable, v is the stream function and vy is the kinematic viscosity. Next, the
velocity components can be represented as v = —g—f and u = %. By utilizing the defining parameter,
Eq. (1) is satisfied and the remaining Eqgs. (2)—(3) are changed as follows
Hhnf
e [ 7+ B = (1)) =0, (6)
Pf
Enng 1
ky " e
Wy it 00 (™)
(0Cp)y

transformed boundary conditions

f(0)=e+0f"0), f(0)=0, 6(0)=1
f/(n) % 17 9(”7)7% 07 as 77 % oo?
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n—1

where 0 = Liz="z ) is a velocity slip parameter and prime implies the derivative with respect to 7.
Then, ¢ = § can be presented as a stretching/shrinking parameter such that the positive value indicates
stretching and the negative value represents shrinking. In addition, Prandtl number is presented by
Pr = 2. Then, the physical quantities required are local skin friction, Cy and shear stress, 7,

T, ou
Cp=—rs w — Hhnf\ 5~ )y=0, 9
= o Tw T f(ay)y 0 (9)
then the local Nusselt number and heat flux are
Ty oT
Nux =77 o v Qw= _khn - Jy=0- 10
kf(Tw_Too) f(ay )y ( )
Thus, the above physical quantities are
n 1 1 kin 1
Re2Cy — Hmf |7 + L (0), Rey *Nu, = -2 ”‘; 8(0), (11)
f

and Re, = % is the local Reynold number.

Numerical solution by Haar wavelet collocation method (HWCM). The semi-infinite physical
domain [0,00) must be changed to suitable Haar wavelet context where it can be reduced to [0, 1)

I)

by introducing the coordinate transformation & = 77%0 and changing the variable to F'(§) = T and

01(¢) = % to satisfy all the boundary conditions. Then, Egs. (6) and (6) can be transformed to

Bhng
gy F(8) + B (1= (F'(€))) + m3F(€) F"(€) = 0, (12)
Pf
khng 1
ky () —
et 0(E) + P () B1(6) = 0. (13)
(PCy)
The boundary conditions of (8) are transformed to
1
F(0)=0, 6,(0)= — F'(0) = e+ oF"(0),
F'(n) =1, 61(n) =0, as 17— 7. (14)
The higher order of derivative for (12) and (13) are approximated by Haar wavelet.
2J+1
F"(€) = ) aihi(€), (15)
2J+1
01() = Y dihi(6). (16)
i=1
Letting A = oj_";oo, the corresponding lower order of derivatives are integrated using (15) and (16):
2J+1 2J+1
F”(é) = Zaipl,i( +A 1_5 Azaz iy (17)
2J+1 B
= Zai [Pg,i(ﬁ)—AC'i <£+i>} +e+A(l—¢) <£+i> , (18)
i=1 oo oo
2J+1
&  &o 52 o
F = i P i — A i —_— Al — — 1, 1
3 ;a[g,@) 0<2+% Tt A= (- (19)
yid ( ! > (20)
Zl )
Teo
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2J+1

1
0(© = Y dipia—eCl - ©+ () 1
i=1 o
Then, Eqgs. (17)—(21) are used in (12) and (13), and by applying the collocation point
1 1 JH+1
612W<l—§>, l:1,2,...,2 5 (22)

a numerical solution for the system of nonlinear equations with 27+ unknown wavelet coefficients can
be derived.

4. Result and discussion

The ODEs Egs. (6) and (7) along with boundary condition equations (8) have been solved and the
numerical solutions can be achieved using Maple software for different values of hybrid nanofluid volume
fractions @1, @9, non-linear parameter [3, velocity slip parameter o and stretching/shrinking parameter
€. Consider the values of hybrid nanoparticle volume fractions 1,2 in the range from 0 to 0.2 and Pr
is 6.2 for base fluid which is defined as water. While the value of the nonlinear parameter S varies from
1 to 2. The value of the velocity slip parameter € is in the range from 0 to 0.4. The basic properties of
nanoparticles and base fluid are shown in Table 2 [34]. The present results of f”(0) and —6’(0) have
been validated with past studies results by Anuar et al. [35] as in Table 3.

Table 2. Thermophysical properties of nanoparticle.

Properties CuO Ag | Base fluid (water)
p (kgm™3) 10500 | 6320 997.1
E(Wm™K=1) | 429 | 76.50 0.613
Cp, (Jkg™'K~1) | 235 | 531.80 4179

Table 3. f”(0) and —6’(0) when p; =2 =0, =1, Pr=0.7and e = —1.1.
Anuar et al. Current result
f10) | —6(0) f"(0) —6'(0)
1.18668 | 0.18283 1.187447570 0.1828396902
[0.04923] | [0.00008] | [0.04923004613] | [0.0000801526|
“I']” second solution

Figures 2 and 3 show the impact of Ag nanoparticle @5 on the velocity profile f/(n) and temperature
profile A(n) for the shrinking case along with ¢ = 0.2 and 8 = %. It is found that f’(n) escalates within
the momentum boundary layer due to the increasing value of o for the first and second solutions.
Meanwhile, (n) reduces with the increasing value of g for both solutions. Consequently, it causes the
thinning of the boundary layer thickness. Thus, duality exists for ¢ = —1.2. Figures 3 and 4 present the
results of skin friction f”(0) and heat transfer —6’(0) graphs for certain values of stretching/shrinking
parameter ¢ for diverse values of hybrid nanofluid volume fraction @y with ¢; = 0.1, ¢ = 0.2 and
B = %. It is noticed that duality exists when € < —1 and also unique solutions were obtained when
€ > —1, but there is no solution when ¢ < e, due to the boundary layer separations are bound to
occur and the boundary layer approximation cannot be done further this critical values .. Moreover,
the significance of f”(0) is raised with the increasing values of po. Whereas, the increasing values
of ¢y causing the reducing values of —6’(0) when ¢ > —0.5 and the inverse pattern are discovered
when € < —0.5. Hence, lowering the momentum boundary layer thickness causes an increasing in skin
friction and enhanced heat conduction at the surface.

Figures 6 and 7 display the effect of various velocity slip o values on f/(n) and 6(n) for shrinking
case (¢ < —1) with 1 = 2 = 0.1, ¢ = —=1.2 and 8 = %. From both figures, f/(n) increases in the
momentum boundary layer for the first solution but decreases for the second solution. But contrary
result is for 6(n) where it decreases in thermal boundary layer for the first solution but it increases
for the second solution. Figures 8 and 9 show the f”(0) and —6’(0) graphs for certain values of ¢ and
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Fig. 6. Velocity profile for different o. Fig. 7. Temperature profile for different o.

various values of velocity slip parameter ¢ for hybrid nanofluids with ¢; = w9 = 0.1 and g = %. Both
graphs show the range of ¢ for (¢ > ¢.) indicate the existence of dual solutions when the value of o
increased at the boundary. For both figures, as o is increasing, the range of similarity solutions is
increasing. The same conclusion is for the existence of duality in both figures and there is no solution
whenever the values of (¢ < e.). This shows that the larger value of o delays the separation of boundary
layers because the fluid can continue to move more rapidly near the surface, resisting separation. The
second solution has a lesser magnitude of f”(0) and —6’(0) as given e rather than the first solution.
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Figures 10 and 11 demonstrate the outcome of different nonlinear parameter 8 on the dimensionless
velocity f’(n) and temperature 6(n) for a shrinking case which is e = —1.2 using 1 = po = 0.1 with
o = 0.2. Dual solutions are obtained in both velocity and temperature profiles. From Figure 10, it is
noted that as 8 grows, f’(n) rises in the momentum boundary layer for the first and second solutions.
Nevertheless, 6(n) reduces in the thermal boundary layer for both solutions as 3 increases. Figures 12
and 13 demonstrate the results of different values of nonlinear parameter on f”(0) and —6’(0) for certain
values of € when 1 = ps = 0.1 with the presence of ¢ = 0.2. For both figures, as 3 is increasing, the
range of similarity solutions is increasing. The same conclusion is made for the existence of duality in
both figures and there is no solution whenever the values of (¢ < e.). This indicates that the larger
value of [ delays the separation of the boundary layer. The second solution has a lesser magnitude of
17(0) and —0'(0) as provided e rather than the first solution. Thus, f”(0) and —6’(0) increase due to
the growing nonlinear parameter 5.

—1
Figures 14 and 15 illustrate the variations of Rex% Cy and Re;* Nu, which are local skin friction and

local Nusselt respectively for various values of nanoparticle volume fraction ¢; and @y with different

o fore =0.5and g = %. It is noticed that the skin friction coeflicient decreases when the value of

o increased. Unlike local Nusselt, it increases as the value of o increases therefore enhance the heat
;1

transfer rate. Figures 16 and 17 show the value of Rex%C + and Re;” Nu, with € = 0.5, and 0 = 0.2 for

different value of 3. It can be found that by making use of various values of hybrid nanofluid volume

fractions (y1, @2) impact a change in local skin friction and Nusselt number. As the value 3 becomes
-1

greater, the value for both Rex%Cf and Re,? Nu,, increase as well.
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Figures 18 and 19 portray the response of viscous flow (i.e. p; = @9 = 0), CuO/water nanofluid
(i.e. 1 = 0.1, ¢ = 0) and Ag-CuO/water hybrid nanofluid (i.e. ¢1 = ¢ = 0.1) with 8 = 3, 0 = 0.2
and ¢ = —1.2. As the value of p; and ¢ rising, the magnitude of f’(n) increases, meanwhile 6(n)
decreases. Therefore, the momentum and thermal boundary layer thicknesses of hybrid nanofluid are
thinner than nanofluid, implying that hybrid nanofluid has a higher skin friction and heat transfer rate

than nanofluid.
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5.

Conclusion

The problem of stagnation point flow over a nonlinearly stretching /shrinking surface in hybrid nanofluid
with slip effects was studied numerically. The consideration of the parameters such as hybrid nanofluid
volume fractions ¢j, @2, non-linear parameter 3, velocity slip parameter o and stretching/shrinking
parameter € were solved using numerical technique based on Haar wavelets collocation.
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It can be found where the shrinking sheet gives dual solutions at a certain limit and the stretching
sheet gives unique solutions.

The increasing of the nonlinear parameter 8 and velocity slip parameter ¢ postpone the boundary
layer separation as both parameters widen the range of solutions.
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profile, but reduce the temperature profile for both solutions.
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Local skin friction coefficient and local Nusselt number can be intensified by the addition of non-
linear parameter 8 and nanoparticle volume fraction 1, 9. Different results are obtained when o
and nanoparticle volume fraction 1, s increase, Nusselt number increases but local skin friction
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MeTopg BeiiBneT-konokauii Xaapa gnsi po3s’sis3yBaHHSI TOYKWN 3aCTOO
Hap, JINCTOM, WO HENIHIAHO PO3TAryeETbCA/CTUCKAETLCA, Y ribpuaHin

HaHOPIANHI 3 epeKTOM KOB3aHHS

Xacana H. C.}, Paceni A. ®. H.2, Bauok H.!, Borur T. J.3, Xacax M.*

LKagedpa mamemamury ma cmamucmury, Gaxyiomem npupoorusur 1oy,
Vuisepcumem Ilympa Manatisii, 43400 Cepdane, Ceaanzop, Manratizis
2 Parysvmem exonomiru 1 myamasama, Yrieepcumem Cainc Icaam Manatizis, Manratizisn

3Kagedpa Pyrdamenmarvrux nayx ma mexHiny, Garyivmem ciabcokozo 20Cn00apcmen ma Tapuosux Hayx,
Yuisepcumem Iympa Manatizis, xamnyc Binmyay, Heabay Poyd, Binmyay, Capasax, 97008, Manatizis
4enmp pyndamenmanvrur docaidscens ciavcvrozocnodapevkoi nayku, Ynisepcumem ITympa Manatisii

HocmikeHts TOTOKY B TOYIN 3aCTOI0 Ta TEILIOMEPEIadi depe3 JIUCT, IO PO3TATYETh-
sl /CTUCKAETHCH, y MiOpuaniil HaHOMIIONI] MAE OTEHIIHE 3aCTOCY BAHHS B PI3HUX IaJly35X.
o6 mocmimuTu BAACTUBOCTI TeUil PiAUMHE Ta TEILIOOOMIHY, HEOOXiTHO PO3B’I3aTH OCHOB-
HY MaTeMaTH4IHy MOJeJb (DIBHSHHY B YACTMHHUX IOXiJAHUX). BUKOpHCTOBYIOUM 3MiHHI
MOIOHOCTI, MOJIE/Ib IEPETBOPIOETHCS Ha, CUCTEMY 3BUYANHUX JU(EPEHITAbLHIX PIBHAHD.
BukopucroByeThcs HOBa YHCEIbHA CXEMa, sIKa IIO€JIHYE IOTYKHICTh BeiiBjeTiB Xaapa 3
METOJIOM KOJIOKAITT /I PO3B’si3yBaHHS UX 3BUYANHUX JudepeHIiaIbHIX PiBHIHb. 3aB-
JSKHA IbOMY X0y MOXKHA MepeI0adnTu JEeKIJIbKa BaKJIUBUX BEJUYUH, OB SI3aHUX i3
IIOTOKOM DPIiJINHM Ta TEILIONEPEIaver0, BKIIIOUAIYN KOeMII[ieHT MOBEPXHEBOIO TEPTSI, JIO-
KajbHe gnciao Hyccenbra, a Takoyk mpodiii MBUIKOCTI Ta TeMIEpPaTypH, Ha SIKi MOXKYTh
BIINBATU OCHOBHI ITapaMeTPU MOJEJI.

Knwouosi cnoBa: 2ibpudni nanopiounu; Heatnitine po3mazyeanis,/CmuCHeHts; MmowKka
sacmoro; eetieaem Xaapa.
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