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Abstract: Colloidal suspensions of regular fluids and nanoparticles are known as nanofluids. They
have a variety of applications in the medical field, including cell separation, drug targeting, destruc-
tion of tumor tissue, and so on. On the other hand, the dispersion of multiple nanoparticles into a
regular fluid is referred to as a hybrid nanofluid. It has a variety of innovative applications such as
microfluidics, heat dissipation, dynamic sealing, damping, and so on. Because of these numerous
applications of nanofluids in minds, therefore, the objective of the current exploration divulged the
axisymmetric radiative flow and heat transfer induced by hybrid nanofluid impinging on a porous
stretchable/shrinkable rotating disc. In addition, the impact of Smoluchowski temperature and
Maxwell velocity slip boundary conditions are also invoked. The hybrid nanofluid was formed by
mixing the copper (Cu) and alumina (Al2O3) nanoparticles scattered in the regular (viscous) base
fluid (H2O). Similarity variables are used to procure the similarity equations, and the numerical
outcomes are achieved using bvp4c in MATLAB software. According to the findings, double solutions
are feasible for stretching (λ > 0) and shrinking cases (λ < 0). The heat transfer rate is accelerated
as the hybrid nanoparticles increases. The suction parameter enhances the friction factors as well as
heat transfer rate. Moreover, the friction factor in the radial direction and heat transfer enrich for the
first solution and moderate for the second outcome due to the augmentation δ1, while the trend of
the friction factor in the radial direction is changed only in the case of stretching for both branches.

Keywords: hybrid nanofluid; axisymmetric rotating flow; Maxwell velocity slip; Smoluchowski
temperature slip; rotating disk

1. Introduction

The study of nanofluids piqued the interest of researchers because of different ap-
plications in science and technology, like hybrid-powered engines, fuel cells, measures
of different heat transport with pharmaceutical, and micro-electronic dealings. Nanoflu-
ids are composed of nanoparticles, and the presence of ultrafine nanoparticles magnifies
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thermal conductivity. Choi and Eastman [1] first proposed the idea of nanofluids by dis-
persion of fluids comprising ultra-fine particles. Later, several researchers investigated
the mechanism of nanofluid in different geometrical domains: such as Khan and Pop [2]
addressed the flow problem past a stretchable sheet containing nanofluids. The effect
of free buoyancy flow via a vertical plate induced by nanofluid saturated in a porous
medium was inspected by Gorla and Chamkha [3]. Xu et al. [4] presented an exact solution
of the time-dependent flow induced by thin fluid film subject to the stretchable sheet.
Gireesha et al. [5] examined the impact of dust particles scattered in a nanofluid flow from
a stretched surface. Krishnamurthy et al. [6] scattered fluid particles in a magnetic fluid
flow induced by nanofluid past an exponentially stretchable sheet with viscous dissipation.
Makarem et al. [7] numerically inspected the fluid flow and features of heat transfer with
distinct nanofluids on a stretchable surface. Ghalambaz et al. [8] discussed the features
of fluid flow and analysis of heat transfer through a vertical plate saturated in a porous
media packed with nano-encapsulated suspensions. They observed that the heat transfer
uplifts in the presence of nano-encapsulated materials. Wakif and Sehaqui [9] revised
the two-phase model by utilizing the water-based nanofluid to investigate the features of
metal nanoparticles with a magnetic effect. Hajjar et al. [10] inspected the free convective
flow of time-periodic with heat transfer scattered nano-encapsulated materials in a cavity
and utilized the finite element technique to get a solution. The impact of nanofluid on
gravity-driven flow induced by thixotropic fluid comprising microorganisms through a
vertical sheet was examined by Koriko et al. [11]. Gul et al. [12] scrutinized the influence of
thermophoresis and Brownian motion on thin fluid film induced by Carreau fluid from a
stretched sheet with couple stress. The impact of magnetic field on the unsteady thin film
flow of nanofluid with irregular convective stream past an inclined stretched surface is
inspected by Saeed et al. [13]. Mathew et al. [14] investigated the effects of nanoparticle
shape and slips on the magneto stagnation-point flow induced by nanofluid with chemical
reaction and thermal radiation. Gul et al. [15] investigated a 3D MHD steady flow of
Casson nanofluid induced by gyrotactic microorganisms through the gap of a cone and
disk and developed the homotopy method to find the result. Recently, Gul et al. [16]
examined the dissipative flow of nanofluid past a time-dependent turning disc with the
magnetic field. They observed that the magnetic factor declines the velocities in radial and
transverse directions.

Generally, each nanofluid possesses only one nanoparticle, whereas the hybrid nanofluid
consists of two different nanoparticles dispersed in a different element regular fluid or a
combination of component regular fluids. Hybrid nanofluids are created by combining two
distinct nanomaterials to improve thermal and rheological properties. The main objective of
hybrid nanofluid advancement is to effectively manage heat transport phenomenon in the
examination of flow characteristics field. It has a wide range of technological applications
including microfluidics, damping, acoustics, naval, heat dissipation, dynamic sealing, and
so on. Suresh et al. [17] investigated the effect of dissipation on the time-dependent free
buoyancy consequences of a hybrid nanofluid flow through a circular tube. The analysis
of mixed convection flow induced by hybrid nanofluid was experimentally inspected by
Momin [18]. Takabi and Salehi [19] scrutinized the hybrid nanofluid within a sinusoidal en-
closure. Devi and Devi [20] presented the numerical solution of hybrid liquids past stretch-
able surfaces. They discovered an enrich the heat transport, which was followed by an
increase in nanoparticle concentration. Hayat and Nadeem [21] described an escalation in
heat transfer provided by an Ag-CuO/water nano solution. Rostami et al. [22] investigated
the mixed convective flow of a water-based silica-alumina hybrid nanofluid in conjunction
with a vertical plate by imposing linearly unstable temperatures with analysis of heat
transfer. Double solutions were presented for opposing flow as well as for assisting flow. A
parallel problem was surveyed by Zainal et al. [23] by considering convective boundary
conditions along with different nanomaterials. Acharya et al. [24] discussed the charac-
teristics of Hall current through a moving disk by including the Cu/TiO2nanomaterials
suspended into base fluid water along with subject to thermal radiation and magnetic
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effects. Recently, several researchers [25–34] explored the significance of hybrid nanofluid
flow with different aspects.

Over the last decade or so, there was a lot of interest in the analysis of stagnation
point flow past a rotating disc. Hiemenz [35] discovered an analytic solution to N-S
equations describing 2D steady flow handled orthogonally by an extended flat plate. Later
the aforesaid problem was extended by Homann [36] to include an axisymmetric flow
case. Hannah [37] used the irrotational far-field flow to extend Homann’s [36] classic
stagnation-point flow on a flat surface to survey the flow dynamics versus a spinning disc.
Alternatively, Agrawal [38] formed a novel axially symmetric stagnation point flow on
rotating external flow and normal impact to an infinite or inestimable or vary far plane wall.
Then, Weidman [39] prolonged Agrawal’s problem numerically. The impact of magnetic
field on a 3D rotated flow towards a stagnation-point through a stretched radial rotating
disk was inspected by Turkyilmazoglu [40]. Weidman [41,42] scrutinized the Agrawal
axisymmetric flow near a stagnation-point over a flat sheet and stretched sheet, respectively.
Recently, Waini et al. [43] reconnoitered the Agrawal’s flow and the features of heat transfer
along with hybrid nanoparticles from a stretchable/shrinkable disc.

The component of tangential velocity at the surface is proportional to the shear stress
wall is known as the slip boundary condition. Navier [44] coined the term slip boundary
condition after discovering a relationship between shear stress and slip rate. Maxwell [45]
proposed the simplest explanation of the phenomena of velocity slip, which depends on a
gradient of velocity exerting normal to a creep term and the surface. Smoluchowski [46]
later introduces the idea of temperature slip. Ramya et al. [47] investigated the effect of
thermal and velocity slips on fluid dispersed in a nanofluid. Recently, Khashi et al. [48]
scrutinized the impacts of convective boundary stipulations and slip on a 3D flow of a
hybrid nanofluid past a stretchable/shrinkable sheet.

The goal of the current study is to look into axisymmetric rotating radiative flow and
heat transfer induced by hybrid nanofluid through a stretchable/shrinkable sheet with
Smoluchowski temperature and Maxwell velocity slip. The following are the key points of
research of the current study:

• The impacts of Smoluchowski temperature and Maxwell velocity slip on the axisym-
metric rotating flow were not explored yet.

• The radiation effect on the axisymmetric rotating flow induced by hybrid nanofluid
was not yet considered.

• Double solutions of axisymmetric rotating flow past a moving rotating disk in the
presence of hybrid nanofluid were not presented before.

2. Mathematical Formulation

The configuration of the Agrawal flow problem is schematically shown in Figure 1,
where the steady radiative axisymmetric flow of heat transfer along with rotational stagnation-
point induced by hybrid nanoparticles impinging radially a porous shrinkable/stretchable
rotating disk is contemplated. The problem is initially expressed in terms of cylindrical
coordinates (z, r, θ) considered in the following axial, radial, and azimuthal directions,
respectively, with the associated component of velocities (w, u, v). The Agrawal flow is
symmetric to the rθ−plane and also axisymmetric about the axial direction (z−axis), i.e.,
the variation along the coordinate θ (azimuthal direction) is ignored. The stagnation line is
located at z = 0 and the region of the flow dynamics is in the upper half-plane. Therefore,
the stretching/shrinking disk is rotating about the axial direction (z−axis) together with a
fixed angular velocity ω. In addition, the hybrid nanofluid is composed of two dissimilar
nanoparticles (i.e., alumina (Al2O3) and copper (Cu)) along with viscous pure fluid (water).
The physical properties of the binary hybrid nanomaterials are taken to be in equilibrium
and no-slip occurs between them. It is assumed that the component of the free stream
velocities is characterized by ue(r, z) = 2arz, ve(r, z) = 0 and we(r, z) = −2az2, where a is
a constant parameter measuring the strength of the Agrawal flow having units (LT)−1, see
Weidman [39]. Moreover, the surface velocity at the wall z = 0 is denoted by uw = a2/3υ1/3

f r
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along with Maxwell slip velocity [45] having slip length 2−σv
σv

λ0
∂u
∂z were implemented to

study the velocity slip effect and further vw = rω, here, ω is the unchanging rotational
speed of the disc, however, the uniform mass flux velocity via the wall is equal to w0, where
w0 < 0 for suction and w0 > 0 for blowing. The constant wall surface temperature Tw along
with the Smoluchowski slip temperature [46] is indicated by 2−σT

σT

(
2γ

γ+1

)
λ0
Pr

∂T
∂z , whereas the

constant ambient temperature is signified by T∞ with the case Tw > T∞. Under the impact
of the aforementioned assumptions, the modeled governing equations in form of PDEs are
premeditated by (see Weidman [39]):

∂u
∂r

+
u
r
+

∂w
∂z

= 0, (1)

u
∂u
∂r
− v2

r
+ w

∂u
∂z

= − 1
ρhn f

∂P
∂r

+
µhn f

ρhn f

(
∂2u
∂r2 +

1
r

∂u
∂r
− u

r2 +
∂2u
∂z2

)
, (2)

u
∂v
∂r

+
uv
r

+ w
∂v
∂z

=
µhn f

ρhn f

(
∂2v
∂r2 +

∂

∂r

(v
r

)
+

∂2v
∂z2

)
, (3)

u
∂w
∂r

+ w
∂w
∂z

= − 1
ρhn f

∂P
∂z

+
µhn f

ρhn f

(
∂2w
∂r2 +

1
r

∂w
∂r

+
∂2w
∂z2

)
, (4)

u
∂T
∂r

+ w
∂T
∂z

=
khn f(

ρcp
)

hn f

(
∂2T
∂r2 +

1
r

∂T
∂r

+
∂2T
∂z2

)
− 1(

ρcp
)

hn f

∂qr

∂z
, (5)

along with subject to the boundary conditions

u = λuw + 2−σv
σv

λ0
∂u
∂z , v = vw, w = w0, T = Tw + 2−σT

σT

(
2γ

γ+1

)
λ0
Pr

∂T
∂z at z = 0,

∂u
∂z →

∂ue
∂z , ve → 0, T → T∞ as z→ ∞.

}
(6)

In the above governing equations, u, v and w are the component of velocities along
r−, θ− and z−axes, P is the pressure, σv is the tangential momentum accommodation
coefficient, λ0 is the coefficient of the main free path, T is the temperature, σT is the
thermal accommodation coefficient,γ is the specific heat ratio and λ is the constant stretch-
ing/shrinking parameters with λ > 0 for the stretching sheet, λ < 0 for the shrinking sheet,
and λ = 0 for the static disk. Further, ρhn f is the density, khn f is the thermal conductivity,(
ρcp
)

hn f is the heat capacity, µhn f is the dynamic viscosity, and (σ)hn f is the electrical
conductivity of the hybrid nanofluid, which is given as (see [19,20]).

µhn f
µ f

= (1− φ) −2.5 where φ = φ1 + φ2,
ρhn f
ρ f

= φ1

(
ρ1
ρ f

)
+ φ2

(
ρ2
ρ f

)
+ (1− φ),

khn f
k f

= (Aa + Ab)× (Aa + Ac)
−1, where Aa =

(φ1k1+φ2k2)
φ ,

Ab = 2k f + 2(φ1k1 + φ2k2)− 2φk f , Ac = 2k f − (φ1k1 + φ2k2) + φk f
(ρcp)hn f

(ρcp) f
= φ1

(
(ρcp)1
(ρcp) f

)
+ φ2

(
(ρcp)2
(ρcp) f

)
+ (1− φ),

(7)

where φ corresponding to the solid nanoparticle volume fraction and is equal to the sum
of the two distinct nanoparticles such as φ = φ1 + φ2, in which φ1 signifies the copper
(Cu) nanoparticles, φ2 signifies to alumina (Al2O3) nanoparticles, and φ = 0 signifies to
a regular (viscous) fluid. Besides, ρ f ,k f ,

(
ρcp
)

f , ρ1, ρ2, k1, k2,
(
ρcp
)

1 and
(
ρcp
)

2 are the
densities, thermal conductivities, and heat capacitance of the (viscous) regular fluid and
the hybrid nanoparticles, respectively. Thermophysical properties of the regular (viscous)
fluid and both the distinct nanomaterials (copper (Cu) and alumina (Al2O3)) are written
in Table 1.
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Table 1. Thermophysical properties of regular fluid and hybrid nanoparticles [43].

Properties ρ(kg/m3) cp (J/KgK) k (W/mK) Pr

Water 997.1 4179 0.613 6.2
Cu 8933 385 400 -

Al2O3 3970 765 40 -
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In energy Equation (5) the last term is used for the radiative heat flux qr. Therefore,
the simplified form of the term radiative heat flux using the Rosseland approximation for
an optically (hybrid nanoliquid) thick layer one can write (see Hayat et al. [49]):

qr = −
4σ∗

3k∗
∂T4

∂z
, (8)

where σ∗ is the Stefan Boltzman constant and k∗ is the mean absorption constant. Further,
executing the well-known Taylor series about the point T∞, the corresponding fourth power
of T4 can be simplified as T4 ∼= 4T3

∞T − 3T4
∞ by ignoring the higher-order term.

To further, simplify the analysis of the given model, here, we introduce the following
self-similarity dimensionless variables are (see Weidman [39]):

u(r, z) = a2/3υ1/3
f rF′(ξ), v(r, z) = ωrG(ξ), ξ =

(
a/υ f

)1/3
z,

θ(ξ) = T−T∞
Tw−T∞

, w(r, z) = −2a1/3υ2/3
f F(ξ),

(9)

where primes correspond the derivative with respect to the pseudo-similarity variable ξ
and further the expression (9) leads us to yield:

w0 = −2a1/3υ2/3
f S. (10)

In the above Equation (10), the symbol S demonstrates the transparent factor with
S > 0 and S < 0 correspond to suction and blowing, respectively, whereas S = 0 is for an
impervious surface of the disk.

Now utilizing the self-similarity variables in the governing equations, where Equation (1)
is evidently satisfied, while the rest of the Eqs. are transmuted into following ODEs as follows:

µhn f /µ f

ρhn f /ρ f
F′′′ + 2FF′′ − F′2 + αAG2 = 0, (11)

µhn f /µ f

ρhn f /ρ f
G′′ + 2

(
G′F− GF′

)
= 0, (12)

1(
ρcp
)

hn f /
(
ρcp
)

f

(
khn f /k f +

4
3

Rd

)
θ′′ + 2PrFθ′ = 0, (13)

with appropriate BCs are:

F(0) = S, F′(0) = λ + δ1F′′ (0), G(0) = 1, θ(0) = 1 + δ2θ′(0)
F′′ (ξ)→ 2, G(ξ)→ 0, θ(ξ)→ 0 as ξ → ∞.

(14)

The above similarity equations comprise some of the dimensionless influential param-
eters which are namely and symbolically premeditated as like Pr = µ f

(
cp
)

f /k f the Prandtl

number, δ1 = (2− σv/σv)λ0

(
a/υ f

)1/3
is the velocity slip parameter, Rd =

(
4σ∗T3

∞
)
/k f k∗

is the radiation parameter, δ2 = (2− σT/σT)(2γ/γ + 1)λ0/Pr
(

a/υ f

)1/3
is the temperature

slip parameter, and αA = ω2/a4/3υ2/3
f corresponds the rotating disk factor, necessitating

that αA is greater or equal to zero.
The important gradients of the problem are the following shear stress in the relative

radial and azimuthal directions indicated by C f r and C f θ , respectively, and the local Nusselt
number Nur is defined as

C f r =
µhn f

ρ f uw2

(
∂u
∂z

)∣∣∣
z=0

, C f θ =
µhn f

ρ f vw2

(
∂v
∂z

)∣∣∣
z=0

,

Nur = − r
k f (Tw−T∞)

(
khn f

(
∂T
∂z

)
− (qr)w

)∣∣∣
z=0

(15)
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Using similarity transformation (9) in the above equations, we get

Re1/2
r C f r =

µhn f
µ f

F′′ (0), Re1/2
r

(
uw
vw

)
C f θ = αA

−1 µhn f
µ f

G′(0),

Re1/2
r Nur = −

( khn f
k f

+ 4
3 Rd

)
θ′(0),

(16)

where Rer =
uwr
υ f

is called the local Reynolds number.

3. Temporal Stability Analysis

The present Agrawal hybrid nanofluid flow problem was solved numerically and
admits double solutions (upper branch solution and lower branch solution). Therefore,
the multiple branch outcomes for a structure of a different geometry of the problems were
documented by Weidman et al. [50], and Chu et al. [51], where the upper branch solution
is stable and physically trustworthy, while the lower branch solution is unstable and not
physically acceptable. Keeping these published available work in mind, we should test the
properties of these stated efforts by letting the two-point problem of Equations (11)–(13).
Hence, we define here the new non-dimensional time variable Π = a2/3υ1/3

f t. To test and
ease the procedure of the stability analysis, rewrite Equation (9) with new nondimensional
variables as follows:

u = a2/3υ1/3
f r ∂F

∂ξ (ξ, Π), v = ωrG(ξ, Π), ξ =
(

a/υ f

)1/3
z,

θ(ξ, Π) = T−T∞
Tw−T∞

, w = −2a1/3υ2/3
f F(ξ, Π).

(17)

Now executing Equation (17), the governing Equations (11)–(13) along with BCs (14),
take the following form:

µhn f /µ f

ρhn f /ρ f

∂3F
∂ξ3 + 2F

∂2F
∂ξ2 −

(
∂F
∂ξ

)2
+ αAG2 − ∂2F

∂ξ∂Π
= 0 (18)

µhn f /µ f

ρhn f /ρ f

∂2G
∂ξ2 + 2

(
∂G
∂ξ

F− G
∂F
∂ξ

)
− ∂G

∂Π
= 0 (19)

1(
ρcp
)

hn f /
(
ρcp
)

f

(
khn f /k f +

4
3

Rd

)
∂2θ

∂ξ2 + 2PrF
∂θ

∂ξ
− ∂θ

∂Π
= 0 (20)

and the altered BCs become
∂F(0,Π)

∂ξ = λ + δ1
∂2F(0,Π)

∂ξ2 , F(0, Π) = S, G(0, Π) = 1, θ(0, Π) = 1 + δ2
∂θ(0,Π)

∂ξ

∂2F(ξ,Π)
∂ξ2 → 2, G(ξ, Π)→ 0, θ(ξ, Π)→ 0 as ξ → ∞.

(21)

To check the working method of the temporal analysis of the time-independent
Agrawal hybrid nanofluid flow outcome F(ξ) = F0(ξ) , G(ξ) = G0(ξ) and θ(ξ) = θ0(ξ) sat-
isfy the two-point problem (11) to (13), we write (see Weidman et al. [50], and Chu et al. [51]):

F(ξ, Π) = F0(ξ) + e−ΣΠ f (ξ), G(ξ, Π) = G0(ξ) + e−ΣΠg(ξ), θ(ξ, Π) = θ0(ξ) + e−ΣΠq(ξ) (22)

Here, the notation Σ is an unknown eigenvalue parameter, and functions f (ξ), g(ξ) and
q(ξ) are comparatively small to F0(ξ),G0(ξ) and θ0(ξ), respectively. Plugging Equation (22)
into Equations (18)–(20) along with the boundary conditions (21), the following linear eigen-
value problem is obtained:

µhn f /µ f

ρhn f /ρ f
f ′′′ + 2

(
F0 f ′′ + F0

′′ f − F0
′ f ′+ αAgG0

)
+ Σ f ′ = 0 (23)
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µhn f /µ f

ρhn f /ρ f
g′′ + 2

(
F0g′ + G0

′ f − G0 f ′ − gF0
)
+ Σg = 0 (24)

1
Pr
(
ρcp
)

n f /
(
ρcp
)

f

(
kn f /k f +

4
3

Rd

)
q′′ + 2

(
F0q′+ θ0

′ f
)
+ Σq = 0 (25)

and the BCs (21) becomes{
f ′(0) = δ1 f ′′ (0), f (0) = 0, g(0) = 0, q(0) = δ2q′(0)
f ′′ (ξ)→ 0, g(ξ)→ 0, q(ξ)→ 0 as ξ → ∞.

(26)

Solving the linear eigenvalue problems (23–25) one observes an infinite number of
eigenvalues Σ1 < Σ2 < Σ3 . . .. If we found the Σ (smallest eigenvalue) positive, then the
flow is stable and if Σ negative then the flow is unstable.

4. Numerical Procedure of the Considered Scheme

In this segment of the paper, we showed the mathematical technique of the studied nu-
merical scheme in comprehensive form, as well as the accuracy of the code for the supplied
flow problem. The modified similarity set of ordinary differential Equations (11)–(13) along
with the border condition (14) are formed in the extremely nonlinear form, which is quite
difficult to solve analytically after applying the similarity variables (9). As a result, these
aforementioned numbers of highlighted equations are solved approximately by employing
a finite difference scheme, which is known as asbvp4c. This package is a legitimate built-in
code for MATLAB software (MATLAB R2020b) that is based on the three-stage Lobatto
IIIA formula and was well-described in detail by Shampine et al. [52] and Khan et al. [53].
According to these available articles, the set of higher-order similarity equations were
converted into a first-order set of ODEs by incorporating new symbols or notations. To
continue our working process of the scheme, let the variables are:

F = D1, F′ = D2, F′′ = D3, G = D4, G′ = D5, θ = D6, θ′ = D7 (27)

Now applying the Equation (27) into Equations (11)–(13) with the subject BCs (14), we get
the following set of ODEs in the first-order form, which can be written as follows:

d
dξ



D1
D2
D3
D4
D5
D6
D7


=



D2
D3
ρhn f /ρ f
µhn f /µ f

(
D2

2 − 2D1D3 − αAD4
2)

D5
ρhn f /ρ f
µhn f /µ f

(2D4D2 − 2D1D5)

D7
Pr(ρcp)hn f /(ρcp) f

(khbn f /kb f +(4/3)Rd)
(−2D1D7)


(28)

with appropriate ICs are{
D1(0) = S, D2(0) = λ + δ1D3(0), D4(0) = 1, D6(0) = 1 + δ1D7(0),
D3(ξ)→ 2, D4(ξ)→ 0, D6(ξ)→ 0 at ξ → ∞.

(29)

In ongoing to this process of the problem, we recommended here the essential early
estimates at the specific mesh point to grip the system of first-order dimensional forms
of Equation (28) with the subjected proper ICs (29), respectively. The mesh size ∆ξ in ξ,
and the thickness of the boundary layer ξ∞ have to be adjusted for dissimilar values of the
influential constraints to endure the certain goal of accuracy. This problem has two distinct
branch solutions. Therefore, the guess for the solution branch of upper is straightforward,
while the solution branch of lower required an appropriate guess, which is quite hard to
find out but trying until to satisfy the far-field BCs.
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Validation of the Dual Solutions Code

To check the validation, confirmation or accuracy of the given numerical scheme, a
comparison was constructed and shown in this subsection of the work. Table 2 highlights
the comparison of wall drag force in the radial direction for several values of αA (without
the impact of hybrid nanoparticles, stretching/shrinking parameter, radiation parameter,
velocity and temperature slip parameters, and mass flux parameter) with published work
of Lok et al. [54]. From this table, we have established that the existing work is completely
mapping with exceptional accuracy along with the subject available reported work for the
outcome of the first branch solution. Therefore, it revealed an outstanding agreement or
sound and give exceptional power to catch or discover the unavailable outcomes using the
considered scheme.

Table 2. Comparison of F′′ (0) with Lok et al. [54] for different values of αA when φ1 = φ2 = S =

δ1 = δ2 = 0, and λ = 0.

αA Present Results Lok et al. [54]

0.0 2.0000000 2.00000
25.0 6.8191539 6.81915
100.0 17.055614 17.05561
225.0 30.488228 30.48822
400.0 46.443400 46.44340
625.0 64.560920 64.56092
900.0 84.604186 84.60416

∞ - -

5. Analysis of Results

The similarity equations contained distinct controlling parameters like radiation pa-
rameter Rd, rotating disk parameter αA, velocity slip parameter δ1, stretching/shrinking
parameter λ, mass suction parameter S, temperature slip parameter δ2, and the hybrid
nanoparticles φ1 and φ2. For the persistence of the code simulations, we guaranteed the
following range values of the selected distinguished constraints like 0.0 < Rd < 5.0, 0.0 <
αA ≤ 0.5, 0.01 < δ1 < 2.0, 0.0 < δ2 < 2.0, 0.0 < S < 5.0, −5.0 < λ < 2.0,0.02 < φ1 < 0.04
and 0.02 < φ2 < 0.04, whereas, the Prandtl number Pr = 6.2. Furthermore, the conse-
quence of these selected comprised parameters on the wall drag forces along the radial
and azimuthal directions, eigenvalues, and heat transfer of the hybrid (Cu-Al2O3/water)
nanoparticles for the two distinct (first and second) branch solutionsversus λ are portrayed
in Figures 2–11, respectively, whereas the Tables 3 and 4 are also prepared for the computa-
tional values of the gradients for several distinct values of the pertinent included influential
parameters. More accurately, the numerical values of the wall drag forces along the radial
and azimuthal directions for the sundry values of αA, S, δ1, φ1 and φ2 are constructed in
Table 3 when λ = −1.4 (shrinking sheet), Rd = 1.5 and δ2 = 0.5. Meanwhile, Table 4
exhibitions the heat transfer numerical values for the enormous distinct varying values
of αA, S, δ1,Rd,δ2, φ1 and φ2 when λ = −1.4 (shrinking sheet)and Pr = 6.2. Tables 5–7 are
prepared to compute values of normal nanofluid, and pure fluid as well as the presence
and absence of slip factors. From the outcome of the tables, it is observed that the friction
factor in the radial direction and heat transfer enriches for the first and second branch
solutions with higher values of αA,S, φ1 and φ2. Meanwhile, the friction factor reduces
in both branches with higher values of S but it is decreases and increases with hybrid
nanoparticles and then increases and reduces in the first and second branch solution with
αA. Moreover, the wall drag force in the radial direction and heat transfer rises for the first
branch and decline for the second branch with larger values of δ2 whereas the shear stress
along the azimuthal direction abruptly shrinkages for both branches. Besides, the heat
transfer decays and develops for the first and second branch outcomes with superior values
of δ2 and Rd, respectively. Physically, the fluid particles captivate additional heat transfer
by booming the parameter Rd as a consequence, the Nusselt number upsurges. Moreover,
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the shear stress and heat transfer rate uplift as the velocity slip as well as temperature
slip parameters enhance. Furthermore, with the presence of hybrid nanofluids, the heat
transfer enhances further. Therefore, the performance of the cooling will be efficient for the
inclusion of hybrid nanoparticles. Furthermore, the heat transfers and the magnitude of
the friction factors in the radial and azimuthal directions in the stable branch are higher for
the nanofluid as compared to the working base fluid.
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Table 3. Values of shear stress along radial and azimuthal directions for several values of selected
parameters when λ = −1.4 (shrinking sheet), Rd = 1.5 and δ2 = 0.5.

φ1,φ2 S αA δ1

µhnf

µf
F”(0) αA

−1 µhnf

µf
G
′
(0)

Upper Solution Lower Solution Upper Solution Lower Solution

0.024 0.5 0.025 0.05 5.2107 0.4136 −59.1003 619.7336

0.025 5.2508 0.4187 −59.6113 623.8548

0.026 5.2908 0.4237 −60.1223 627.9888

0.024 0.4 0.025 0.05 3.1207 0.1921 −23.5746 629.9871

0.45 4.4412 0.3076 −47.2809 625.8405

0.5 5.2107 0.4136 −59.1003 619.7336

0.024 0.5 0.025 0.05 5.2107 0.4136 −59.1003 619.7336

0.030 5.2131 0.4466 −49.2660 466.9891

0.035 5.2154 0.4764 −42.2415 367.3144

0.024 0.5 0.025 0.01 4.5402 0.4132 −42.2035 630.2588

0.05 5.2107 0.4136 −59.1003 619.7336

0.09 5.5504 1.4286 −71.7705 28.1480

Table 4. Values of heat transfer rate for several values of selected parameters when λ = −1.4
(shrinking sheet) and Pr = 6.2.

φ1,φ2 S αA δ2 Rd δ1
−(

khnf

kf
+

4
3

Rd)θ
′
(0)

Upper Solution Lower Solution

0.024 0.5 0.025 0.5 1.5 0.05 3.1184 0.0491

0.025 3.1238 0.0508

0.026 3.1292 0.0524

0.025 0.4 0.025 0.5 1.5 0.05 2.3547 0.0091

0.45 2.8656 0.0220

0.5 3.1184 0.0491

0.024 0.5 0.025 0.5 1.5 0.05 3.1184 0.0491

0.030 3.1186 0.0551

0.035 3.1189 0.0611

0.024 0.5 0.025 0.5 1.5 0.05 3.1184 0.0491

0.6 2.8374 0.0490

0.7 2.6028 0.0489

0.025 0.5 0.025 0.5 1.5 0.05 3.1184 0.0491

2.0 3.5381 0.1147

2.5 3.9345 0.2087

0.025 0.5 0.025 0.5 1.5 0.01 2.8740 0.0458

0.05 3.1184 0.0491

0.09 3.2840 1.6669
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Table 5. Values of shear stress along radial direction for several values of selected parameters when
λ = −1.1 (shrinking sheet), δ1 = 0, φ2 = 0, δ2 = 0 and Rd = 1.5.

S αA

µhnf

µf
F”(0)(φ1=0.024)

µhnf

µf
F”(0)(φ1=0.0)

Upper Solution Lower Solution Upper Solution Lower Solution

0.35 0.025 3.0531 1.1752 2.8623 −0.5605

0.40 - 3.6671 0.9540 3.4362 −0.4564

0.45 - 4.2147 0.8049 3.9479 −0.3589

0.40 0.025 3.6671 0.9540 3.4362 −0.4564

- 0.030 3.6695 0.9529 3.4384 −0.4923

- 0.035 3.6719 0.2255 3.4407 −0.5260

Table 6. Values of shear stress along azimuthal direction for several values of selected parameters
when λ = −1.1 (shrinking sheet), δ1 = 0, φ2 = 0, δ2 = 0 and Rd = 1.5.

S αA
αA
−1 µhnf

µf
G
′
(0)(φ1=0.024) αA

−1 µhnf

µf
G
′
(0)(φ1=0.0)

Upper Solution Lower Solution Upper Solution Lower Solution

0.35 0.025 −31.7047 12.7473 −29.6897 −431.9075

0.40 - −41.0618 24.5273 −38.4247 −437.2524

0.45 - −48.6870 36.2003 −45.5458 −441.5778

0.40 0.025 −41.0618 24.5273 −38.4247 −437.2524

- 0.030 −34.2330 20.6380 −32.0345 −335.3745

- 0.035 −29.3552 16.7707 −27.4700 −268.1761

Table 7. Values of heat transfer rate for several values of selected parameters when λ = −1.1
(shrinking sheet), Pr = 6.2, δ1 = 0, δ2 = 0 and φ2 = 0.

S αA Rd

−(
khnf

kf
+

4
3

Rd)θ
′
(0)(φ1=0.024) −(

khnf

kf
+

4
3

Rd)θ
′
(0)

Upper
Solution

Lower
Solution

Upper
Solution

Lower
Solution

0.35 0.025 1.5 3.9657 1.6691 3.9295 9.9077× 10−5

0.40 - - 4.8073 1.5008 4.7742 4.0460× 10−4

0.45 - - 5.5618 1.4256 5.5323 0.0014

0.40 0.025 1.5 4.8073 1.5008 4.7742 4.0460× 10−4

- 0.30 - 4.8084 1.4925 4.7752 3.1873× 10−4

- 0.35 - 4.8095 0.0306 4.7763 2.5452× 10−4

0.40 0.025 1.5 4.8073 1.5008 4.7742 4.0460× 10−4

- - 2.0 5.2159 1.7736 5.1827 0.0028

- - 2.5 5.6173 2.0387 5.5847 0.0105

The deviations of the rotating disk parameter αA on the wall drag forces along the
radial and the azimuthal directions and heat transfer −

(
khn f /k f + (4/3)Rd

)
θ′(0) of the

hybrid (Cu-Al2O3/water) nanoparticles for the two distinct (first and second) branch
solutions against λ are bounded in Figures 2–4, respectively. From the graphs, we have
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observed that the wall drag force in the radial direction and rate of heat transfer upsurge
for the first outcome and reduces for the second outcome with improving values of the
parameter αA, while the trend of the shear stress in the azimuthal direction continuously
progresses for both distinct branch outcomes. Physically, the deceleration of velocity in
the azimuthal direction is due to the fact of higher values of the rotating disk parameter
which gets moderately transmitted to the upcoming adjacent fluid layers. As a result,
the wall drag force in the azimuthal direction elevates. The branch of first outcomes is
continuously smooth and no breaking exists for higher αA (see Figures 2–4) while the line
was breaking at some finite values of λ0 of λ due to the rotating disk parameter. Further,
the first and second branch outcome was constructed in these graphs owing to larger αA
for the phenomena of stretching and shrinking parameter. In other words, the nonunique
outcomes were possible to find for the case of λ < 0 and λ > 0, whereas the outcome
was unique for λ = λC and no solution was accessible to found for λ < λC. For higher
values of αA, the following three distinct critical points are obtained and were written in
each window of Figures 2–4, respectively. These points are also emphasized in the zoom
window of the pictures by a sequence number such as 1, 2, and 3, while it is also spotted
by the solid black balls. For mounting values of αA, the absolute values of the bifurcation
points elevate, which shows that the trend of the separation of the boundary layer declines.

Figures 5–7 elucidate the influence of S on the wall drag forces along the radial and
azimuthal directions and heat transport of the hybrid nanomaterials for the two individual
(first and second) branch solutions against λ, respectively. The wall drag force in the
radial direction enlarges for the first outcome and declines in the unstable outcome owing
to the higher impacts of S. Physically, an improvement in S conveys the flow of hybrid
nanoparticles near the surface of the rotating disk which can bring velocity profile down,
and consequently, the drag coefficient along with the radial direction upsurges. On the
other hand, the −

(
khn f /k f + (4/3)Rd

)
θ′(0) develops in both solution branches for the

higher consequences of the parameter S while the wall drag force along with the azimuthal
directions abruptly declines for both branches and escalates near the bifurcation points
for the unstable branch outcomes with S. Moreover, the second branch results of the key
physical quantities of interest are breaking or disconnected through some finite values of λ0
of λ when the values of S is increasing. The gap in the first solution curves is finer as related
to the distance in the second solution curves for the distinct selected values of S. With the
variant values of S, we have perceived the following bifurcation values −1.47182, −1.98727
and −2.57303, respectively. From these critical points, it is seen that higher values of S the
solution domain expands faster towards the larger negative values of λ and therefore, the
magnitude of the bifurcation values is also boosted up.

Furthermore, the power of the velocity slip parameter δ1 on the wall drag forces
along the radial and azimuthal directions and heat transfer of the hybrid nanoparticles
are depicted in Figures 8–10, respectively. The wall drag force in the radial direction and
heat transfer enrich for the first solution and moderates for the second outcome due to the
augmentation δ1, while the trend of the wall drag force in the radial direction is completely
changed only in the case of stretching for both branches with higher values of δ1 (see
Figure 8). Generally, in the phenomenon of Maxwell slip BCs, the speed of the disk and
the fluid particles are not the same at the disk surface which depreciates the fluid speed
and generates a reduction in the velocity profile as a conclusion, the wall drag force in the
relevant radial direction escalates. Alternatively, the wall drag force along the azimuthal
direction decelerates for both branches of outcome with superior impacts of δ1 while the
tendency or behavior of the flow near the bifurcation values for the second branch rises
owing to the increment in δ1. In addition, the impacts of the velocity slip parameter δ1 on
the gradients are very small, and therefore we can zoom a specific part of the graphs to
show the difference between the first curves and second curves. The zooming portion of the
graphs also comprised the associated bifurcation values for the corresponding values of δ1,
which can also highlight in these figures by positions 1, 2, and 3 respectively. Similarly, here
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the second branch outcome breaks at some specific point against the stretching/shrinking
parameter for the larger values of δ1 due to the non-rotating disk parameter.

Finally, Figure 11 exposes the smallest eigenvalues of Σ for the numerous values of
the stretchable/shrinkable parameter λ. From the constructed graph, the negative value
of Σ specifies an initial growth of disturbance, and the flow is an unstable mode. On
the other hand, the flow is said to be in a stable mode when the value of Σ are positive
which creates the initial decay of disturbance. In addition, we can noticed that the value of
Σ tends to zero either from the lower branch or the upper branch solution as the values of
λ are approaching, λC. This shows that the transitions from positive (stable) to negative
(unstable) of Σ occur at the turning points.

6. Conclusions

In this idea of the manuscript, we studied the impact of Smoluchowski temperature
and Maxwell velocity slip boundary conditions on thermal radiative axisymmetric rota-
tional stagnation-point flow induced by hybrid (Cu-Al2O3/water) nanoparticles impinging
on a porous stretchable/shrinkable rotating disk with heat transfer analysis. The similar-
ity Equations (11)–(13) along with BCs (14) were reduced from the governing PDEs via
exercising the pertinent self-similarity variables. The obtained set of similarity equations
comprised distinct dimensionless controlling parameters. Therefore, the multiple outcomes
for various involved influential parameters on engineering physical quantities of interest
for the first and second branch outcomes were demonstrated through various dissimilar
graphs and as well as in a tabular form. The main findings of the considered simulations
are summarized as follows:
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The wall drag force coefficient in the radial direction and heat transfer upsurges for
the branch of the first outcome and reduces for the branch of the second outcome
owing to higher values of αA. However, the shear stress along the azimuthal direction
elevates for both branches with αA, while the trends or behaviors are inverted near
the bifurcation values for the branch of second solution curves.
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Improvement in the mass suction parameter S displays an enhancement in the heat
transfer, but the reduction in the shear stress along the azimuthal direction for both
solution branches while the wall drag force in the radial direction rises for the first
branch and declines for the second branch curves.
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The heat transfer develops with radiation parameter for both solution branches, while
shrinkages due to the temperature slip parameter δ2.
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The shear stress along the radial direction upturns for the first solution and drops
for the second solution with an enhancement in δ1, while the wall drag force in the
azimuthal direction diminished for both solution branches, but heat transfer upsurges
for the first branch and decays for the second branch with higher values of δ1.
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An improvement in the heat transfer is also remarked with the larger impacts of
hybrid nanoparticles. On the other hand, the shear stress in the radial direction
augments for the first branch and reduces for the second branch with a development
in the hybrid nanoparticles, but the impact of the parameter is contrary for the shear
stress in the azimuthal direction.
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Due to the temporal stability analysis, the lower branch solution is unstable while the
upper branch solution is physically stable.
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Nomenclature

(r, θ, z) Cylindrical coordinate system (m)
w0 Constant mass flux velocity (m/s)
T∞ Constant ambient temperature (K)
P Pressure (Kg/m. s2)
k Thermal conductivity (W/(m. K))
qr Radiative heat flux
Pr Prandtl number
T Temperature of the fluid (K)
cp Specific heat at constant pressure (J/Kg. K)
F(ξ), G(ξ) Dimensionless velocity stream function
Tw Constant surface temperature (K)
S Mass suction parameter
vw Rotating velocity of the disk (m/s)
Rd Radiation parameter
uw Surface velocity of the disk (m/s)
Nur Local Nusselt number
ue, ve, we Free-stream velocities (m/s)
C f r Skin friction coefficient along the radial direction
a Constant parameter having units (m. s)−1

C f θ Skin friction coefficient along the azimuthal direction
(u, v, w) Velocity components (m/s)
Rer Local Reynolds number
Greek Symbols
α Thermal diffusivity (m2/s)
υ f Kinematic viscosity (m2/s)
αA Rotating disk parameter
σv Tangential momentum accommodation coefficient
λ0 Coefficient of the main free path
θ(ξ) Dimensionless temperature
σT Thermal accommodation coefficient
ω Constant angular velocity (m/s)
γ Specific heat ratio
λ Stretching/Shrinking parameter
σ∗ Stefan-Boltzmann constant (W/(m2. K4))
µ Absolute viscosity (N. s/m2)
ξ Pseudo-similarity variable
ρ Density (kg/m3)
k∗ Mean absorption constant
ψ Stream function
δ1 Velocity slip parameter
φ Solid volume fraction of nanoparticles
δ2 Temperature slip parameter
Acronyms
Cu Copper
PDEs Partial differential equations
H2O Water
ODEs Ordinary differential equations
bvp4c Boundary value problem of the fourth order
Al2O3 Alumina
2D, 3D Two and three-dimensional
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BCs Boundary conditions
N-S Navier-Stokes equation
ICs Initial conditions
Subscripts
hn f Hybrid nanofluid
1,2 Hybrid nanoparticles (Cu and Al2O3)
f Working base fluid
w Wall boundary condition
∞ Far-field condition
Superscript
′ Derivative with respect to ξ
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8. Ghalambaz, M.; Groşan, T.; Pop, I. Mixed convection boundary layer flow and heat transfer over a vertical plate embedded in a

porous medium filled with a suspension of nano-encapsulated phase change materials. J. Mol. Liq. 2019, 293, 111432. [CrossRef]
9. Wakif, A.; Sehaqui, R. Generalized differential quadrature scrutinization of an advanced MHD stability problem concerned

water-based nanofluids with metal/metal oxide nanomaterials: A proper application of the revised two-phase nanofluid model
with convective heating and through-flow boundary conditions. Numer. Methods Partial. Differ. Equ. 2020. [CrossRef]

10. Hajjar, A.; Mehryan, S.; Ghalambaz, M. Time periodic natural convection heat transfer in a nano-encapsulated phase-change
suspension. Int. J. Mech. Sci. 2020, 166, 105243. [CrossRef]

11. Koriko, O.K.; Shah, N.A.; Saleem, S.; Chung, J.D.; Omowaye, A.J.; Oreyeni, T. Exploration of bioconvection flow of MHD
thix-otropic nanofluid past a vertical surface coexisting with both nanoparticles and gyrotactic microorganisms. Sci. Rep. 2021,
11, 16627. [CrossRef]

12. Gul, T.; Rehman, M.; Saeed, A.; Khan, I.; Khan, A.; Nasir, S.; Bariq, A. Magnetohydrodynamic Impact on Carreau Thin Film
Couple Stress Nanofluid Flow over an Unsteady Stretching Sheet. Math. Probl. Eng. 2021, 2021, 8003805. [CrossRef]

13. Saeed, A.; Kumam, P.; Nasir, S.; Gul, T.; Kumam, W. Non-linear convective flow of the thin film nanofluid over an inclined
stretching surface. Sci. Rep. 2021, 11, 18410. [CrossRef]

14. Mathew, A.; Areekara, S.; Sabu, A.; Saleem, S. Significance of multiple slip and nanoparticle shape on stagnation point flow of
silver-blood nanofluid in the presence of induced magnetic field. Surf. Interfaces 2021, 25, 101267. [CrossRef]

15. Gul, T.; Ahmed, Z.; Jawad, M.; Saeed, A.; Alghamdi, W. Bio-convectional Nanofluid Flow Due to the Thermophoresis and
Gyrotactic Microorganism Between the Gap of a Disk and Cone. Braz. J. Phys. 2021, 51, 687–697. [CrossRef]

16. Gul, T.; Usman, M.; Khan, I.; Nasir, S.; Saeed, A.; Khan, A.; Ishaq, M. Magneto hydrodynamic and dissipated nanofluid flow over
an unsteady turning disk. Adv. Mech. Eng. 2021, 13. [CrossRef]

17. Suresh, S.; Venkitaraj, K.P.; Selvakumar, P.; Chandrasekar, M. Effect of Al2O3–Cu/water hybrid nanofluid in heat transfer. Exp.
Therm. Fluid Sci. 2012, 38, 54–60. [CrossRef]

18. Momin, G.C. Experimental investigation of mixed convection with water-Al2O3& hybrid nanofluid in inclined tube for laminar
flow. Int. J. Sci. Technol. Res. 2013, 2, 195–202.

19. Takabi, B.; Salehi, S. Augmentation of the Heat Transfer Performance of a Sinusoidal Corrugated Enclosure by Employing Hybrid
Nanofluid. Adv. Mech. Eng. 2014, 6, 147059. [CrossRef]

20. Devi, S.P.A.; Devi, S.S.U. Numerical investigation of hydromagnetic hybrid Cu–Al2O3/water nanofluid flow over a permeable
stretching sheet with suction. Int. J. Nonlinear Sci. Numer. Stimul. 2016, 17, 249–257. [CrossRef]

21. Hayat, T.; Nadeem, S. Heat transfer enhancement with Ag–CuO/water hybrid nanofluid. Results Phys. 2017, 7, 2317–2324.
[CrossRef]

http://doi.org/10.1016/j.ijheatmasstransfer.2010.01.032
http://doi.org/10.4236/jmp.2011.22011
http://doi.org/10.1016/j.ijheatmasstransfer.2013.01.046
http://doi.org/10.1166/jon.2014.1101
http://doi.org/10.1080/23311835.2015.1050973
http://doi.org/10.1002/htj.21307
http://doi.org/10.1016/j.molliq.2019.111432
http://doi.org/10.1002/num.22671
http://doi.org/10.1016/j.ijmecsci.2019.105243
http://doi.org/10.1038/s41598-021-96185-y
http://doi.org/10.1155/2021/8003805
http://doi.org/10.1038/s41598-021-97576-x
http://doi.org/10.1016/j.surfin.2021.101267
http://doi.org/10.1007/s13538-021-00888-6
http://doi.org/10.1177/16878140211034392
http://doi.org/10.1016/j.expthermflusci.2011.11.007
http://doi.org/10.1155/2014/147059
http://doi.org/10.1515/ijnsns-2016-0037
http://doi.org/10.1016/j.rinp.2017.06.034


Nanomaterials 2022, 12, 276 21 of 22

22. Rostami, M.N.; Dinarvand, S.; Pop, I. Dual solutions for mixed convective stagnation-point flow of an aqueous silica–alumina
hybrid nanofluid. Chin. J. Phys. 2018, 56, 2465–2478. [CrossRef]

23. Zainal, N.A.; Nazar, R.; Naganthran, K.; Pop, I. MHD mixed convection stagnation point flow of a hybrid nanofluid past a vertical
flat plate with convective boundary condition. Chin. J. Phys. 2020, 66, 630–644. [CrossRef]

24. Acharya, N.; Bag, R.; Kundu, P.K. Influence of Hall current on radiative nanofluid flow over a spinning disk: A hybrid approach.
Phys. E Low-Dimens. Syst. Nanostructures 2019, 111, 103–112. [CrossRef]

25. Kumar, K.A.; Sandeep, N.; Sugunamma, V.; Animasaun, I.L. Effect of irregular heat source/sink on the radiative thin film flow of
MHD hybrid ferrofluid. J. Therm. Anal. 2020, 139, 2145–2153. [CrossRef]

26. Khan, M.I. Transportation of hybrid nanoparticles in forced convective Darcy-Forchheimer flow by a rotating disk. Int. Commun.
Heat Mass Transf. 2021, 122, 105177. [CrossRef]

27. Khan, U.; Zaib, A.; Pop, I.; Abu Bakar, S.; Ishak, A. Stagnation point flow of a micropolar fluid filled with hybrid nanoparticles
by considering various base fluids and nanoparticle shape factors. Int. J. Numer. Methods Heat Fluid Flow 2021. ahead of print.
[CrossRef]

28. Khan, U.; Ishak, A.; Zaib, A. Hybrid nanofluid flow containing single-wall and multi-wall CNTs induced by a slender stretchable
sheet. Chin. J. Phys. 2021, 74, 350–364. [CrossRef]

29. Bilal, M.; Saeed, A.; Gul, T.; Ali, I.; Kumam, W.; Kumam, P. Numerical Approximation of Microorganisms Hybrid Nanofluid Flow
Induced by a Wavy Fluctuating Spinning Disc. Coatings 2021, 11, 1032. [CrossRef]

30. Roy, N.C.; Pop, I. Exact solutions of Stokes’ second problem for hybrid nanofluid flow with a heat source. Phys. Fluids 2021,
33, 063603. [CrossRef]

31. Usman, M.; Gul, T.; Khan, A.; Alsubie, A.; Ullah, M.Z. Electromagnetic couple stress film flow of hybrid nanofluid over an
un-steady rotating disc. Int. Comm. Heat Mass Transf. 2021, 127, 105562. [CrossRef]

32. Arshad, A.; Jabbal, M.; Faraji, H.; Bashir, M.A.; Talebizadehsardari, P.; Yan, Y. Thermal process enhancement of HNCPCM filled
heat sink: Effect of hybrid nanoparticles ratio and shape. Int. Commun. Heat Mass Transf. 2021, 125, 105323. [CrossRef]

33. Alzahrani, A.K.; Ullah, M.Z.; Alshomrani, A.S.; Gul, T. Hybrid nanofluid flow in a Darcy-Forchheimer permeable medium over a
flat plate due to solar radiation. Case Stud. Therm. Eng. 2021, 26, 100955. [CrossRef]

34. Nazar, T.; Bhatti, M.M.; Michaelides, E.E. Hybrid (Au TiO2) nanofluid flow over a thin needle with magnetic field and thermal
radiation: Dual solutions and stability analysis. Microfluid. Nanofluidics 2022, 26, 2. [CrossRef]

35. Hiemenz, K. Die Grenzschicht an einem in den gleichformigen Flussigkeitsstrom eingetauchten geraden Kreiszylinder. Dinglers
Polytech. J. 1911, 326, 321–324.

36. Homann, F. Der Einfluss grosser Zahigkeitbei der Stromung um den Zylinder und um die Kugel. J. Appl. Math. Mech. (ZAMP)
1936, 16, 153–164. [CrossRef]

37. Hannah, D.M. Forced Flow against a Rotating Disk; HMSO: London, UK, 1947; p. 2772.
38. Agrawal, H.L. A new exact solution of the equations of viscous motion with axial symmetry. Q. J. Mech. Appl. Math. 1957,

10, 42–44. [CrossRef]
39. Weidman, P. Axisymmetric rotational stagnation-point flow impinging on a rotating disk. Eur. J. Mech. 2015, 66, 3425–3431.

[CrossRef]
40. Turkyilmazoglu, M. Three dimensional MHD stagnation flow due to a stretchable rotating disk. Int. J. Heat Mass Transf. 2012,

55, 6959–6965. [CrossRef]
41. Weidman, P. Axisymmetric rotational stagnation point flow impinging on a flat liquid surface. Eur. J. Mech. B/Fluids 2016,

56, 188–191. [CrossRef]
42. Weidman, P. Axisymmetric rotational stagnation point flow impinging on a radially stretching sheet. Int. J. Non-linear Mech. 2016,

82, 1–5. [CrossRef]
43. Waini, I.; Ishak, A.; Pop, I. Agrawal flow of a hybrid nanofluid over a shrinking disk. Case Stud. Therm. Eng. 2021, 25, 100950.

[CrossRef]
44. Navier, C.L.M.H. Mémoire sur les lois du mouvement des fluides. Mémoires L’académie Sci. 1827, 6, 389–391.
45. Maxwell, J.C. On stresses in rarefied gases arising from inequalities of temperature. Proceed. Royal Soc. Lond. 1878, 27, 304–308.
46. Smoluchowski, M.V. Ueber Wärmeleitung in verdünnten Gasen. Ann. Phys. 1898, 300, 101–130. [CrossRef]
47. Ramya, D.; Raju, R.S.; Anand, R.J.; Chamkha, A.J. Effects of velocity and thermal wall slip on magnetohydrodynamics (MHD)

boundary layer viscous ow and heat transfer of a nanofluid over a non-linearly-stretching sheet: A numerical study. Propuls.
Power Res. 2018, 7, 182–195. [CrossRef]

48. Khashi’Ie, N.S.; Arifin, N.M.; Pop, I.; Nazar, R.; Hafidzuddin, E.H.; Wahi, N. Three-dimensional hybrid nanofluid flow and heat
transfer past a permeable stretching/shrinking sheet with velocity slip and convective condition. Chin. J. Phys. 2020, 66, 157–171.
[CrossRef]

49. Hayat, T.; Qayyum, S.; Khan, M.I.; Alsaedi, A. Entropy generation in magnetohydrodynamic radiative flow due to rotating disk
in presence of viscous dissipation and Joule heating. Phys. Fluids 2018, 30, 017101. [CrossRef]

50. Weidman, P.; Kubitschek, D.; Davis, A. The effect of transpiration on self-similar boundary layer flow over moving surfaces. Int. J.
Eng. Sci. 2006, 44, 730–737. [CrossRef]

http://doi.org/10.1016/j.cjph.2018.06.013
http://doi.org/10.1016/j.cjph.2020.03.022
http://doi.org/10.1016/j.physe.2019.03.006
http://doi.org/10.1007/s10973-019-08628-4
http://doi.org/10.1016/j.icheatmasstransfer.2021.105177
http://doi.org/10.1108/HFF-07-2021-0445
http://doi.org/10.1016/j.cjph.2021.10.009
http://doi.org/10.3390/coatings11091032
http://doi.org/10.1063/5.0054576
http://doi.org/10.1016/j.icheatmasstransfer.2021.105562
http://doi.org/10.1016/j.icheatmasstransfer.2021.105323
http://doi.org/10.1016/j.csite.2021.100955
http://doi.org/10.1007/s10404-021-02504-0
http://doi.org/10.1002/zamm.19360160304
http://doi.org/10.1093/qjmam/10.1.42
http://doi.org/10.1007/s00033-015-0587-x
http://doi.org/10.1016/j.ijheatmasstransfer.2012.05.089
http://doi.org/10.1016/j.euromechflu.2015.11.012
http://doi.org/10.1016/j.ijnonlinmec.2016.01.016
http://doi.org/10.1016/j.csite.2021.100950
http://doi.org/10.1002/andp.18983000110
http://doi.org/10.1016/j.jppr.2018.04.003
http://doi.org/10.1016/j.cjph.2020.03.032
http://doi.org/10.1063/1.5009611
http://doi.org/10.1016/j.ijengsci.2006.04.005


Nanomaterials 2022, 12, 276 22 of 22

51. Chu, Y.M.; Khan, U.; Zaib, A.; Shah, S.H.A.M. Numerical and computational simulations of cross flow in the streamwise direction
through a moving surface with comprising the significant impacts of viscous dissipation and magnetic fields: Stability analysis
and dual solutions. Math. Probl. Eng. 2020, 2020, 8542396.

52. Shampine, L.; Thompson, S. Solving DDEs in Matlab. Appl. Numer. Math. 2001, 37, 441–458. [CrossRef]
53. Khan, U.; Waini, I.; Ishak, A.; Pop, I. Unsteady hybrid nanofluid flow over a radially permeable shrinking/stretching surface. J.

Mol. Liq. 2021, 331, 115752. [CrossRef]
54. Lok, Y.; Merkin, J.; Pop, I. Axisymmetric rotational stagnation-point flow impinging on a permeable stretching/shrinking rotating

disk. Eur. J. Mech. B/Fluids 2018, 72, 275–292. [CrossRef]

http://doi.org/10.1016/S0168-9274(00)00055-6
http://doi.org/10.1016/j.molliq.2021.115752
http://doi.org/10.1016/j.euromechflu.2018.05.013

	Introduction 
	Mathematical Formulation 
	Temporal Stability Analysis 
	Numerical Procedure of the Considered Scheme 
	Analysis of Results 
	Conclusions 
	References

