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Abstract. The current research looks at how the radiation affects the convective hybrid Casson 3D
flow in the presence of suction. The fluid analysed was a hybrid nanofluid made up of Alumina (Al2O3)
and Copper (Cu) nanoparticles diffused in base fluid (Water). After simplification, the flow control
equations were programmed and solved employing the MATLAB software and the bvp4c code. Figures
depict the study’s most important findings, such as the impact of several physical elements such as
convection, radiation, and suction on the velocity profile, mass transfer, temperature field, friction
factor, and heat transfer coefficient. According to the key findings, the Casson Hybrid nanofluid has a
better property than normal fluids. It can also be deduced that as the scale of the radiation constraint
strengthens, the temperature field improves. Tables were used to validate our findings with cited
papers.
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1. Introduction
In a general sense, “non-Newtonian modeling” has a non-linear correlation between the rate
of strain and stress. Non-Newtonian fluids’ mechanical properties, such as shear thickness or
thinness, normal stress variation, and visco-elastic reactivity, may not be adequately represented
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by traditional theories, necessitating a new and effective estimate. To explain the movement
and heat transmission mechanisms, various constitutive non-Newtonian models have been
anticipated. One of them is the Casson model, which has sparked a lot of curiosity. Despite its
difficulties, engineers and applied mathematicians are interested in the NNF mechanism for flow
and heat transfer properties. Biotechnology, metallurgy, medicine development, and chemical
engineering, among other industries, rely on these fluids [26]. Casson fluid is a Newtonian fluid
with variable viscosity [42] that has specific characteristics and has subsequently become rather
famous. Casson [6] developed the Casson fluid model in 1959 to estimate the flow performance
of “pigment-oil suspensions”. So, for flow, the Casson fluid’s magnetic shear stress must be
greater than the yield shear stress, or the fluid will act like an inflexible body. This type of
fluid is classified as purely viscous and has a high viscosity. The Casson model relies on a
structure model of two-phase suspensions’ interacting behaviour of solid and liquid phases.
Jelly, sauce, tomato, honey, soup are few examples of Casson fluid. The presence of fibrinogen,
protein, and globulin in aqueous base plasma and human red blood cells, human blood can
also be treated as Casson fluid. The Casson fluid solutions are obtained in most of the research
using either an approximation method or a numerical scheme. Khan et al. [23] explored the
computer-generated examination of “Casson fluid through homogeneous and heterogeneous
processes”. Sohail et al. [49] implemented the OHAM method to investigate the “entropy
generation in electrically conducted Casson fluid in thermal conductivity across a bi-directional
elongating sheet”. The effects of radiation on a Casson fluid moving across an exponentially
extending plane was conducted by Seini et al. [45]. Numerous investigations on the momentum,
“heat, and mass transfer” of Casson fluids under diverse conditions have been conducted by a
variety of investigators using numerical or analytical techniques, as evidenced by the references
[7,8,18,25,30,31,35,41].

Advanced liquids like “Nano fluorescence” have replaced traditional heat transfer fluids
because they increase a fluid’s heat transmission and flow characteristics [19]. Nanoparticles
in the heat exchanger reduce the heat exchanger’s volume and bulk while lowering the water
flow. Many researchers looked at the use of nanofluid in heat exchangers. It has resulted in
a significant boost in performance. In the inception, nanoparticles were utilised by Hayat et
al. [16] to improve the heat capacity and temperature distribution of fluids.

On the other hand, recent technological improvements have necessitated an innovative
revolution in heat transport. In recent years, nanofluid research has exploded, with results
revealing that the fluids containing the nanoparticles are excellent heat transferring fluids.
These fluids have research and industrial applications. The thermal and mechanical properties
are influenced by the carrier fluid composition, nanomaterial dissemination, particle type,
size, and manufacturing procedures. During persistent particle volume concentration and
flow emissions, the heat transport improvement is based on the thermal characteristics of
the nanoparticles [43]. Creating hybrid nanoparticles can change the thermal conductivity of
nanoparticles or make them better at it. It’s possible to make “hybrid nanofluids (HNF)” by
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putting together a lot of different metal nanoparticles with the base fluid [26]. These HNF flows
are a novel type of nanofluid that could be employed in microfluidics, manufacturing, logistics,
health services, marine architecture, and acoustics, among other applications. When nano-sized
nanoparticles are disseminated correctly, hybrid nanoparticles have a very high effective heat
conductivity, which is a big benefit. Nanofluid flow is superior to conventional fluid flow because
it can transport a large amount of heat. As a result, HNF is being utilised more frequently to
increase heat conductivity [16]. As a result of this breakthrough, researchers began to report
various issues related to HNF shortly after they were introduced.

Darcy’s model was used for the numerical analysis of water-based hybrid nanofluids by
Gireesha et al. [12]. According to this study, fins with identified convective coefficients at the
tip transmit heat more quickly than those with insulated tips. RKF-45 was used by Sarwe
et al. [44] to examine the “effect of magnetic and Arrhenius activation energy on the flow of
Casson hybrid nanofluid over a vertically moving plate”. Devi and Devi [9] investigated 3D
HNF (Cu-Al2O3/water) flows by implementing the numerical simulations over the “Lorentz
force tensile sheets under Newtonian heating”. Sundar et al. [51] show that HNF is more
efficient heat carrying fluids than single nanoparticle traditional fluids. Jamshed et al. [20],
and Ellahi [10] offered a complete and extensive examination of deterministic and HNF with
NNF heat transmission and entropy development investigations. Further, sources of HNF in
the focus of MHD can also be uncovered in the existing works [13,34,48,50,53].

Engineers and physicists were encouraged to investigate the flow across a rotating frame
by its practical and theoretical applications. The flow of mantle near the crust and the
flow of geological formations exposed owing to the earth’s rotation sparked the interest in
rotatory flows. Centrifugal filters, rotating machinery, and food processing all use these
streams. Wang [54] presented an innovative study of 3D rotary viscous flow. His problem
was governed by a gravitational parameter representing the rotational speed/ extension ratio.
He implemented the usual perturbation method to generate the series solution. Later many
researchers have extended this study under different boundary conditions and over various
fields [1–3,22,24,36,39,40,46,52]. Heat transport improvement with “Ag-Cu O/water HNF” was
performed by Hayat and Nadeem [15]. Their study concluded that the radiation, heat source,
and chemical effect, the heat transport rate of HNF is greater than that of plain nanofluid.
Shoaib et al. [47] have studied the trend of heat and mass transmission in the 3D flow of HNF
over a rotational disk under the influence of radiation and noticed that heat transfer rate was
related to the “Brinkman number”.

Technical applications such as microfibre coating, projectile motion, and rotary machinery
design for re-entry rockets rely on heat transfer and flow on rotating devices of rotation
in a forced flow. There has been no numerical analysis of the thermophysical parameters
for an “elongating sheet with convection, radiation, heat generation, and suction effects” of
a 3D rotating Casson HNF. Consequently, the current work is devoted to examining these
consequences. Similarity transformations are used to simplify the phase flow HNF model’s
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governing PDEs. The reduced equations are then numerically evaluated using MATLAB’s finite
difference scheme, which executes the 3-stage Lobatto IIIA formula [28]. Finally, we present
our numerical results in figures and tables.

2. Mathematical Formulation
Consider a 3D spinning and incompressible Casson HNF across a stretched sheet influenced by
convection, radiation, and suction. The stretching sheet is supposed to stretch linearly along
the x-axis at a velocity U = ax, and a is a constant and the considered fluid is positioned on
the z-axis. The velocity components in the (x, y, z) directions are assumed to be (u,v,w). The
fluid and sheet rotate at a uniform angular velocity Ω around the z-axis, as shown in Figure 1.
The surface and ambient temperatures are denoted by Tw and T∞, respectively, whereas the
species concentrations at the wall and infinity are denoted by Cw and C∞, individually.

Figure 1. Physical outline of the flow

The necessary “rheological equations of Cauchy stress tensors for anisotropic and
incompressible fluid flow of a Casson” form could be stated as follows [4],

τi j =
2

(
µB + pyp

2π

)
e i j , π>πc ,

2
(
µB + pyp

2πc

)
e i j , π<πc ,

(2.1)

where τi j is the Cauchy stress tensor, π = (e i j)2 is the deformation rate components product
with itself, e i j is the (i, j)th contort rate component, πc is the critical value, µB is the “plastic
dynamic viscosity” [21], and py is the fluid yield stress [5]. In the present problem, the stress
component is considered as,

τxz =µB

(
1+ 1

β.

)(
∂w
∂x

+ ∂u
∂z

)
and

∂w
∂x

= 0, where β. =µB

p
2πc

py
.

β is Casson fluid parameter.
In a rotating frame, the boundary layer equations governing equations (making use of

Rosseland approximations for non-linear thermal radiation) are given by [4,26,29,44].
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The conservation of mass,
∂u
∂x

+ ∂v
∂y

+ ∂w
∂z

= 0 . (2.2)

The momentum equation,

u
∂u
∂x

+v
∂u
∂y

+w
∂u
∂z

=
(
1+ 1

β

)
µhnf

µnf

∂2u
∂z2 +2Ωv+ gβhnf (T −T∞) , (2.3)

u
∂v
∂x

+v
∂v
∂y

+w
∂v
∂z

=
(
1+ 1

β

)
µhnf

µnf

∂2v
∂z2 −2Ωu . (2.4)

The energy equation,

u
∂T
∂x

+v
∂T
∂y

+w
∂T
∂z

= khnf
∂2T
∂z2 + 16σ0T3∞

3k∗(ρCp)hnf

∂2T
∂z2 + Q0 (T −T∞)

(ρCp)hnf
. (2.5)

The concentration equation,

u
∂C
∂x

+v
∂C
∂y

+w
∂C
∂z

= Dhnf
∂2C
∂z2 . (2.6)

The supposed initial and boundary conditions of the flow concerned are,
u =Uwλ= axλ, v = 0, w = ww,

T = Tw, C = Cw at z = 0

u → 0, v → 0, w → 0, T → T∞,

C → C∞ as z →∞

 (2.7)

Here, “λ is the stretching and shrinking parameter taking a constant value such that λ> 0 for
the stretching; λ< 0 for the shrinking; and λ= 0 for the static sheet” [3].

3. Method of Solution
The transformations of similarity that meet the equation of continuity (2.2) and to convert
the PDEs’ (2.3)-(2.6) to ODE can be identified as [3],

u = axF ′(η), v = axG(η), w =−√
aϑ f F(η),

Θ(η)= T−T∞
Tw−T∞ , Φ(η)= C−C∞

Cw−C∞ , η= z
√

a
ϑ f

 (3.1)

such that ww =−√
aϑ f S and the prime in the above equations indicates the derivative relating

to η and S is the “mass flux parameter” in which S < 0 indicates injection and S > 0 corresponds
to suction.

Applying the transformations in equation (3.1) to equations (2.3)-(2.6), we obtain the
transformed equations as,(

1+ 1
β

)
µhnf

ρhnf

ρ f

µ f
F ′′′+

(ρβ)hnf

ρhnfβ f
RiΘ+F ′′F +2ωG− (F ′)2 = 0, (3.2)(

1+ 1
β

)
µhnf

ρhnf

ρ f

µ f
G′′−F ′G+FG′−2ωF = 0, (3.3)

(ρCp) f

(ρCp)hnf

{
1
Pr

[khnf

k f
+ 4

3
Rd

]
Θ′′+δΘ

}
+FΘ′ = 0, (3.4)
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Φ′′+ D f

Dhnf
Sc F Φ′ = 0, (3.5)

subject to the modified boundary condition,
F ′(η)=λ, G(η)= 0, F(η)= S, Θ(η)= 1, Φ(η)= 1 at η= 0

F ′(η)→ 0, G(η)→ 0, Θ(η)→ 0, Φ(η)→ 0 as η→∞

}
(3.6)

The factors such as the rotation parameter (ω), the heat source/sink parameter (δ), Richardson
number (Ri), Prandtl number (Pr), Schmidt parameter (Sc) in the above equations can be
presented as

Ri = Gr
Re2 = β f g(T −T∞)x3

ϑ2
f Re2 , ω= Ω

α
, Pr =

υ f

α f
, Sc = υ f

D f
, δ= Qo

α f (ρCp) f

when it comes to applications, it’s important to know the x- and y-axis drag coefficients, the
local “Nusselt number”, and the “local Sherwood number”, all of which are defined as

Re
1
2
x C f x =

µhnf

µnf

(
1+ 1

β

)
F ′′(0),

Re1/2
x C f y =

µhnf

µnf

(
1+ 1

β

)
G′(0),

Re−1/2
x Nux =−

[khnf

k f
+ 4

3
Rd

]
Θ′(0),

Re−1/2
x Shx =−khnf

knf
Φ′(0)

The subscripts f , nf and hnf denote attributes of the base fluid, nanofluid, and HNF,
respectively. Table 1 lists the thermophysical parameters of HNF, and the “hybrid theory and
phenomenon commandment” recognises the efficient properties of HNF. The most important
HNF experimental relationships are listed below.

Table 1. The thermophysical properties of water and the nanoparticles [33,53]

Properties Base fluid Nanoparticles

Water Al2O3 Cu

Thermal conductivity (k) 0.613 40 400

(Wm−1K−1)

Density (ρ) 997.1 3970 8933

(Kgm−3)

Specific heat (Cp) (Jkg−1K−1) 4179 765 385

β (1/K) 36.2×10−5 0.85×10−5 1.67×10−5

The “Hamilton-Crosser model” [17], [37] (H.C) thermal conductivity model was employed
to obtain the khnf and k f relationships. The specific heats of Cu particles, Al2O3 particles,
base fluid, and hybrid liquid are provided in the thermophysical mathematical relations of the
hybrid nanofluid (Cp)s1, (Cp)s2 (Cp) f , (Cp)hnf , respectively. The s1 denotes Al2O3 properties,
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while s2 denotes Cu properties. The HNF is made up of Alumina (Al2O3) and Copper(Cu)
nanoparticles dispersed in water (H2O). The nanoparticles’ geometric size is spherical (m = 3).
φ1 and φ2 correspond to the nanoparticle volume share of Alumina (Al2O3) and Copper(Cu),
respectively, while φhnf represents the mixed nanoparticle concentration. Throughout the study,
the nanoparticle volume fraction of Alumina is kept constant at φ1 = 0.1.

The expressions for the main relationships such as thermal conductivity, “specific heat
capacities at constant pressure”, density, and the “thermal expansion coefficient” are [11,14],

µhnf

µ f
= 1

[(1−φ1)(1−φ2)]2.5 ,

ρhnf

ρ f
=

[(
ρs1

ρ f

)
φ1 + (1−φ1)

]
(1−φ2)+φ2

ρs2

ρs1
,

[ρCp]hnf = [ρCp] f

[(
(ρCp)s1

(Cpρ) f

)
ϕ1 + (1−ϕ1)(1−ϕ2)+ϕ2(ρCp)s2

]
,

khnf

kbf
= kbf (m−1)− (kbf −ks2)(m−1)ϕ2 +ks2

(kbf −ks2)ϕ2 +ks2 +kbf (m−1)
and

kbf

k f
= ks1 +k f (m−1)− (k f −ks1)(m−1)ϕ1

(k f −ks1)ϕ2 +ks1 +k f (m−1)
,[(

ρs1βs1

ρ fβ f

)
ϕ1 +

(
1−ϕ1

)]
(1−ϕ2)+ϕ2

ρs2βs2

ρ fβ f
=

[β]hnf

[β] f
.

4. Numerical Solution
The system of dimensionless equations from (3.2) to (3.5) is very sensitive to boundary conditions
in math. These equations are so complicated that it’s hard to solve them analytically. As a result,
the BVP4C method from MATLAB is one of the ways to solve these kinds of problems.
The MATLAB BVP algorithm bvp4c is used to get the numerical solutions. It is “a finite
difference code that implements the three-stage Lobatto IIIA formula”.

First, the equations (3.2) to (3.5) are changed into a set of “coupled first-order equations”. As

f = [F F ′F ′′G G′Θ Θ′Φ Φ′]T

=



f (1)
f (2)
f (3)
f (4)
f (5)
f (6)
f (7)
f (8)
f (9)



.
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Therefore, the equations (3.2)-(3.5) can be expressed in linear form as

f ′ (3)= −A1A2[A3Ri f (6)+ f (1) f (3)+2ω f (4)− f (2)∗ f (2)](
1+ 1

β

) ,

f ′(5)= −A1A2[ f (2) f (4)+2ω f (2)− f (1) f (5)](
1+ 1

β

) ,

f ′(7)= −Pr(B1 f (1) f (7)+δ f (6))

B2 + 4Rd
3

,

f ′(9)=−ScB3 f (1) f (9) .

Here the relations A1, A2, A3,B1,B2,B3 are given as

A1 =
µ f

µhnf
, A2 =

ρhnf

ρ f
, A3 =

βhnf

β f
, B1 =

(ρCp)hnf

(ρCp) f
, B2 =

khnf

k f
, B3 =

D f

Dhnf
.

This set of BVP problems is then solved by implementing Bvp4c code in MATLAB, along with the
identified boundary conditions. The “inbuilt MATLAB code bvp4c” implements the three-stage
Lobatto IIIa method [47], [38], [27].

5. Results and Analyses
An efficient numeric technique using the bvp4c code in MATLAB was employed to address
the coupled formulation of the problem. At infinity, the boundary conditions are replaced by a
suitable value ηmax. The criteria for convergence are chosen to be accurate to six decimal places,
and the step size is set to ∆η = 0.001. The physical quantities of attention for the base fluid
were computed at a value of λ= 0.5 to determine the accurateness of the results. Compared to
previously published studies, we discovered that they were in good agreement, as indicated in
Table 2. As a result, it can be argued that the current code may be used to investigate the issue
discussed in this study confidently. The impact of several factors, such as radiation constraint

Table 2. Numerical values of µhnf
µnf

(
1+ 1

β

)
F ′′(0), µhnf

µnf

(
1+ 1

β

)
G′(0) for different values of the rotational

parameter (ω) and Casson parameter β and the base fluid, i.e., φ1 =φ2 = Ri = Rd = Sc = δ= S = 0, λ= 1

Parameters Butt et al. [5] Present study

λ β C f xRe1/2
x Re1/2

x C f y C f xRe1/2
x Re1/2

x C f y

0.5 2.0 −1.394220 −0.628002 −1.394218 −0.6280019

1.0 −1.622822 −1.025232 −1.622817 −1.0252172

5.0 −2.92731 −2.633846 −2.927302 −2.6338391

10.0 −4.00746 −3.797251 −4.007467 −3.7972510

0.5 2.0 −1.39422 −0.628002 −4.007472 −0.6280019

5.0 −1.24703 −0.561702 −1.247049 −0.5617016

10 −1.19394 −0.533778 −1.193964 −0.5337769

20 −1.16649 −0.525423 −1.166489 −0.5254322
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(0 ≤ Rd < 3), the Richardson number (0 ≤ Ri ≤ 6), Schmidt number (0 ≤ Sc < 3), rotational
parameter (0≤ω< 3), suction (0≤ S < 3), stretching parameter (0≤λ< 3) (these values have
been considered from the literature reviewed). The velocity, thermal, and mass diffusion fields
were analysed and presented graphically.

The key purpose of the current segment is to explain the numerical outcomes for velocity,
thermal, and mass diffusion profiles for a range of values of the physical constraints arising
from the problem. Numerical values of local Nusselt, friction factor coefficients and Sherwood
number are presented in tabular forms.

(a) Variation of Primary velocity gradient (PVG) and Secondary velocity Gradient (SVG) with
different parameters:

Figure 2. Variation of F ′(η) with β

Figure 3. Variation of G(η) with β
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Figure 2 and Figure 3 illustrate the effect of the Casson parameter β on the primary and
secondary velocities. From the figures, we can infer that as the value of β improves, the primary
velocity increases, whereas the secondary velocity decreases.

The impact of the source parameter δ on the PVG and SVG can be noticed in Figure 4 and
Figure 5. The rise in the δ values improves the PVG and negatively impacts SVG because the
source parameter increases the velocity boundary layer.

Figure 4. Influence of the Source parameter (δ) on F ′(η)

Figure 5. Influence of the Source parameter (δ) on G(η)

Figure 6 and Figure 7 display the physical characteristic change in PVG and SVG. The
growing values of the stretching parameter λ surge the primary boundary layer and deflate the
SVG.
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Figure 6. Effect of λ on F ′(η)

Figure 7. Effect of λ on G(η)

Richardson number Ri is a convective boundary that can easily merge [32]. Ri < 0 has an
opposing buoyance stream, Ri > 0 has an assisting buoyance stream, and Ri = 0 recovers the
instance of an utterly limited convective stream without any lightness impacts. Thus Figure 8
and Figure 9 show that the improvement in the values of PVG with the rise in Ri and the
opposite nature is found on SVG.

Figure 10 and Figure 11 represent the suction effect on PVG and SVG; as Suction is a
boundary layer control strategy, it reduces drag on bodies in an external flow or channel energy
loss. Thus, these figures demonstrate that primary velocity reduces dramatically as the suction
parameter increases and the secondary velocity rises.
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Figure 8. Effect of Ri on F ′(η)

Figure 9. Effect of Ri on G(η)

Figure 10. Effect of S on F ′(η)
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Figure 11. Effect of S on G(η)

Figure 12. Influence of the Cu nanoparticle volume fraction φ2 on F ′(η)

It is illustrated in Figure 12 and Figure 13, that enhancing the volume fraction accelerates
both primary and secondary flow in the HNF owing to increased interaction between the
suspended nanoparticles.

The variation of primary and secondary velocity distribution with the rise in the radiation
parameter value is portrayed in Figure 14 to Figure 17 show that the Coriolis force is
predominant in the fluid medium along the spinning path. It is believed that the velocity
components decrease when the rotation parameter increases.
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Figure 13. Influence of the Cu nanoparticle volume fraction φ2 on G(η)

Figure 14. Effect of Rd on F ′(η)

Figure 15. Effect of Rd on G(η)
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Figure 16. Influence of rotation parameter (ω) on F ′(η)

Figure 17. Influence of rotation parameter (ω) on G(η)

(b) The behaviour of thermal and concentration boundary layers (TBL & CBL) with various
parameters:

Figure 18. Behaviour of Θ(η) with variation in δ
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The TBL increases in the existence of a heat source which leads to the improvement of the
temperature profile of the HNF flow. This can be observed in Figure 18. The impact of the
stretching parameter λ can be seen in Figure 19 and Figure 20. They demonstrate that as
the values of λ surge, the TBL and CBL decrease, resulting in a fall in temperature and mass
diffusion.

Figure 19. Behaviour of Θ(η) with variation in λ

Figure 20. Behaviour of Φ(η) with variation in λ

Figure 21 and Figure 22 depict the behaviour of the TBL and CBL with the variation in
the values of the suction parameter. As the values of S excavate, both TBL and CBL decrease
because the suction reduces the BLT (boundary layer thickness). From Figure 23 and Figure 25,
we notice that the rise in the Cu solid nanoparticle volume fraction leads to an improvement in
the temperature field and a fall in the mass diffusion.
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Figure 21. Behaviour of Θ(η) with Suction (S)

Figure 22. Behaviour of Φ(η) with change in S

Figure 23. Effect of φ2 on Θ(η)
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Figure 24. Effect of the rotational parameter (ω) on Φ(η)

Figure 25. Effect of φ2 on Φ(η)

Figure 26. Influence of Rd on Θ(η)
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Figure 27. Influence of Sc on Φ(η)

The improvement of the rotational parameter values leads to surge of the CBL, which can
be observed from the Figure 24.

Figure 26 divulges that the rise in the radiation parameter elevates the TBL resulting.
Physically, the increased thermal energy released in the boundary layer is owing to the thermal
radiation parameter’s highest values. As a result, the thermal boundary layers that correspond
to them are thicker. These findings apply to a wide variety of real-world engineering applications
that require maximal heat transmission.

The concentration gradient deteriorates as the value of Sc rises (Figure 27). Sc is a
dimensionless quantity in a fluid flow that explains the connection between momentum and
mass diffusivity. The smallest Sc correlates to the highest nanoparticle concentration. The
width of the hydrodynamic and nanoparticle composition boundary layers is also shown. Mass
diffusion, which occurs as a result of an elevation in the Sc, causes the concentration gradient
to decay.

Table 3 elucidates the calculated values of the physical parameter of technical interest. This
table shows that the improvement in the rotational parameter (ω) values lead to the decrement
of all the physical parameters. The “heat and mass transfer rate coefficients” surge when the
values of φ2, β, Rd, Ri, S, δ rise, while the reverse behaviour is observed in the primary and
secondary skin friction values.

6. Conclusions
The convective Casson flow across a revolving stretching sheet with suction and thermal
radiation was investigated in this study. The following are the key findings of the present
investigation:

(i) The increase in suction, heat source and radiation improve the temperature and the
concentration profiles.

(ii) The improved values of the Richardson parameter result in a rise in the primary velocity
profile and a decline in the secondary velocity profile.
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Table 3. Calculated physical parameter values, i.e., “local skin frictions in x, y direction, local Nusselt
number, local Sherwood number”

ω φ2 β δ Rd Ri S C f xRe1/2
x Re1/2

x C f y NuxRe−1/2
x Re−1/2

x Shx

0.01 0.02 1.5 0.5 0.5 1 2.3 −1.881033 −0.027094 0.937795 2.127673
0.02 −1.881230 −0.054236 0.937742 2.127660
0.04 −1.882020 −0.108420 0.937543 2.127605
0.06 −1.883334 −0.162498 0.937215 2.127513

0.01 −2.406684 −0.895419 10.711826 2.014740
0.02 −2.395549 −0.927544 10.763866 2.092348
0.03 −2.378378 −0.960020 10.815323 2.172875
0.04 −2.355663 −0.992980 10.866232 2.256452

0.5 −2.279095 −0.796379 10.740209 2.072778
1 −2.504733 −1.046024 10.780704 2.107249

1.5 −2.705417 −1.255521 10.803287 2.128562
2 −2.887475 −1.438975 10.817916 2.143187

0.5 −2.395549 −0.927544 9.311177 2.092348
1 −2.393243 −0.927870 9.840525 2.092422

1.5 −2.390567 −0.928262 10.321108 2.092511
2 −2.387391 −0.928745 10.763866 2.092618

0.5 −2.395549 −0.927544 10.763866 2.092348
1 −2.383114 −0.929526 11.718042 2.092783

1.5 −2.371042 −0.931836 12.383008 2.093258
2 −2.359274 −0.934474 12.869527 2.093768

0.5 −2.395549 −0.927544 10.763866 2.092348
1 −2.330489 −0.932037 10.765949 2.093492

1.5 −2.265496 −0.936508 10.768025 2.094631
2 −2.200568 −0.940957 10.770096 2.095767

0.5 −1.401146 −1.153617 2.784717 0.887125
1 −1.664265 −1.101065 4.971288 1.198562

1.5 −1.933955 −1.039598 7.184205 1.531428
2 −2.217693 −0.970611 9.417196 1.878765

(iii) The surge in the Ri value also improves the skin friction, the mass and heat rate
coefficients.

(iv) The rise in Sc declines the concentration profile.

(v) For larger β values, skin friction measure, “transverse skin friction coefficient”, are
condensed, whereas the “local Nusselt and Sherwood numbers” values are inflated.

Although opposite performance for opposing flow (λ< 0) is seen, the skin friction coefficient
declines for aiding flow (λ> 0).
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