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A numerical investigation has been conducted on the 3D magnetohydrodynamic (MHD) flow of an incompressible
Carreau fluid over a stretchable surface. Mathematical modeling is performed to represent the laws of conservation of
mass, momentum, and heat transfer. An appropriate transformation transforms the governing partial differential
equations (PDE) into the dimensionless ordinary differential equations (ODEs). To solve ODEs, we used the shooting
technique with fourth order Adams-Moulton method implemented in a Fortran programming language. The validity
of the computed results is established by benchmarking them against previously published findings in the literature.
Key parameters influencing the flow are illustrated and discussed through graphical representations. The overall results
indicate that the velocity profile diminishes with increasing magnetic parameter, while it increases in response to higher
values of the Hall parameter and Weissenberg number. The fluid flow model examined in this study finds applications
in nuclear reactor cooling systems, polymer extrusion processes, electromagnetic pumping, astrophysical plasma
flows, and magnetohydrodynamic generators. Engineering and industrial quantities of interest, such as local skin
friction and heat transfer rates, have been calculated and thoroughly discussed.
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1. Introduction

Boundary layer problems involving a stretched surface have gained a lot of research attention in the
last few decades due to the many applications associated with this topic that may be found in industrial and
engineering processes. The concept of the boundary layer plays a crucial role in fluid mechanics and physics,
where it is defined as the thin region of fluid near a surface where viscosity effects are dominant. Additionally,
it is a location in the fluid flow where the fluid deforms with a relative velocity. Each main fluid has a few
fundamental, significant characteristics that are crucial to its dynamics. In the manufacturing process, the rates
of stretching and chilling are both important for the successful outcome of the finished product. Maintaining
the stretching rate is crucial since a rapid shift in stretching might cause damage to the finished product due to
abrupt solidification. Crane [1] was the first to describe the boundary layer-based, 2D flow of incompressible
liquid along a stretched surface. Elbashbeshy [2] studied heat transfer analysis over a stretching surface,
considering the effects of suction or injection. The fascinating fluid flow along a stretched sheet has been
investigated by several researchers. [3, 4, 5].
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Magneto signifies hydro, which means water, magnetic field, and dynamics implies movement. These
three concepts are combined to form the term magnetohydrodynamics (MHD). The magnetic characteristics
of an electrically conducting fluid are examined via hydromagnetic flow. Also, magnetofluids, plasmas, liquid
metals, seawater, and electrolytes are included. Engineering equipment like heat exchanger design, MHD
electric power generators, and blood pumping machines are just a few examples of the many engineering uses
for MHD flow. The introductory role of the magnetic constraint in the flow field is to create a resistive strength
that maintains the flow and prevents boundary layer separation. The flow models that include hydromagnetic
effects were studied by several researchers. Additionally, Pavlov [6] investigated the MHD flow of viscous
fluids over a stretched surface. Electromagnetic hydrodynamic waves were proven to exist by Alfven [7].
Sarpakaya [8] investigated the movement of fluid types in magnetic fields.

Unsteady flows are those that rely on time. The time-dependent flow difficulties were looked at by
Wang [9]. Moreover, some investigators examined the impact of a time-varying magnetic field force on flow
inside the boundary flow regime. [10, 11, 12]. Ishak ef al. [13] explored the emerging field of heat transport in
a time-varying flow, casting new perspectives on this complex phenomenon. The generation of radiation due
to temperature differences between the ambient fluid and its surroundings was a pivotal area of their study.
Aziz [14] investigated the influence of Hall current on time-dependent heat transport, unveiling new findings
that enhance our understanding of heat transfer. Furthermore, the research community has made significant
progress in investigating the effects of radiative parameters [15, 16, 17], revealing new insights. Pal [18]
studied the effects of hydromagnetic and Hall currents on irregular flow patterns.

Fluids classified as non-Newtonian fluids have complicated behaviour under stress and strain. Non-
Newtonian fluids have also garnered a lot of interest in engineering and industry. Furthermore, a non-
Newtonian Carreau fluid results from the coupling of a Newtonian fluid with a power law model. Actually, it
is a particular type of Newtonian fluid whose viscosity property effects depend on both high and low shear
rates. Narender et al. [19] examined the impacts of radiation, heat generation or absorption, and a magnetic
field on the MHD Casson nanofluid flow over a radially stretching sheet. In a separate study,
G. Narender ef al. [20] examined the influences of external magnetic field inclinations with viscous dissipation
resulting from heat generation / absorption on the mixed convective flow of the MHD Casson nanofluid, further
adding to the importance of this research.

Recent progress in nanofluid research, particularly with advanced rheological models like Carreau
fluids, has expanded opportunities for analyzing heat and mass transfer in complex systems. Irfan et al. [21]
explored the role of thermal radiation in MHD Carreau nanofluids containing gyrotactic microorganisms,
emphasizing energy-related applications and noting the significance of Soret-Dufour effects in coupled
transport mechanisms. Building on this, Irfan et al. [22] performed a numerical investigation on nonlinear
radiation and Joule heating within MHD bioconvective Carreau nanofluids, demonstrating that thermophoresis
and Brownian motion exert contrasting influences on temperature and concentration profiles, while Peclet and
bioconvection Lewis numbers reduce microbial density. Continuing along this line, Irfan et al. [23] examined
nonlinear mixed convection in radiative Carreau nanofluids subject to Joule heating, activation energy, and
Soret-Dufour effects. Their study showed that both thermo-Biot and Dufour numbers lead to higher
temperature distributions, whereas Brownian motion diminishes temperature and concentration levels. In
another study, Irfan and Muhammad [24] proposed a computational model for MHD radiative heat transfer in
Carreau nanofluids with activation energy and cross-diffusion effects, revealing that thermal Biot and Dufour
numbers increase heat transport, while Brownian motion acts to lower concentration fields.

Recent advances in nanofluid and non-Newtonian fluid modeling have expanded the scope of energy
transport analysis. For example, Irfan [25] examined Joule heating and Arrhenius activation energy in Maxwell
nanofluids, showing that heat sources and Eckert number enhance temperature, while Brownian motion and
thermophoretic effects suppress heat transfer. Similarly, Irfan et al. [26] studied thermal transport in Carreau
fluids under thermo-sloutal time’s relaxation theory with variable conductivity and mass diffusivity,
emphasizing the role of non-Fickian flux and relaxation times in accurately capturing thermal-mass transport
behavior. Extending these ideas, Irfan et al. [27] evaluated a new mass flux theory on Carreau nanofluids,
highlighting the contrasting effects of thermophoresis and Brownian motion on concentration profiles, alongside
nonlinear convection impacts. These contributions complement the broader efforts in exploring coupled transport
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phenomena in complex fluids. The flow characteristics of a Carreau fluid along a stretched surface were shown
by Hayat et al. [28]. Yusuf et al. [29] investigated MWCNT-AlL:Os/water hybrid nanofluids and reported
enhanced heat transfer alongside reduced entropy generation in automotive radiator applications. In the field of
solar energy, Bhatti et al. [30] found that manganese ferrite—nickel ferrite ferro-magnetic nanofluids strongly
affect skin friction, pressure distribution, and thermal behavior, making them promising for improving the
efficiency of solar nano-coatings. Furthermore, Bhatti et al. [31] explored magnetized nanofluid flow over a
rotating disk in a non-Darcian porous medium and observed notable enhancements in flow, thermal, and mass
transport characteristics, with implications for turbines, nuclear reactors, and biomedical technologies. Overall,
these studies highlight that hybrid and magnetized nanofluids provide significant advantages in thermal
management across automotive, renewable energy, and industrial systems. The surveyed research highlights the
growing value of computational approaches in simulating biomedical processes. Umar et al. [32] demonstrated
that the MWNNs-GAIPA framework effectively modeled the nonlinear dynamics of HIV prevention with high
accuracy and stability. Shahzad et al. [33] emphasized the influence of nanoparticle geometry on heat transfer,
reporting that platelet-shaped copper nanoparticles achieved the greatest thermal efficiency. In parallel, Waqas
et al. [34] explored blood flow through stenotic arteries using gold—silver hybrid nanofluids, showing notable
impacts on velocity, pressure, and temperature fields. Taken together, these studies underscore the promise of
advanced numerical techniques in tackling complex problems related to disease dynamics, fluid flow, and
biomedical applications. Recently, Bhatti et al. [30] modeled manganese ferrite/nickel ferrite ferro-magnetic
hybrid nanofluids for solar nano-coatings, finding that magnetic and nanoparticle factors significantly affect skin
friction, pressure, and temperature. Bhatti, Ellahi, and Sait [31] also examined magnetized nanofluid flow over a
rotating disk, demonstrating that magnetic and thermal conditions strongly influence flow dynamics. Similarly,
Yusufet al. [29] investigated the heat transfer behavior of MWCNT-AI2Os hybrid nanofluids, showing that higher
nanoparticle concentrations enhance thermal efficiency and reduce entropy generation. Overall, these studies
highlight the potential of hybrid and magnetic nanofluids to enhance heat transfer in modern thermal and energy
systems.

This research extends the findings of [35] by adopting the Carreau fluid model as a replacement for
the Casson fluid to capture more realistic rheological behavior. It investigates the combined effects of viscous
dissipation and thermal radiation on unsteady stretching sheet flows, emphasizing their physical importance
and engineering relevance. We will employ the shooting method with the Adams-Moulton method of order
four to address the similarity equations obtained from the governing equations by similarity transformations.
The organization of this article is structured as: Section 2 outlines the problem formulation, and the essential
physical quantities of interest. In Section 3, we describe the application of the Adams-Moulton method to the

proposed problem. Section 4 reviews the results, whereas Section 5 is reserved for concluding observations.

Novel contributions and significance of the study:

e To our knowledge, this study offers the framework of unsteady three-dimensional MHD flow of Carreau
fluid over a stretching surface in which Hall current effects and radiative heat transfer are included.

e The research incorporates viscous dissipation hence enhancing their physical realism, and utility to actual
thermal systems.

e This work obtains coupled ODEs from highly nonlinear governing PDEs through similar transformations
and consequently, makes numerical analyses easier to perform.

e Employs an efficient numerical method which combines the shooting method with the fourth-order
Adams-Moulton method to obtain accurate solutions to complicated fluid equations.

e Provides a comprehensive parametric analysis which covers the Weissenberg number, magnetic field
strength, unsteadiness, Hall current, thermal radiation and viscous dissipation.

e This work computes engineering quantities such as skin friction and Nusselt number, thus furthering
understanding of the thermal and momentum boundary layer behavior.

e Applicable to advanced technologies such as polymer extrusion, blood flow simulation, magnetic cooling
systems, and MHD energy conversion systems
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2. Mathematical modeling

An unsteady 3D, viscous, incompressible and Carreau fluid flow along a surface that is extended
linearly. Subsequently, it is presumed that y =0 indicating that the surface lies on the plane and the fluid is

constrained to positive way of y-axis, and the liquid to be contained in the area where y > 0. Additionally, the

sheet is thought to be stretched along the x-axis. We assume that a magnetic field is applied perpendicular to
the sheet as illustrated in Fig.1.

u—>0w—>0I->T asy—-x»

P T T

/THMT /

v=0,w=0,T=T asy=0

1!’

Fig.1. Configuration of the flow.

Being within the aforementioned limitations, the fundamental questions for the problem as modelled
above are as follows [35]:

0(u,)+0(u,)+0(u,)=0, 2.1

O(u,)+u du,)+v 0(u, )+ w(u,)=
- v[1+ 3(n2— 1)r2 [6(uy )]2](52 (uyy))_L(tz(u +mw), 2.2)

(o)

o(w,)+u 8(wx)+v8(w )+w8(w )=

y z
3(n-1 2 B’ (2.3)

=v(1+("T)rz(a(Wy)) J(az(wyy))_p‘(’Tig)(mu_w),
o(T,)+u 8(T,)+v a(T, ) +wa(T.) = améz(Tyy)—(pi )%—g(a(uy))z. (2.4)

P
The associated BCs for the problem given by [35]:
u=u,, v=0, w=0, T=T, when y=0,

(2.5)

u—>wo, woo, T—>T,, y=0, when y— 0.
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In the above model, power-law index is taken as », I is time constant, density by p, electrical
conductivity by o, the kinematic viscosity by v, hall current by m , temperature takenas 7', o, = k/ pc, is
ax

thermal diffusivity, u
I—vyt

the stretching velocity in x - direction, uw(x,t)z

[28] is wall stretching

w

1
velocity with time dependent and B (t) =B, (1 -y t)_E is the magnetic field with time dependent where «
and y are constants.

The radiative heat flux vector can be described as [35]:

* £

4 16
q, =—3Z* a((r")yj:- 3;1 7 8(T,). (2.6)

The energy equation (2.4), on using (2.6) reduces to

3(x*pcp

a(Tt)+u6(Tx)+vO(Ty)+w6(Tz)=_X(a(uy))2+a [[aerzéc*TsJa(Ty)} . @27

Incorporating the stream function as given in Eq.(2.8), where represents the dimensionless variable, and are
the non-dimensional velocity and temperature function in that order (see [35]).

a ax av
n=y V(]—'Yt)’ u_]_ytfn (n)a V== ]_ytf(n)a
(2.8)
w=-21 g(n) and T=T, +9(n)[TV—T ]
]—’Yt © f o

Considering Eq.(2.8) from model Eqgs (2.1)-(2.4), the conservation of mass is validated. Using Eq.(2.8), the
controlling Eqs (2.2)-(2.4) transform to these new equations.

3(n—-1 2 2 M

I+ (2 )We(fnn) jfnnn_(fn) +ffnn_A[fn+%fnnj_m(fn+mg):0' 29)
3(n—-1 2 M

I+ (2 )We(f,m) jgnn+fgn—gfn—A(g+%gnj+]+m2(mfn—g)=0. (2.10)

1+%<1+(tr—1)e)3]eﬂn —Pngen #Prf 0, +Pr Le(f,, ) +

r

@2.11)
2

+(3;r (tr—])(l+(tr—1)9)2](9n) =0.

The transformed bounded constrained are:
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At m=0: f=0, f,=1, g=0, 0=1,
(2.12)
As n—oo: f, >0, g0, 60

where prime is used for the derivative of unknown functions with respect to the similarity variable. The
entrenched parameters are indicated as:

2.2 2 *
B
A:l, EC:L, M:G_(), Nr:%ﬂ Pr:L,
a ac, (T, —T,) pa 46T a,,
(2.13)
T 3.2
tr=", We=r?—"% _
T, v(1-vt)
The technological quantities of interest are the wall friction and thermal gradients which specified as:
T T xq
Cp="2, Cp=—%, Nu,=—-—""— (2.14)
” pu? jz pu? Y k(T,-T,)

In the dimensionless form, the surface drag and Nusselt number are given by:

e {1 el ) |0,

\/R_ex sz2[14—(n_])We(g'(O))ng'(()), (2.15)

r

\/AI%; =—{1+%(1+(r—1)9(0))19’(0).

3. Method of solution

The solution methodology for the set of non-dimensional Eqs (2.9)-(2.11) and the wall conditions
(2.12) modeling the problem is obtained using a numerical procedure with shooting techniques and the fourth-
order Adams-Moulton method. This approach has been found to the effective for solving nonlinear differential
equations with high accuracy. The set of coupled Eqgs (2.9)-(2.10) with boundary conditions are solved
separately by the shooting technique. In the future, the solution to Eqgs (2.9)-(2.10) will be used in the Eq.(2.11)

as a known input. Missing conditions f ' (0) and g' (0) are to be chosen as rand s .

Furthermore, the following notations have been incorporated.

f=y fn:yz’ frm:y3’ &=V En=Ds (3.1)
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of _ afn _ afnn _ og _ agn _

or =Y6> or =V7s or =Vs> or =Y, or =Jio>
of _ afn' _ afnn _ og _ agn _

D5 =i os =JVi2» os =Vi3> as =Vi4> os =Jis-

For simplification, the following notation has been defined.

3(n—-1 3(n—-1
1+ ( )We(y3)2:¢1, 1+ (2 )We(y5)2=¢2.
The following system of ODE is obtained:
J’VJ =)z

Y2=D)3,

M
3 (J’Z +my, )}

1 n 2
Y3 = Al yo+—ys |=yiyz+ o+
¢1 +m

2

yl;=y5,

M
2 (myZ _y4):|’
m

' 1
Vs = { (J’zx +— 1 )’5j T V4YV2—ViVs —
OB 2

y:s =Y7s

y} =DVs>

M
Vg = ¢1{ (y7 +ﬂy8J_h1y8 —hsys +2yy, +—— (v +myg )} +
¢] 2 I+m

+[A(y2 +3y3j—y1y3 + 3 +
2 +m
Y9 =Yio>

, 1 Ul
y10=¢—2 d>| 4] yo +3on + VY7 +YoY2 = ViVig = V65 —
2

J{A(M +gy5J+)’4)’2 —Viys—

5 (s +my, ):|3(n—])Wey3y8},

M
s (my; =, )}3(” —I)Weyij},

(3.1 cont.)

(3.2)

<
~
—
S
~—
Il
S

<
LS}
—
S
SN—
Il
~
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y}l =Vi2> Y1 (0):0>

Y12 =i y12(0)=0,

o n M

Vi3 :(I)—Z{d)] [A(J’Jz +5J’13j— ViYi3 = Y3V +2V2¥12 +W(J’12 Ty )} +
I

hy4(0)=0,

M

‘{A(J’z +g)’3J—J’1J’3 +J’§ +—2(y2 +my4)}3(n—1)Wey3y]2},
I+m

y}4 =JVis» Yiq (0) =0,

. 1 n
Yis =¢_2 02| Al vi4 TSI | TV ¥ ViaY2 T ViYis = ViYs
2

M
I+m

><+3(n—1)Wey5y10}.

M
= (my;; —m)}[/{h +gy5j+y4y2 s =5 (my —y4)}x vis(0)=1,

The above IVP is solved by employing Adams-Moulton method for initial choice of r and s. The domain of
problem is considered to be bounded i.e. [O,T]max] . The initial missing conditions (ICs) must be chosen in the

above IVP so that:
V2(Ms 758)=0,  yy(Myn 7, 8)=0. (3.3)

Newton’s iterative approach is utilized to improve the missing initial condition, following the procedure

outlined here.
k+1 k -1
r _ r _[y7 )’9] [J’ZJ (3.4)
sk sk Y Vi y (,k,skm)

The completion of the shooting technique requires the following steps.
(i) Selecting the values r = A9 and s=5).
(ii) Choose £>0.

If max{|y2 (nw)—0|,|y4 (nw)—0|} <, stop, or else go to (iii).

(iii) Calculate A4 and S(kH), k=0,12,...... , using (3.4).

(iv) Do again (i) in addition (ii).
All through this article, & has been taken as & =10"*. The choice of 1, =7 was more than enough for end

condition.
Similarly, by treating /" as a known function, it is possible to solve the ODE (2.11) and the accompanying BCs.
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4. Representation of graphs and tables

It has been given and examined how the dimensionless mathematical model can be solved numerically.
In this analysis, the shooting method combined with the Adams-Moulton method has been chosen to reproduce
the solution from [35]. A thorough discussion on the graphs and tables has been conducted which contains the
effects of dimensionless parameters on velocity behavior, the temperature profile, the skin friction and Nusselt
number. To ensure the reliability of the results, the currently obtained outcomes are compared with solutions
available in previously published literature. From Tabs 1 and 2, it can be concluded that the results show strong
consistency with previously published results.

Table 1, explains the impact of magnetic parameter, Hall current m, unsteadiness, Weissenberg number

and power law-index on the skin friction —C Re’? and —C £ Re’ . The value n =3 is fixed throughout the

discussion. Further, the increasing values of M, the skin friction coefficients rise in both directions. Due to

1/2 1/2

rising values of Hall current, —C 5 Re”~ are reduced while, -C. Re”“ is increases. By ascending values of

unsteadiness A, there is a marginal increase in skin friction along both directions x, z. Meanwhile, due to
extending the values of Weissenberg number, skin friction along x direction is increased and a marginal
increment along z direction is seen.

Tab.1. Comparison of the present results of —C Re’? and —C rz Re/? with different values of M, m, 4
and We .
-C, Rel? ~C,.Re!?
M m Y We fx fz
[35] Present [35] Present
05 01 0.1 0.05 1.27682813  1.276832000 0.02280321  0.02280094
1 1.47275246  1.472753000 0.03841592  0.03841573
1.13 1.52006638  1.520066000  0.04188206  0.04188195
0.5 1.24036080  1.240361000 0.09561976  0.09560762
1.0 1.17768745  1.177676000 0.12810130  0.1280709
0.2 1.30688119  1.306885000  0.02219995  0.022198130
0.3 1.33663405  1.336637000 0.02161821  0.021617010
0.1  1.29858276  1.298587000 0.02300580  0.023003560
0.15 1.31813375 1.318137000 0.02318507  0.023182880

In Tab.2, the effects of the M, m, 4, Nr, We,and Pron Nusselt number Nu, Re /2 discussed. The rising

pattern is noticed in the Nu, Re /? due to the extending quantities of Hall current, Prandtl number and

temperature ratio, whereas Nusselt number decreases due to accelerating values of magnetic parameter,
unsteadiness parameter and radiation parameter.

Figures 2-4 show how variations in the magnetic field parameter affect velocity and temperature
profiles. An increase in this parameter causes a decrease in velocity along the x-direction, while velocity in the
perpendicular (z) direction rises, accompanied by a gradual increase in temperature. This parameter quantifies
the Lorentz force exerted on the electrically conducting micropolar nanofluid, which acts as a resistive force
when the moving fluid interacts with a magnetic field. As the magnetic field parameter increases, the Lorentz
force strengthens, opposing the primary flow and reducing velocity in the x-direction while enhancing
secondary flow components. The additional energy dissipation from this interaction also elevates the
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temperature profile, which is relevant for thermal management in magnetohydrodynamic (MHD) systems such

as nuclear reactor cooling and MHD power generation.

Tab.2. Data comparing the numerical results of the Nu,, Re /2 with different values of M ,m, A, Nr, We, and Pr.

-1)2
M m A Nr We Pr Nu, Re
[35] Present
0.5 0.1 0.1 2 0.05 10 2.71034759 2.664940000
1 2.64150549 2.588308000
113 2.62506716 2.570028000
0.5 2.72241537 2.678329000
1.0 2.74397741 2.702283000
0.2 2.70211916 2.574201000
0.3 2.69394188 2.426289000
4 2.47075201 2.467486000
6 2.38156287 2.378252000
0.1 2.72299927 2.719883000
0.15 2.73378326 2.730636000
15 3.92330151 3.424953000
20 4.03600482 4.029062000
1.0 -
i A=0.1,We=0.05m=0.1,Nr=2,Pr=10,tr=1,Ec = 0.5
B8 % 0.50
I 0.45
30’6 r 0,40
04 1 R
. M=05,1.0,1.5 05 0.6 0.7 08 09
02 +
0,0 e poe s 55
00 1,0 20 30 40 50 60 70
n

Fig.2. Variation in f" (‘r]) .

Figures 5-7 present the influence of the Hall parameter on velocity and temperature distributions.
Higher values of the Hall parameter result in an increase in velocity along the x-direction, a slight rise in
velocity along the z-direction, and a minor decrease in temperature. This effect occurs because the Hall current
becomes prominent under strong magnetic fields, originating from the transverse motion of charged particles
within the conducting fluid. Such behavior alters both flow patterns and heat transfer characteristics, which is
important for practical applications in engineering, including plasma flows, MHD generators, and
electromagnetic pumps, where Hall effects can be leveraged to enhance efficiency.

Figures 8-10 present the impact of the unsteadiness parameter ( 4) on the velocity and temperature
distributions. Figure 8 shows that increasing unsteadiness produces a slight enhancement in velocity along the
x-direction. This behavior is attributed to time-dependent acceleration effects, which strengthen fluid motion
in this direction.
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Fig.4. Variation in temperature behaviour 6(n).
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Fig.5. Variationin /" (n).
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In contrast, Fig.9 indicates a reduction in velocity along the z-direction with higher unsteadiness, due
to temporal variations that hinder momentum transfer in that orientation. Figure 10 demonstrates that the
temperature profile rises with increasing unsteadiness. This can be physically explained by the fact that
unsteadiness amplifies convective heat transport, leading to greater thermal energy retention within the
boundary layer. Practically, adjusting the unsteadiness parameter offers a way to control both flow patterns
and heat transfer rates, which is important in applications such as unsteady cooling processes, pulsatile flows,
and thermal regulation in rotating equipment.

Figures 11-13 depict how variations in the Weissenberg number (We) affect the velocity and
temperature distributions. As shown in Figures 11 and 12, an increase in We results in a slight decline in
velocity within the boundary layer. This occurs because the Weissenberg number represents the relative
contribution of fluid elasticity arising from the relaxation time constant in comparison to viscous effects.
Higher values enhance elastic forces, which tend to resist the flow and slightly reduce velocity. Figure 13
shows that the temperature profile increases modestly with rising We . This can be attributed to increased
elastic effects, which enhance internal energy dissipation and thus expand the thermal boundary layer. From a
practical perspective, adjusting the Weissenberg number offers a means to control both flow resistance and
heat transfer, which is particularly relevant in engineering systems involving non-Newtonian fluids, such as
polymer processing, lubrication technologies, and thermal management in heat exchangers.
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0.008 e=0.05,0.1,0.15 ) 975
0,007
0.006 0,0070
005 0.0065
0,004
0,003 0,0060
0,002 0,50,7091,1 1,3 1,5

0,001
0,000 T = T == T == T = T == T = T :
0,0 10 20 30

Fig.12. Variation in g(n).
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Fig.13. Variation in temperature behaviour 6(n).
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Figures 14-16 illustrate how the temperature profile within the boundary layer is influenced by the
radiation parameter(Nr), Prandtl number (Pr) , and temperature ratio (tr). As shown in Figs 14 and 15,

increasing either Nr or Pr causes a marked decrease in temperature. This can be explained physically: a higher
Prandtl number reflects an increase in momentum diffusivity relative to thermal diffusivity, which limits heat
penetration and reduces the thickness of the thermal boundary layer. Fluids with elevated Pr values therefore
conduct momentum more effectively than heat, a property beneficial for systems where precise thermal
regulation is required, such as advanced cooling technologies. Similarly, a rise in the radiation parameter
amplifies radiative heat loss, thereby lowering the fluid temperature a factor of significance in systems where
radiative effects dominate, such as in solar energy applications or high-temperature thermal coatings. In
contrast, Fig.16 demonstrates that increasing the temperature ratio (#7) leads to a broader temperature
distribution within the boundary layer. This effect arises from a larger temperature difference between the
surface and surrounding fluid, which intensifies thermal driving forces and facilitates deeper heat penetration.
Such behavior has important practical implications, indicating that controlling the temperature ratio offers an
effective approach to optimizing heat transfer in engineering devices like heat exchangers, energy conversion
systems, and thermal coating applications.

1,0 &
r m=0.1,A=0.1,M=0.5Nr =2, We=0.05,tr =1,Pr=10
08 +
0,6
= X
<3 C
0 T Ec= 0.5, 2.0,3.0
02 |
L . ' |
00 02 04 06 08 10 12 14 16 18 20
n

Fig.17. Variation in temperature behaviour 6(n).

Figure 17 illustrates how FEc effects on G(n). As Ec is boosted, heat transmission increases. The

viscous dissipation effect is measured by Eckert number, which is the ratio between thermal energy transported
into or out of the fluid to the kinetic energy lost during flow. This graph shows how the temperature distribution
profile rises in tandem with the temperature profile's Eckert number values.

5. Conclusion

The model equations are transformed from the initial partial derivatives to ordinary derivatives and
solved using the numerical approach of shooting with the Adams Moulton method. The numerical outcomes
are displayed using figures and tables with appropriate deliberations of results relevant to various applications.
The solutions to the model equations compared favorably with existing studies in the limiting sense. To analyze
the influence of several physical parameters on velocity and temperature the results are presented and explained
through comprehensive graphs and tables. The study concludes with several noteworthy findings, offering
insights into the behavior of MHD Carreau fluid flows under different conditions. From the current numerical
study, the following essential outcomes are outlined:



S.S. Reddy et al. 17

The effect of the Weissenberg number on both velocity and temperature is not very prominent. Even
s0, a small rise in temperature occurs as a result of the fluid’s elastic nature, while the velocity shows
a minor decline because of the greater resistance to deformation.

As the magnetic parameter increases, the velocity along the x-axis decreases, reflecting the enhanced
resistive effects that hinder the fluid’s motion and reduce the flow rate.

Increasing the Hall current enhances velocity along the z-axis and slightly in the transverse direction,
while slightly reducing the Carreau fluid’s temperature.

As unsteadiness (A) rises, the overall velocity decreases because of the fluctuating flow, while the
velocity along the x-axis of the Carreau fluid shows little change.

Rising unsteadiness (A) results in higher temperatures in the Carreau fluid, suggesting that intensified
flow fluctuations enhance heat transfer within the fluid.

12 12
-C/,Re / and -C,_Re ! , show strong links between thermal and momentum effects affected by

important physical parameters.
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Nomenclature
A - unsteadiness parameter
B(r) - time-dependent magnetic field
Cy, —skin friction coefficient in x direction
Cy. - skin friction coefficient in z direction
f ! g —dimensionless velocity in x and z direction
M — magnetic parameter
m  — Hall current parameter
n —power law-index
Nr  —radiation parameter
Nu, —local Nusselt number
Pr — Prandtl number
q,, — wall heat transfer coefficient
T — temperature of the fluid
T,, —fluid temperature at the surface
T, — fluid temperature at infinity
tr —temperature ratio parameter
u,v,w —velocity component in x, y and z directions
We — Weissenberg number
o —Rosseland mean absorption coefficient
a,, — thermal diffusivity of the fluid
B — Casson fluid parameter
I’ —time constant
n —dimensionless similarity variable
0 — dimensionless fluid temperature
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— thermal conductivity of the fluid
— kinematic viscosity of the fluid
— density of the fluid

— electrical conductivity of the fluid

9, a © c =

— Stefan-Boltzmann constant

T — shear stress component in z direction

wz

T — shear stress component in x direction

wx

Y,a - constant
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