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This study focuses on the thermal behavior and three-dimensional boundary layer flow of water-based nanofluids over a stretched
surface, considering the combined effects of Coriolis and Lorentz forces. The model includes several important physical aspects such
as surface convection, internal heat generation, Joule heating, viscous dissipation, and thermal radiation. Copper (Cu), aluminum oxide
(AL20s), and magnetite (FesO4) nanoparticles are dispersed in water to compare their effectiveness in enhancing heat transfer. By
applying similarity transformations, the complex system of partial differential equations is reduced to a set of nonlinear ordinary
differential equations, which are then solved numerically using the Runge-Kutta-Fehlberg method along with the shooting technique.
The results show that nanofluids containing Cu nanoparticles provide the highest thermal performance, followed by those with Al.Os
and FesO4. These findings highlight the importance of selecting appropriate nanoparticles to improve heat transfer efficiency in thermal
management applications. Increasing rotation parameter A suppresses the axial velocity while simultaneously reducing the temperature
distribution, highlighting the damping influence of rotational effects on momentum and heat transport.
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INTRODUCTION

The integration of nanoparticles into traditional base fluids has opened new avenues in the domain of heat transfer
enhancement. Nanofluids are highly developed fluids that have the potential to revolutionize several industrial processes.
Their exceptional thermal conductivity and energy transfer characteristics make them ideal for electronic cooling, heat
exchangers, and automotive systems, among many other uses. The foundational concept was introduced by Choi and
Eastman [1], who demonstrated that suspending nanoparticles within a fluid significantly enhances its thermal
performance. Subsequently, Buongiorno [2] arrived to the conclusion that the incorporation of nanoparticles causes an
abnormal rise in the host fluid's thermal conductivity by presenting a theoretical framework that incorporates many slip
processes to simulate nanofluid behavior.

A number of scholars have built upon this base via numerical and experimental investigations. As an example,
Wang et al. [3] Sheikholeslami and Rokni studied vegetable oil nanofluid lubrication. [4] nanofluid flow was investigated
in relation to magnetic fields. Khan and Pop [5] Computational techniques were used to study nanofluid boundary layer
flow across a stretched surface. Krishnamurthy et al. also excelled. [6], who analyzed heat transfer in nanofluids over
exponentially stretching surfaces, and Muqaddass et al. [ 7], Considering hybrid nanofluids under time-dependent thermal
and external magnetic fields. Researchers like Nadeem et al. [8], Asadi et al. [9], and Das et al. [10] have also shed light
on hybrid nanofluids, stability, and computational methods for difficult flow issues. Laila [11] investigated nanofluid
flow in converging and diverging channels with rectangular and heated walls, demonstrating the strong influence of wall
geometry on the velocity and temperature fields. Extending this line of research, Rehman et al. [12] examined nanofluid
flow over an inclined cylindrical surface in a double-stratified medium. Complementarily, Makinde [13] developed
computational models for nanofluid flow over a convectively heated unsteady stretching sheet, emphasizing the
importance of transient effects and convective boundary conditions in thermal performance. Recent studies have also
incorporated magnetic and hybrid nanofluid effects. Akbar et al. [14] analyzed magnetized Casson hybrid nanofluid flow
in a converging-diverging channel with radiative heat transfer. Similarly, Khan et al. [15] investigated mixed convection
hybrid nanofluid flow over a permeable, moving, and inclined flat plate, where thermophoresis and radiative heat flux
were found to influence both momentum and energy transport significantly. Gireesha and Anitha [16] studied convective
flow through a permeable microchannel, with irreversibility analysis demonstrating the thermodynamic implications of
such fluids. Madhukesh et al. [17] introduced the concept of pollutant dispersion into nanofluid flows across a stretched
disc-cone device, establishing the interplay between nanoparticle transport and environmental effects. Furthermore,
Cheng et al. [18] performed nonsimilar forced convection simulations of water-copper nanofluid through a porous
medium, considering thermal radiation, heat generation, and viscous dissipation, which added further realism to nanofluid
modeling in porous environments. Sheikholeslami and Shehzad [19] studied magnetohydrodynamic (MHD) nanofluid
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convection in a porous enclosure with heat flux boundary conditions, showing how porous media significantly alter
convection patterns under magnetic influence. Jyoti et al. [20] analyzed kerosene-alumina nanofluid flow between parallel
plates with nonlinear convection and radiative heat transfer, incorporating variable viscosity to highlight the sensitivity
of transport processes to temperature-dependent properties.

The Coriolis force plays a pivotal role in rotating fluid systems and is relevant in geophysical, industrial, and
mechanical contexts, such as rotating machinery, centrifuges, viscometers, and disk drives. The classic analysis of rotating
flows began with the work of Karman [21], who formulated similarity transformations for the rotating disk problem. This
foundation was extended by Wang [22] and further advanced by Nazar et al. [23] through the application of numerical
techniques. To ensure the reliability of the present analysis, our results have been compared with the findings reported in
these studies, and an excellent level of agreement has been observed, thereby validating the accuracy of the current model.
Rotating viscous flows in porous media were studied by Makinde et al. [24], while three-dimensional heat and mass
transport in rotating nanofluids was studied by Sheikholeslami and Ganji [25]. Mustafa et al. [26], Archana et al. [27],
and Sampath et al. [28] examined how Coriolis and Lorentz forces affect flow and heat transmission in rotating systems.
Several other studies (Mabood et al. [29], Krishna and Chamkha [30], Kumar et al. [31] and Mustafa et al. [32]) have
further explored rotational forces in fluid flow across a variety of physical scenarios. Moreover, the Coriolis force-arising
from rotational effects-has been shown to influence flow direction and speed, especially in high-velocity or rotating
systems, as discussed by several studies. However, a comprehensive study investigating the simultaneous influence of
thermal radiation and Coriolis force on the flow of copper—alumina—water hybrid nanofluid over a rotating exponentially
stretching surface is lacking in the literature. This research addresses that gap and aims to provide new insights relevant
to both theoretical and applied sciences. Specifically, the study investigates the effects of increasing Coriolis force,
magnetic field strength, inclination angle, and nanoparticle volume fraction on the skin friction, heat transfer rate, and
overall behavior of the hybrid nanofluid flow.

In the pursuit of sustainable energy solutions, nanomaterials have emerged as key contributors due to their ability to
enhance energy absorption and transfer efficiency. Among various renewable energy technologies, solar energy has
gained prominence for its accessibility and environmental compatibility. Nanomaterials are well-suited to enhancing solar
thermal systems due to their exceptional thermal diffusivity and large surface area, which enable them to absorb photons
effectively. The importance of thermal radiation in enhancing heat transmission has been highlighted by recent research.
Radioactive and magnetic field interactions in porous media were studied by Hayat et al. [33]. Radiative effects in
nanofluid boundary layers were studied by Motsumi and Makinde [34] using the Runge-Kutta technique, and radiative
MHD flow between rotating plates was studied by Sheikholeslami et al. [35]. Reddy et al. [36], Wagqas et al. [37], Sreedevi
et al. [38], and Gireesha et al. [40] demonstrate the growing interest in harnessing sun radiation to enhance fluid thermal
performance.

The motivation for this study stems from the growing need for efficient heat transfer technologies in advanced
engineering systems such as cooling of rotating machinery, electronic devices, solar collectors, and nuclear reactors.
Although nanofluids have been extensively investigated, most existing works focus on limited physical effects, while a
comprehensive analysis that simultaneously accounts for magnetic fields, rotation, nonlinear thermal radiation, viscous
dissipation, Joule heating, and convective boundary conditions is remains limited. Therefore, the main objective of the
present work is to analyze the three-dimensional magnetohydrodynamic flow and heat transfer of nanofluids under these
combined influences. In addition, a comparative assessment of three different water-based nanofluids-copper, alumina,
and ferrofluids-is carried out to highlight the distinct impact of nanoparticle type on the momentum and thermal fields,
thereby providing useful insights into their relative performance for practical heat transfer applications.

Nomenclature
Bo Applied magnetic field T Temperature
Tt Surface temperature o radiative heat flux
GCp Specific heat at constant pressure he heat transfer coefficient
kne Thermal conductivity of nanofluid Uw Stretching velocity in x direction

u, v, w The velocity components in the x,y,z directions(m/s)
Greek words

Q Angular velocity ¢ The particle volume fraction parameter of the
nanoparticle
u Dynamic viscosity of nanofluid p Density of nanofluid
g Stefan Boltzman constant a Thermal diffusivity of nanofluid
pCp heat capacities Kk Mean absorption co-efficient
Subscripts
nf nanofluid s solid nanoparticles
f base fluid

MATHEMATICAL FORMULATION
Here we discuss the numerical simulation of a three-dimensional, incompressible, electrically conducting nanofluid
flow across a stretched surface that is convectively heated and exposed to magnetic and rotating forces. To investigate
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changes in thermophysical behavior, Cu, Al-Os and FesO4 nanoparticles are added to water, which serves as the working
fluid. For any given value of a constant stretching rate, the surface extends along the x-axis at a velocity u,, = ax.
Researchers like Reddy et al. [36], Waqas et al. [37], Sreedevi et al. [38], and Gireesha et al. [40] are interested in
harnessing sun radiation to enhance fluid thermal performance. This work investigates how Coriolis and Lorentz forces

collectively influence the steady three-dimensional boundary layer flow of nanofluids generated by a stretching surface.
zZ,w

ar s
—"nfﬂ_'H(T[—T) Q c : g SRRt

i \ (Macroscopic view)

Figure 1. Geometry of the problem and coordinate system

Following the Tiwari-Das model's modifications for nanofluids and rotational effects, the flow is controlled by the
continuity, momentum, and energy equations [41]. These equations are:

o ow

xtay T = 0, (2.1)
d d d a2

Pnf (u£+ v£+w£— ZQU) = lns (#) — ourBu, 2.2)
d ) 2 a2

Pnf (ui + vé + wi + ZQu) = flns (#) — onrBgv, 2.3)

A L O L WO (BTY_ 1 04y #wy [(ou)E | (O0NE] L owBE poyoq g O (p
Ut vay tw oz dnf (622) (pcp)nf 02 + (pcpInf [(62) + (62) + (PCpInf [u® + v + (pcpIng (Tf Teo)- 2.4)

where g, is the radiative heat flux modeled by the Rosseland approximation:

B (40*)6T“
= ~\3k") 3z

The relevant boundary conditions for the present problem are;

u=uw,, v=0, w=0, ~ky > =he(T;—T) atz =0,
u—-0, v->0, T->T, as z— o, (2.5)

where u, v, and w represents the standard velocity components. x, y, and z directions respectively, while £2 is the fluid's
constant angular velocity, p, s -density of the nanofluid, p,, s -dynamic viscosity of nanofluid, @, -thermal diffusivity of

nanofluid, C,-specific heat at constant pressure, By-applied magne;tic field strength, hy -heat transfer coefficient, k-
:Z*) aalz is the Rosseland radiative heat flux and ¢* and k*

are the Stefan-Boltzman constant and the mean absorption coefficient.

thermal conductivity of nanofluid, T -temperature, q, = — (

NANOFLUID PROPERTIES
According to Brinkman [42], nanofluid viscosity is dynamic. u,s expressed as;

—_H
Hnp = (1-¢)25 (2.6)
Effective density p,; and effective heat capacity(pcy ), are expressed as [41];
pnr = (1= P)ps + dps, (2.7)
(pepIng = (1 = P (pcyp)r + $(pcy) 2.8)

Below is the base fluid's thermal conductivity, and the Maxwell-Garnett model for nanofluid effective thermal
conductivity is kp¢.
kng _ (ks+2kg)—2¢(kf—ks)

ke (kst2kp)+d(kp—ks)’ (2.9)
moreover, the electrical conductivity of nanofluid oy,f is given in the book by Maxwell [43] as;
Inf g4 3o (2.10)

of (os+205)—(os—0f)¢’
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where (pCp)S-Volumetric heat capacity of solid nanoparticles, (pCp) P (pCp)n are the base fluid's and the nanofluid's

volumetric heat capacities, respectively., ¢ -a measure of nanoparticle volume fraction, ps-density of base fluid, pu-
dynamic viscosity of base fluid, ks- the thermal conductivity of solid nanoparticles; the subscripts s and f indicate the
solid and base fluids, respectively. Thermophysical parameters of water and nanoparticles are listed in Table 1.

Table 1. Thermophysical Characteristics of Base Fluid and Nanoparticles

p(kg/m®) cp(J/kgK) K(W/mk) o(Qm)~!
Water 997.1 4179 0.613 0.05
Fe;0, 5180 670 9.7 25000
Cu 8933 385 400 59.6
Al,0, 3970 765 40 16.7

Equations (2.1), (2.2), (2.3) and (2.4), subject to the boundary conditions (2.5) admit similarity solutions in terms of
the similarity functions f, g, 6 and the similarity variable 1 and are defined as;

’a
2z
v

In view of the above quantities, the continuity Equation (2.1) is identically satisfied while Equations (2.2)—(2.5) become;

u = axf'(n), v =axg(),

= — Jvrarm), 6(n) = —=, @11

1 fur _ le + ff” + Zﬂg —Unf/df Mf =0, (212)
(1—¢)2-5(1—¢+¢5—;) (1 ¢+¢”5)
g+ fg —flg-2f - T g =o, (2.13)
(1—¢)2-5(1—¢+¢,‘,’—;) 1- ¢+¢”5)
1 1 ((Ky ' ,
o, [ ((kf +R(1+ (8, —1)9)) ) +0' +
1—¢p+dr— )
(100
1 "2 2 Inf 2 Q:6(m)
— ) {(1 ¢)25Ec(f +g )+ MEc(f +g )} . AN 0 (2.14)
P Ploep), **%ocy)
The corresponding boundary conditions become;
f'© =1, f(0)=0, g(0)=0 6'(0) =Bi((0) —1)at n =0,
f'm) =0, gin) =0, 6(n) > 0asn — oo. (2.15)

The magnetic parameter, radiation parameter, Prandtl number, heat source, Biot number, Eckert number,
temperature ratio, and ratio of rotational rate to stretching rates are all examples of non-dimensional numbers.

(l‘cp) h v 2 T Q
th Bi=-L |YL pe=—"w g =15 3=2
pr f knf a Cpf(Tf_Too) Too a

The quantities of practical interest are the skin friction coefficients C,, Cr,, and the local Nusselt number N, defined
as follows;

__0fB® _  160"TS
pra ’ 3k*kf >

(2.16)

TWJC
Cra = ,Dfuﬁz’
_ Fwy
Cry = pfu\%v’
_ XAqw
Nu, = —kf(Tf_Tw), (2.17)

where T,y = T5x|;=0 and 7, = Tayl,_, are the wall shear stresses and g, is the wall heat flux given by,
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aT
qw = _knfa

+ 4rlz=0- (2.18)

z=0

Using equations (2.11) and (2.18) in equation (2.17), one obtains,
1 7
JReyx Gy = (1_¢)2.5f (0),

[ 1 ’
Rex ny = (1_¢)2.5 g (0),

Nuy _ —<I;Lf+R9‘f,)9’(0), (2.19)
f

Rey

where Re, = uva is the local Reynolds number.
f

NUMERICAL METHOD
The reduced system of Egs. (2.12) -(2.14), together with the boundary conditions (2.15), is solved numerically by
employing the Runge-Kutta-Fehlberg fourth—fifth order (RKF45) scheme combined with the shooting technique. For this
purpose, the coupled nonlinear ordinary differential equations are first converted into an equivalent system of first-order
equations. This transformation enables the implementation of the shooting method, in which the unknown initial
conditions are iteratively adjusted until the prescribed boundary conditions at infinity are satisfied to the desired accuracy.

Setx; = f(m),x2 = f' (M), x3 = f" (M), xa = gn), xs = g'(M), X6 = 6(n),X; = 8'(n). Accordingly, we have;

o A [ [
X1 = Xp,Xp = X3,X3 = X5,Xg = X7,

Inf
x3'=(1-¢)** <1 —¢+¢&> [+ 209 - o MS!
" o)
Ous f
xs' = (1~ $)** (1 ~¢+ ¢>p—$) £9' = f'g - 2f ' = —L—<Mg
5 s (1-0+05)
% == ! 3R(1+ (6, — 1026, — )02 + | 1— ¢ + ¢ (py), Prfo’
(kif +R(+ (6, — 1)9)3) (pcy),
f
1 n
+Pr [WEC(}”’Z +9%) +C;—ff MEc(f" + %) + Qtﬁ(n)]}

x1(0) = x,(0) =1 =x3 —a; = x,(0) = 0, x5(0) — ay = x4(0) — az = x,(0) — Bi(x4(0) —1) = 0. (2.19)

here a,,a, and a; are estimated via shooting technique. Afterwards, the resultant initial value problem is solved
numerically via RK-Fehlberg method. The convergence criteria and step size are chosen as 107 and V& = 0.001.

RESULTS AND DISCUSSION

The Runge-Kutta-Fehlberg (RKF45) method, in conjunction with a shooting method, is used numerically to solve
the system of transformed nonlinear ordinary differential equations produced by similarity transformations. To ensure
accuracy and stability of the solution, the convergence criterion is fixed at 107, and a step size of 4n = 0.001 is used.
The computational domain is truncated at a sufficiently large value of the similarity variable 1, beyond which the
boundary layer effects are negligible. The correctness of the numerical model is verified by comparing generated skin
friction coefficients f'(0) and g'(0) for specific rotation parameter A to benchmark findings in literature. [22, 23]. Table 2
shows the results of the comparison, which prove that the numerical system is reliable since there is high agreement.

Table 2. Comparison of Present Results with Existing Studies (¢ = 0,M = 0)

A Wang [22] Nazar et al. [23] Present results
f"(0) 9(0) f7(0) 9'(0) f"(0) 9'(0)
0 -1 0 -1 0 -1.00006 0
0.5 -1.1384 -0.5128 -1.1384 -0.5128 -1.13837 -0.51276
1.0 -1.3250 -0.8371 -1.3250 -0.8371 -1.32503 -0.83710
2.0 -1.6523 -1.2873 -1.6523 -1.2873 -1.65235 -1.28726

Figures 2 and 3 demonstrate how the magnetic parameter M affects axial and transverse velocity profiles. As M

increases, the axial velocity f'(n) decreases due to the opposing Lorentz force, which acts as a resistive drag on the fluid
motion. In contrast, the transverse velocity g(n) shows an increasing trend with higher M, indicating enhanced secondary
flow generated by the magnetic influence.
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Figure 02. A study on the impact of a magnetic characteristic

on speeds

Figure 03. A study on the impact of a magnetic characteristic
on speeds

In Figure 4, the temperature profile (1) increases with increasing M, mainly owing to ohmic heating effects from the
magnetic field. Figures 5-7 illustrate how the rotation parameter A affects the flow and heat fields. An increase in A reduces
the axial velocity while enhancing the transverse velocity, reflecting the rotational acceleration induced by the Coriolis
force. The conversion of rotational energy into thermal energy causes a discernible increase in the temperature profile as
A values grow. This is because rotation introduces Coriolis acceleration, which diverts part of the momentum from the

axial direction into the transverse direction. Consequently, energy is redistributed across velocity components,
suppressing streamwise transport but enhancing lateral motion.
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Figure 07. The influence of the ratio of rotation rate to the
stretching rate parameter on the temperature profile

Figure 8 shows how the temperature distribution is affected by the nonlinear radiation parameter R. Nonlinear
radiation augments energy transport by radiative diffusion, which enhances the effective thermal conductivity of the fluid,



314

EEJP. 4 (2025) M.M. Bindu, et al.

thereby elevating the temperature profile. Figure 9 illustrates that increasing the temperature ratio parameter (6w) raises
boundary layer temperatures and enhances thermal diffusion.

1.0 1.0
Cu/H,0O Cu/H,0
—— ALO, / H,0 —— AL,/ H,0
0.8 - -Fe;0,/H,0 Fe,0,/H,0
0.6 1
-
£
=]
0.4 1
0.2 +
00 =

Figure 08. Heat profile as a function of radiation parameter Figure 09. Changing the temperature profile according to a

heat ratio parameter

In Figure 10, the Biot number (Bi), which characterizes the convective heat exchange at the surface, is varied. As
Bi increases, the temperature near the surface increases due to a higher rate of convective heating, which promotes more
efficient heat transfer into the fluid. A larger Bi corresponds to stronger thermal interaction between the solid boundary
and the fluid. The influence of viscous dissipation is depicted in Figure 11 via the Eckert number (Ec). Ec values rise
when internal fluid friction raises system temperature and thickens the thermal barrier layer, increasing thermal energy.
Viscous dissipation converts mechanical work done by shear stresses into internal energy, while Joule heating transforms
electromagnetic resistance into thermal energy. Both serve as internal heat generation mechanisms that elevate the fluid
temperature.
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Figure 10. How the Biot number influences the temperature
chart

Figure 11. Understanding how the Eckert number influences
the temperature profile

Figure 12 shows how the nanoparticle volume fraction ¢ affects the temperature field. Due to the nanofluid's
enhanced thermal conductivity and heat absorption capability, the temperature distribution becomes more noticeable as
¢ grows. This increases thermal diffusion because the fluid can retain more heat. Figure 13 illustrates the effect of the
internal heat source parameter. As Qt increases, the temperature within the boundary layer rises substantially, indicating
a direct enhancement in internal energy generation which results in a thicker thermal boundary layer and stronger
temperature in fluids. With regard to the parameters A and M, Figures 14 and 15 show the fluctuation of the skin friction
coefficients in x and y directions. It is observed that increasing 1 and M leads to a reduction in axial skin friction,
indicating a decrease in surface shear stress. However, Cr,, increases with M due to enhanced resistance in the transverse
direction caused by the Lorentz force, while it decreases with A, as rotational motion reduces transverse shear. Figure 16
shows the variation of the local Nusselt number with respect to A and M. Nusselt number decreases when either parameter
rises, suggesting wall convective heat transmission decreases. The dampening effect of magnetic and rotating forces
decreases the thickness of thermal boundary layer. Figure 17 demonstrates how Eckert number and nanoparticle
concentration effect Nusselt number. A synergistic impact between thermal energy production and increased thermal
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conductivity owing to nanoparticles is shown by the fact that raising either parameter boosts the heat transfer rate. Among
the nanofluids considered, the Cu-based fluid consistently shows the highest heat transfer performance, followed by Al.Os
and Fes;Os, respectively. These results underscore the significance of controlling magnetic, rotational, and thermal
parameters to optimize heat and momentum transport in nanofluid-based systems. They also reinforce the crucial role of
nanoparticle material selection in designing efficient thermal management technologies.
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Table 3 highlights the influence of nanoparticle concentration (¢), radiation parameter (R), Biot number (Bi), and
Eckert number (Ec) on skin-friction coefficients and heat transfer for Fez0,4, Al,03, and Cu nanofluids.

Table 3. Variation of RegCy,, Re(*Cr, and Rex ®>Nu for Fe30,, Al,05 and cu nanofluids with different values of ¢, R, Bi and Ec

Fe;0, Al,04 cu
) R Bi Ec Nu, Nu, Nu,
1(Rex Cfx 1(Rex ny \/R_ex 1(Rex Cfx 1/Rex C/y \/R_ex 1/Rex Cfx 1/Rex C/y \/R_ex
0.1 -2.57614 | -1.12919 -0.1471 -2.51119 -1.0574 0.11598 -2.76735 -1.3362 -0.70944
0.4 -6.11419 -2.46404 | 0.762076 | -5.81055 -2.11379 1.552431 -6.96659 | -3.40968 -0.65158
0.8 -42.1525 -8.8709 -5.71607 | -40.4565 | -7.15531 | -5.22018 | -45.3067 -14.118 -5.20013
1 -2.57614 | -1.12919 -0.1471 -2.51119 -1.0574 0.11598 -2.76735 -1.3362 -0.70944
2 -2.57614 | -1.12919 | 0.12487 -2.51119 -1.0574 | 0.313545 | -2.76735 -1.3362 -0.30353
3 -2.57614 | -1.12919 | 0.828804 | -2.51119 -1.0574 1.04208 -2.76735 -1.3362 0.370026
0.4 -2.57614 | -1.12919 -0.1471 -2.51119 -1.0574 0.11598 -2.76735 -1.3362 -0.70944
0.8 -2.57614 | -1.12919 | -0.22649 | -2.51119 -1.0574 | 0.189343 | -2.76735 -1.3362 -0.99507
1.5 -2.57614 | -1.12919 | -0.30282 -2.51119 -1.0574 0.269242 | -2.76735 -1.3362 -1.23501
0.2 -2.57614 | -1.12919 -0.1471 -2.51119 -1.0574 0.11598 -2.76735 -1.3362 -0.70944
0.5 -2.57614 | -1.12919 | -0.74056 | -2.51119 -1.0574 -0.00332 | -2.76735 -1.3362 -1.76428
0.7 -2.57614 | -1.12919 | -0.62222 | -2.51119 -1.0574 -0.08866 | -2.76735 -1.3362 -2.27411

Increasing ¢ enhances both axial and transverse skin friction due to higher viscosity, with Cu showing the highest
resistance, while the Nusselt number generally decreases, except for Al,03; which sustains better heat transfer. Larger R
values intensify transverse skin friction through stronger Coriolis forces but improve heat transfer, where Al,03 performs
best. Variation in Bi reveals that Al,03; nanofluid enhances convective heat exchange, whereas Fe;0,4 and Cu exhibit
reduced Nusselt numbers. The Eckert number increases internal heating and suppresses cooling for Fez04and Cu, while
Al,03 shows a mild positive response due to its superior thermal conductivity. Overall, Cu exhibits strong flow resistance,
Fes0, provides stability, and Al,05 consistently demonstrates the best heat transfer characteristics, making it the most
efficient choice under varying conditions.

CONCLUSIONS

This study provides new physical insights into the three-dimensional MHD nanofluid flow over a stretching surface
under the combined influences of rotation, magnetic field, nonlinear radiation, Joule heating, and viscous dissipation.
From a physics standpoint, the following key conclusions can be drawn:

e Rotation fundamentally redistributes momentum between the axial and transverse directions. While axial motion
is suppressed, transverse velocity is enhanced, indicating that rotational energy is redirected into lateral flow, which
modifies transport mechanisms across the boundary layer.

e The applied magnetic field resists fluid motion, thickening the momentum boundary layer, while simultaneously
enhancing heat generation through Ohmic dissipation. This coupling shows how electromagnetic control can tune both
fluid resistance and energy transport.

e Nonlinear radiation, internal heat generation, and convective surface effects act collectively to strengthen energy
diffusion across the boundary layer. Their combined impact illustrates the importance of radiative and convective modes
in enhancing nanoscale thermal transport.

e Viscous and Joule dissipation provide an internal energy feedback mechanism, where mechanical work against
friction and electromagnetic resistance is directly converted into heat, raising the fluid temperature and altering thermal
boundary layer dynamics.

e The comparative analysis of Cu, Al2Os, and FesO4 nanofluids demonstrates that nanoparticle type is a decisive
factor in tuning flow and heat transfer. Cu-water nanofluid exhibits the strongest heat transfer enhancement due to its
high thermal conductivity, whereas FesOs-water shows superior flow adaptability under magnetic control, making it
advantageous for MHD applications.
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TPUBUMIPHU MII-IIOTIK TA TEILIONEPEHOC HAHOPIJIMH HA BOIHI OCHOBI YEPE3 IIOBEPXHIO IO
PO3TATYETHCH 3A JOITOMOT' OO CHJIA KOPIOJIICA
TA TEIUVIOBUX E®EKTIB
M.M. Binay'?, Eauipiki Mamarxa?, B. Harapaaxika®
! lepocasnuii konedoc nepuiozo cmynens, Yannanamna, 562160, Indisn
’Kagheopa mamemamuxu, GSS, GITAM Deemed to be University, benzanyp-561203, Inois
SKagpeopa mamemamuxu, Texnonoziynuii incmumym cepa M. Biceecsapai, Beneanyp-562 157, Indis

Ie mocimikeHHsT 30Cepe/KEHO Ha TEIJIOBiH MOBEIiHIlI Ta TPHBUMIPHOMY MOTPAHMYHOMY MIapi HOTOKY HAHOPIAWH HA BOAHIH OCHOBI
Ha PO3TATHYTIH MOBEPXHI 3 YpaxyBaHHAM KOMOiHOBaHOTO BIUIMBY cuil Kopioiica Ta Jloperna. Mozesnp BKIIOYa€ KilbKa BasKIMBUX
(hi3MYHUX acIeKTiB, TAKUX SK MOBEPXHEBAa KOHBEKIiS, BHYTPIIIHE TEIJIOYTBOPEHHS, HKOYJIEBE HATpiBaHHS, B's3Ka JWCHIAINS Ta
TerioBe BunpominioBanHs. Hanouactunku mini (Cu), okcuny amominito (Al:Os) Ta maraerury (FesOa) mucniepryorbest y Boai UIst
TIOPIBHSAHHS IXHBOI €(QEKTHBHOCTI y IOCHJIEHHI TeIUlonepenadi. 3aCTOCOBYIOUM IIEPETBOPEHHS IOAIOHOCTI, CKIagHa CHcTeMa
JudepeHIiaIbHIX PIBHSAHD 3 YaCTHHHUMH ITOXIJJHUMH 3BOJMTHCS 10 HAOOPY HENiHIMHUX 3BHYaHHMX IH(EpeHIiaNbHUX PIBHSIHb, SKi
HOTIM PO3B'SI3YIOTHCS YUCENIBHO 32 JornoMororo metony Pynre-Kyrru-densbepra pazoM 3 MeTo10M CTpiibOH. Pe3ynbTaTh oKkas3yoTh,
1110 HAHOPIIMHH, 110 MicTATh HaHOYacTUHKU Cu, 3a0e31e4y0Th HaiBHIII TEIUIOB] XapaKTePUCTUKHU, Aali HAyTh Ti, o MicTATh Al2O3
ta FesOs LI pe3ynpraTu MifKPECIIOIOTh BAXJIMBICTh BHUOOPY BIiIIOBIZHMX HAHOYACTMHOK [UIs HOKPAIUCHHS e(EeKTUBHOCTI
TEIUToNepeadi B 3aCTOCYBaHHAX IS TEPMOPETYILALii. 301IbIICHHS TapaMeTpa 00epTaHHS A IPUTHIYY€E OChOBY IIBHIKICTH, OTHOYACHO
3MEHIIYIOYH PO3IMOIIT TEMIIEpaTypH, MiAKPECIIOIOUH BIUIHB AeMII(pYBaHHS 00epTaIbHAX €(EKTIB HA IMITYJIbC Ta TEIIONEPEHOC.
KoniouoBi ciioBa: neninitine meniose unpominio8anis, HaHopiouna, obepmanvhi echexmu; 8'a3xka oucunayis,; 0lcoynesuil Hazpie



