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Abstract

Objective: To investigate the impact of Soret and Dufour on the behaviour
of Casson nanofluids over nonlinear stretching surfaces. Also, to study
heat transfer efficiency in practical thermal systems and analysing the heat
and mass transfer properties. Method: The governing equations for fluid
flow, heat transfer, and mass transfer are transformed into dimensionless
form using similarity transformations. These equations are then solved
numerically using MATLAB's bvp4c procedure. Findings: Increasing the Soret
number enhances fluid concentration, while the Dufour number reduces
concentration. The results are validated against existing studies, confirming
the reliability of the model. Novelty: Casson rheology, micropolar fluid
dynamics, and cross-diffusion effects under nonlinear stretching conditions
provide a comprehensive framework for understanding non-Newtonian fluid
behaviour. The findings offer significant insights for optimizing thermal
systems, particularly in heat exchangers and mixing technologies.

Keywords: Soret; Skin friction; Casson nanofluid; Diffusion; Thermal

1 Introduction

Heat exchangers are essential parts of many industries, such as refrigeration, electricity
generating, and chemical production. Transferring heat between two or more fluids
while maintaining their separation is their main purpose. Heat exchanger efficiency
is essential for optimising energy use and enhancing thermal system performance.
Improved heat recovery systems, in particular, can greatly benefit power plants and
increase overall energy efficiency. Significant knowledge gaps still exist about the
combined effects of these fluids, particularly under convection-diffusion situations over
stretching surfaces, despite the fact that several research have examined their movement
in various contexts. The results advance our knowledge of how these intricate fluids
behave in real-world settings. Shaheen et al) examined how the Soret and Dufour
phenomena impact the three-dimensional flow of Casson nanofluids with dust particles
and other properties in a permeable medium. The heat and mass transport of Casson
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micropolar fluid in a magnetic field across a stretching surface Amjad et al, Devi et al and Chun et al®,®,®)_ Numerical
results on heat transmission in rotating disc flows and Carreau nanofluids examined by Magesh et al and Shevchuk et al ®),(©).
The repercussion of calefaction cause framework over a wedge over permeable space for electrically overriding fluid flow for a
magneto hydrodynamic Casson nano fluid with invigoration hall and Soret discussed by Bafakeeh et al”). The concussion of
non-Newtonian fluid with actinic attitude stays in velocity and thermal effects also investigated by Chandrasekhar et al®. The
prospect of environmental parameters related to the pace, warmth and absorption are detailed in several visual representations.
Algebraic study for the magneto hydro staunches of Casson nanofluid over an inclusive sheet through a permeable medium
under chattels of lukewarm emission, Heat-Propagation/dispersion, Joule cooling effect and error boundary circumstances
discussed by Kesavaiah et al, Deepthi et al and Ganjikunta et al®,19, (1) The properties of Casson-type nanofluids that extend
to flow through porous media on nonlinear resilient surfaces in premises of heat and mass transfer progression analysed
by Gopal et al and Rasool et al 12,13 Williamson Nano Casson fluid the potential MHD flow and lukewarm deportation
is analysed by Jawad et al"¥, The MHD mixed convection flow of Maxwell nanofluid through a permeable material filled
with an inverted helix, varying in the boiling point and influenced by Soret phenomena, is analyzed analytically by Kodi et
al1). The erratic MHD progress of Eyring Powell nano fluid over a slanted permeable sheet along sticky decay, warming by
Joules, and uneven metabolic processes at both destinations has been numerically studied by Kumar et al'®). For the inquiry
of the deportation of mass and warmth, ramifications such as variable Hall current, activation energy, and dissemination
thermodynamics are also featured by Reddy et al17). The substance’s mobility was decreased by the Casson factor and slant
discussed by Rafque et al, Sutkar et al and Ramya et al 18,19, (2% Heat radiation and mass diffusion affect the flow of Casson
nanofluid across a slanted stretched surface, with implications for engineering applications involving heat and mass transfer
examined Ramya et al?". Chemical reaction effects on micropolar fluid and Casson-Williamson nanofluid investigated by
Yousef et al ®». Manohar et al ®® analysed Casson liquid flow in a porous microchannel with hybrid nanoparticles, highlighting
enhanced heat transfer due to nanoparticle dispersion and porous medium effects. Ramesh et al®? examined the squeezing
flow of Casson-micropolar nanofluid, showing how slip, suction/injection, and microstructure influence heat and mass transfer
dynamics. The study of MHD Casson fluid flow is essential for managing the behaviour of molten metals during manufacturing
processes in metallurgical processing, for example. Because of phase-change dynamics and solid particle suspensions, molten
metals frequently behave non-Newtonian, much like Casson fluids. By boosting impurity elimination, increasing thermal
conductivity, and decreasing turbulence, the application of a magnetic field (MHD effect) affects the metal flow.

Despite the extensive research in individual areas, there is a lack of comprehensive studies that address the combined effects
of MHD, Casson nanofluid characteristics, micropolar behaviour, nanofluid dynamics, and convection-diffusion conditions
on heat transfer over nonlinear stretching surfaces. This study fills this gap by providing a unified framework to analyse these
interactions, offering deeper insights into heat distribution and energy transfer in thermal systems. The novelty of this work lies
in its integration of several previously studied, MHD effects, Casson nanofluid dynamics and nanofluid convection-diffusion
conditions into a cohesive model. The proposed method’s effectiveness is validated through numerical simulations, revealing
significant improvements in heat transfer efficiency, as demonstrated by the increase in the Nusselt and Sherwood numbers, as
well as a reduction in friction drag. This research is particularly relevant for optimizing thermal systems such as heat exchangers,
where multiple factors interact Figure 1.

2 Methodology

Two-dimensional atmospheric MHD flow of Casson nanofluid with tiny particles while the approach of thermostatic in the
zone y > 0 past an elongated plate, whose power-low rate is interpreted as u,, = ax, at which a symbolizes an unbalanced real
variety. Figure 1 shows physical representation of the fluid flow. The y-axis is identical to the expanding form, which is arranged
to be organized in concert with the x-axis.

The continuum conservation, momentum, energy, microorganism equations 2%, (22 (23,

Continuity Equation (Mass Conservation)

ox Oy
where u is the velocity component along the plate, and v is the velocity component normal to the plate.
Momentum Equation (Navier-Stokes Equation)

ou ou 1 9%u ki\ ON oB2u
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Fig 1. Physical Representation

where p is the density, y is the dynamic viscosity.
Microorganism Equation (Bioconvection Source Term)

ON ON 92N [k 0
Nk A —[—1} (2N+—u) (2)
Ox dy p 0y* Lp Jy
where N is microorganism decay coefficient. (2)
Energy Equation (Heat Transfer)
oT oT 0°T 0Oq pD. ks 02C
C vV —— |k - e T = 3
P p{” Bz V@y} oy oy 4T T B2 3)
where q” is the heat generation term.
Concentration Equation (Mass Transfer for Nanoparticles and Microorganisms)
oC oC 92C D,, kp 02T
— +v—=D,, — -k[C-C_ | + —=—T 4
Yo Y Ay ™ Qy? [C-Co] T, Oy> )

where T, mean temperature.
Here u,v,T,9,C,q ,Cs,8, T K1,Cp, D,y p, 1,0, T, Co,0 are velocity, calefaction, gravitational stimulation,

concentration, random thermal criterion, absorption sensitivity, Casson criterion, oblique heat, thermal diffusivity, heat

capacity, mass diffusivity, density, coefficient of lukewarm inflation, Radiant heat, thermal conductivity, concentration

expansion coeflicient, viscosity, average fluid condition, diffusive consolidation, electrical dynamism or chemical reaction

parameters.

Vi o kuw

¢ = T (AT, TS BT T L)

Where T,, = T bz, T,, and T are Temperature adjacent and a far from the block. Thermal radiation yields following
equation:

—160 ;0T

=35 Doy
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The boundary circumstances are 2, 2, (23)

ou or ou oC
u=u,+L Ka—y)] -k {a—y} =hy [T-T],-N=-m [a—y] ,D,, [a—y} =h, [C,,-C] asy=0

u—0,T—-T,,C—>C_, asy—o0

The stream affair ¢ = v(x,y) for that given as u = ‘g—;ﬁ,v = %. Equations (1)-(4) are reformulated into ordinary equations
by employing similar and dimensionless parables as exposed here

n= \fy (5)
v
The velocity entrails are
= Vawitu = 3 =arf N =ar () hwo= 22 = yavsa)
® 1), y 1), " 1), Oz V/ ),
T-T, _C-C B _
0(n) = mv‘ﬂ(n)—mi—%@(lﬂew 1)6) (6)
Using Equations (5), (6) convert the governing Equations (1) to (4) are transformed as
[1+ %} 7+ =)+ Kk +(Grpf+Gr.¢)—Mf =0 (7)
K V4 / / V4
[1+ﬂh YN — f K (2h+ f7) =0 ®)

[1 +Nr{1 +3<9w - 1) +3(9w - 1)292 + <0w - 1)393}] 0//
+ N[0, —1)(0")2 +6(0,, —1)%0(0")% +3(0,, — 1)%6%(0")?]

+ P.f¢0/—P.f'0+ A f +B*0+ P.Dug” =0 9)
©” +Scfp’ —k,.Scp+ScSrg” =0 (10)
The values are
QBT (Tw _Too) 160Tc?o g/BC (Cw _Coo) Upcp I’LCP O-Bg
T a?z T 3kk 0 © a2z o k k' ap
D, K T, —T 33U —
Sr = Zm T( w Oo),Sc:U Du=D, Ky \C8Y "Co) g K
T, \C,—Csx D,, C,Cpu (T, —Ty)

The diversified boundary settings are as follows,

F =1+~f,f=0,0/ = Bip(1—0),¢' = Bi(1—¢)asy =0,

f'(n)=0,0(n) =0,¢(n) =0asn — oo

It is discovered that the nanofluid model lacks micropolar effects when vertex viscosity or K = 0 is eliminated. Friction Drag,
the Nusselt incident and the Sherwood incident are described by

Cp Rei = (1+4) £/ (0),Nudi = — (14 N,.(6,,)*) 0/ (0),ShRe,* = —¢' (0). Here, Re,, = “« signifies Reynolds
Number.

This dimensionless number (Nusselt Number) indicates the enhancement of heat transfer due to convection relative to
conduction. Higher values suggest improved thermal performance. The Sherwood Number Similar to the Nusselt number,

but for mass transfer, this number reflects the enhancement of mass transfer due to convection compared to diffusion.
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3 Solution Methodology

The system of nonlinear ordinary differential equations reduced first order equations for find the numerical solution to our
problem. First convert first order equations as,

Y1:vK2:f/aY3: //,

Y, =f" = [[1i ] [(Y3)? =YYy — KY9— (Gro0+Gr.¢) + MY,
B
Yy =0,Ys =0,
Y7 = 9// = L (P’I"Y2Y5
M+ N,{1+3(0—w—1)+3(0,—1)20%2+ (0, —1)363}]

—N,[(0,,—1)(Y5)? +6(0,, —1)%0(Ys
_P.Y,Ys— A°Y, — B*Y, — P DuY,,

)2 +3(0,, —1)°60%(Ys)?]
);

Y=, Yy :Qﬁla

Yio=¢" =k, ScYg—ScY,Yy—ScSrYs,

Vig = b\ Yy = b = [HlK] (VoY =Y Y o+ K(2Y;, +Y3)
2
Then the boundary conditions become,
Y, = 1+49Y3.Y; =0,Ys=Bip(1-Y;5),Y; =Big(1-Ys) asn=0

Y, = 0,Y;—=0,Yg—=0,Yy—0asn— o0

The first order equations solve numerically using MATLAB bvp4c methods to find numerical and graphical solution.

4 Results and Discussion
4.1 Comparison of Results

This section provides a detailed analysis of the results in the context of magnetic parameter (M) influences on — f ! (0), focusing
on values of M =0, 1, 3, and 5. The comparative study excludes the effects of Brownian motion and thermophoresis to isolate
the magnetic parameter’s specific impact. Table 1 shows that the findings align with those of earlier works ??, demonstrating
minimal residual errors and confirming the accuracy of the current numerical method, which employs MATLAB’s bvp4c solver
for boundary value problems. The precision of numerical solutions, consistency with previously validated results??, and the
sensitivity of the model to variations in the magnetic parameter. This study’s results emphasize its contribution to advancing
heat transfer and mixing technologies Table 1.

The nonlinear equations are naked numerically by bvp4c method. About the graphical results considered 5 = 1.3,Gr =
0.7,M=15,Nr=0.1,A«B%0.1,Pr=7,0,,=2,Gr.=0.7,BiT =2,BiC =2,5¢=0.5, Kr=0.1,Sr =0.1and Du=0.1.
In the visual representation , f'(1),6(n),#(n) and h(n) represent the flow fields curves respectively. Graph Results discussed
on 6, linear and nonlinear values. Figures 2 and 4 ritual that the possessions of 3 on the f’(n) and h(n). f’(n) and h(n)
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Table 1. Comparison values of Magnetic parameter in — f " (0)
M Yousef®?  Present Results
0.0 1.00139983 1.00014002
1.0 1.41422875 1.41423561
3.0  2.00000000 2.00001101
50 2.44948791 2.44950121
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Fig 6. Results of Du A St on calefaction

is decreased on the extensive /3, whilst 6(7),$(n) are increased for the upsurged /. Figure 3 ritual that the possessions of
M. f’(n) is decreased on the extensive. A force called drag force is often produced by M in the paradoxical migration of the
flow. Figure 5 shows that M on temperature its increased for the upsurged M similar S.

Figures 6 and 7 illustrate the impact of the Dufour and Soret numbers, which quantify the ratio of energy flux due to
mass concentration gradients. Physically, the Dufour effect represents the contribution of mass diffusion to thermal energy
transfer. The results indicate that as the Dufour number increases, thermal energy transfer is enhanced, leading to a rise in fluid
temperature. This occurs because mass flux influences heat flux, reinforcing the coupling between mass and energy transport.
Simultaneously, the concentration decreases due to mass redistribution induced by this effect. This inverse relationship
between temperature and concentration highlights the critical role of the Dufour number in governing heat and mass transfer
interactions. Conversely, the Soret effect accounts for mass transport driven by a temperature gradient. The results reveal that
both absorption and heating intensify with an increasing Soret number. This indicates that thermal gradients play a crucial role
in enhancing fluid transfer processes, particularly in systems where heat and mass transfer mechanisms are interdependent.
The physical basis of this behaviour lies in the differential movement of species within the fluid, where temperature gradients
drive concentration variations, leading to improved mixing and transport efficiency. Additionally, the presence of a magnetic
field introduces resistance to fluid motion due to the Lorentz force, which arises from the interaction between the electrically
conducting fluid and the magnetic field. This force acts as a drag, reducing the overall flow velocity and increasing friction at the
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Fig 7. Results of Du A Sr on absorption

boundary. Such magnetic control is essential in engineering applications, particularly in scenarios where heat transfer and fluid
dynamics must be regulated, such as in cooling systems, electromagnetic pumps, and industrial processes involving conductive
fluids. Table 2 presents a detailed quantitative analysis of key dimensionless parameters, including the skin friction coefficient,
Nusselt number, and Sherwood number. These parameters provide essential insights into the fluid’s behaviour under different
physical conditions. Variations in Skin frictionreflect changes in boundary layer characteristics due to factors like viscosity and
magnetic influence, while fluctuations in the Nusselt and Sherwood numbers illustrate the efficiency of heat and mass transfer.
Understanding these variations is crucial for optimizing thermal systems, improving heat exchanger performance, and refining
fluid transport processes in practical applications.

The results of this study align with previous research?,(17), @1 validating the accuracy of the proposed model. However,
by integrating the effects of cross-diffusion (Dufour and Soret effects), micropolar fluid dynamics, and Casson rheology into a
unified framework all of which were often treated separately in previous studies it results in significant advances. increase in
the Sherwood and Nusselt values, demonstrating its ability to manage complex thermal system interactions. The addition of
nonlinear stretching surfaces, which results in more realistic simulations, sets this work apart even further. All things considered,
this work advances our understanding of heat and mass transmission in Casson nanofluids and offers a more comprehensive
model for thermal system adaptation.

5 Conclusion

Casson nanofluids over nonlinearly stretched surfaces in an inclined magnetic field are numerically assessed, providing new
information on developing heat transmission and mixing technologies. The major key findings are:

o The requirement for balance in advanced heat exchanger designs is highlighted by the fact that greater Soret numbers
increase concentration levels while higher Dufour numbers cause concentration levels to fall.
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Table 2. The values of C'y,,, Nu and Sh on different physical parameters

M B Kr Sc¢ Du Sr Nr Grec Bic BiT Cg, Nu Sh

1.0 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.5317  2.6985 0.3946
20 01 0.1 05 0.1 0.1 0.1 0.5 0.5 0.5 -4.3827  2.6677  0.3836
30 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -5.0844 2.6409 0.3745
40 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -5.6863  2.6168  0.3668
01 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.5247 2.6314  0.3973
0.1 02 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -2.3573  2.6011  0.3852
01 03 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -1.8833  2.5826  0.3783
01 04 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -1.6190  2.5698  0.3737
0.1 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.9466  2.6266  0.3575
01 01 02 05 01 0.1 0.1 0.5 0.5 0.5 -3.9733  2.6152 0.3915
01 01 03 05 01 0.1 0.1 0.5 0.5 0.5 -3.9963  2.6047 0.4218
01 01 04 05 01 0.1 0.1 0.5 0.5 0.5 -4.0163  2.5950  0.4493
01 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.9385  2.6302  0.3659
01 01 0.1 1.0 0.1 0.1 0.1 0.5 0.5 0.5 -4.0584 2.5601 0.4673
0.1 0.1 0.1 1.5 0.1 0.1 0.1 0.5 0.5 0.5 -4.1114  2.4988 0.5315
01 01 0.1 20 0.1 0.1 0.1 0.5 0.5 0.5 -4.1412 24433  0.5794
01 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.9733  2.6152  0.3915
01 01 0.1 05 0.3 0.1 0.1 0.5 0.5 0.5 -3.9348 24473  0.3977
01 01 0.1 0.5 05 0.1 0.1 0.5 0.5 0.5 -3.8977 22925  0.4035
0.1 0.1 0.1 0.5 0.7 0.1 0.1 0.5 0.5 0.5 -3.8619  2.1488  0.4088
01 01 0.1 05 0.1 0.1 0.1 0.5 0.5 0.5 -1.0995  2.4936  0.3840
01 01 0.1 0.5 0.1 03 0.1 0.5 0.5 0.5 -1.0752  2.4639  0.3149
01 01 0.1 0.5 0.1 0.5 0.1 0.5 0.5 0.5 -1.0519 24358  0.2483
0.1 01 0.1 0.5 0.1 0.7 0.1 0.5 0.5 0.5 -1.0293  2.4093  0.1838
0.1 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.9862 19335 0.3841
01 01 0.1 05 0.1 01 02 05 0.5 0.5 -3.9733  2.6152  0.3915
01 01 0.1 0.5 0.1 01 03 05 0.5 0.5 -3.9603  3.2127  0.3980
01 01 0.1 0.5 0.1 01 04 05 0.5 0.5 -3.9472  3.7423  0.4036
0.1 01 0.1 0.5 0.1 0.1 0.1 0.0 0.5 0.5 -4.0018 2.6146  0.3922
0.1 0.1 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.7013  2.6253  0.3954
01 01 0.1 05 0.1 0.1 0.1 1.0 0.5 0.5 -3.4083  2.6354 0.3985
01 01 0.1 0.5 0.1 0.1 0.1 1.5 0.5 0.5 -3.1220  2.6451 0.4014
01 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.6788  2.6442  0.2320
0.1 01 0.1 0.5 0.1 0.1 0.1 0.5 1.0 0.5 -3.5955  2.6373  0.3209
0.1 01 0.1 0.5 0.1 0.1 0.1 0.5 1.5 0.5 -3.5517  2.6337 0.3681
01 01 0.1 05 0.1 0.1 0.1 0.5 2.0 0.5 -3.5247 2.6314 0.3973
01 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 0.5 -3.6153  1.0520 0.4398
01 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 1.0 -3.5778 1.7763  0.4198
01 01 0.1 0.5 0.1 0.1 0.1 0.5 0.5 1.5 -3.5482 22782  0.4064
0.1 0.1 0.1 0.5 0.1 0.1 0.1 0.5 0.5 2.0 -3.5247 2.6314 0.3973
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o Complex control mechanisms are demonstrated when thermal-fluid dynamics combine with magnetic and Casson factors
to decrease velocity while raising temperature and concentration.

o In comparison to earlier research, the suggested model, which combines Casson rheology, micropolar effects, and cross-
diffusion dynamics, shows an increase in the Sherwood number and a rise in the Nusselt number.

o These contributions close important gaps in the study of non-Newtonian fluids and offer significant improvements in
enhancing the efficiency of thermal systems for use in engineering and medicine.

Future work should explore experimental validation, turbulent flows, and additional factors such as thermal radiation to
enhance practical applicability. This model can be expanded to include stagnation points and wavy surfaces for heat exchangers
and aerodynamics, as well as cylindrical and spherical geometries for use in blood arteries, pipes, and porous channels. Its
relevance to practical engineering and fluid mechanics research is increased by include effects like convective barriers, non-
uniform heat sources, and variable transport qualities.Nomenclature(u,v)Velocity components (m/s)3-Thermal coeflicient
(K 1)3_.Concentration coefficient (m*/mol)TFluid temperature (K)7', Uniform temperature (K), C Concentration fluid
(kg/m*)C_ Uniform concentration (kg/m®)aAngle of inclinationoElectric conductivity fluid (S/m)B,Uniform magnetic

field (T)gGravitational acceleration (m/s?) K, Permeability of the fluid (mz)qm Irregular heat parameter (W/m?)D,,, Mass
diffusivity (m?/s)C;Concentration susceptibility (m?/mol)T,,, Mean temperature (K)B,Thermal Biot NumberB, ~Mass
Biot NumberyVelocity slip parameter (m/s)G,.pThermal Grashot numberG,. Solutes Grashot numberM Hartmann
number N, radiative parameterS, Soret numberSSchmidt numberD, Dufour number K, Chemical parameterg, Radiative
heat (W/m?) K Non dimensional parameter P, Prandtl number
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