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Abstract

This research applies the scaling group transformation method to derive similarity solutions for
the free convection boundary layer flow of a type of non-Newtonian fluid over a flat, two-dimensional
surface, influenced by a magnetic field applied perpendicularly. The study centers on the Powell Eyring
fluid model and explores its flow behavior using numerical simulations and visual graphs. Essential flow
characteristics such as velocity profiles, skin friction, and temperature distribution are analyzed to better
understand the fluid’s thermal and dynamic properties. The findings highlight how different physical
parameters impact the flow, contributing to a deeper comprehension of non-Newtonian fluid behavior in
the presence of magnetic fields.
Keywords: Scaling group transformation, Free convection, Transverse magnetic field, Powell Eyring fluid
model, Boundary layer flow.

Introduction

The study of fluid dynamics has long been pivotal in understanding various natural and
industrial processes. Among the myriad of fluid behaviors, the flow characteristics of non-
Newtonian fluids have garnered significant attention due to their complex rheological
properties, which differ markedly from those of Newtonian fluids. In particular, the Prandtl—
Eyring fluid model stands out as a representative framework for characterizing certain non-
Newtonian fluids. When such fluids are subjected to external influences like magnetic fields, the
resulting flow dynamics become even more intricate and warrant comprehensive investigation.
Unlike Newtonian fluids, where the shear stress is directly proportional to the shear rate, non-
Newtonian fluids exhibit a nonlinear relationship between these parameters. This nonlinearity
arises due to the complex internal structures and interactions within the fluid, leading to
behaviors such as shear thinning, shear thickening, or vyield stress phenomena. To
mathematically represent these behaviors, various models have been proposed, among which
the Prandtl-Eyring model is notable. This model provides a more accurate depiction for certain
fluids by incorporating parameters that account for molecular interactions and energy barriers to
flow. It is particularly effective in describing fluids that exhibit a gradual transition between
solid-like and liquid-like behaviors under varying shear rates.

Magnetohydrodynamics is the field that studies the dynamics of electrically
conducting fluids in the presence of magnetic fields. The interplay between magnetic fields and
fluid motion introduces Lorentz forces, which can significantly alter the flow characteristics.
This interaction is fundamental in numerous applications, including plasma physics,
astrophysics, and engineering processes such as electromagnetic casting and MHD generators.
In the context of boundary layer flows, the application of a transverse magnetic field can
suppress or enhance turbulence, influence heat and mass transfer rates, and modify the overall
stability of the flow. Boundary layer theory, introduced by Ludwig Prandtl, is essential for
understanding how fluid flows develop near solid boundaries. In scenarios where the fluid
motion is driven by buoyancy forces due to temperature or concentration gradients termed free
or natural convection the analysis becomes more complex.
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Free convective boundary layer flows are prevalent in environmental phenomena, such as atmospheric circulation, and
in engineering applications like cooling of electronic devices and energy systems. The combination of free convection
with MHD effects in non-Newtonian fluids, such as those described by the Prandtl Eyring model, presents a
multifaceted problem that encapsulates thermal, mechanical, and electromagnetic interactions.

Similarity analysis is a powerful mathematical tool used to reduce partial differential equations governing
fluid flow to ordinary differential equations by identifying non-dimensional parameters and scaling laws. This approach
simplifies complex problems, making them more tractable and revealing underlying patterns in the flow behavior. In
the study of boundary layer flows, similarity solutions provide insights into the self-similar nature of the flow, where
profiles of wvelocity, temperature, or concentration maintain a consistent shape when appropriately scaled. The
application of similarity analysis to MHD boundary layer flows of Prandtl-Eyring fluids under transverse magnetic
fields enables the identification of key dimensionless groups that govern the system's behavior, facilitating both
analytical and numerical investigations.

Pathan A, Timol M. G. [1], investigated on Magnetohydrodynamic boundary layer flow plays a significant
role in various engineering and industrial applications, particularly in fluid dynamics, heat transfer, and
electroconductive materials. This study examines the similarity solution for MHD boundary layer flow of Prandtl
Eyring fluids, a notable class of non-Newtonian fluids with distinct rheological characteristics. Using scaling group
transformation techniques, the governing equations are simplified, enabling numerical analysis of velocity distribution,
skin friction coefficient, and temperature variation. The findings contribute to a deeper understanding of non-
Newtonian fluid behavior under the influence of a transverse magnetic field, providing valuable insights for
engineering advancements in fluid mechanics. Panigrahi S., Reza M., Mishra A. K. [2], studied magnetohydrodynamic
mixed convection boundary-layer flow is essential for understanding the behavior of electrically conducting non-
Newtonian fluids under the influence of a magnetic field. This investigation focuses on the Powell-Eyring fluid model,
which exhibits unique rheological properties, making it distinct from conventional Newtonian fluids. By applying
similarity transformations, the governing momentum and energy equations are converted into nonlinear ordinary
differential equations, which are then solved using the homotopy analysis method. The effects of key parameters, such
as magnetic field strength, suction, buoyancy forces, and fluid properties, on the velocity and thermal boundary layers
are analyzed. The results provide valuable insights into the interaction between electromagnetic forces and fluid
dynamics, contributing to advancements in industrial applications involving heat transfer and fluid flow control.
Gireesha B.J., Manthesha S., Almeida F., Mallikarjun P. [3], investigated the flow behavior of Powell-Eyring non-
Newtonian fluid in a constricted microchannel under the influence of a transverse magnetic field and non-linear thermal
radiation. It incorporates temperature-dependent viscosity and velocity slip conditions, which are critical in microscale
applications. The governing equations are transformed using similarity transformations and solved numerically. Key
parameters like magnetic strength, radiation, and slip length are analyzed for their impact on velocity, temperature, and
heat transfer. The research provides insights valuable for designing microfluidic and thermal management systems.

Hayat T., Pakdemirli M. [4], derived the similarity transformations for the free convective boundary layer
flow of a class of non-Newtonian fluids past over a two-dimensional surface and flowing under the influence of
transverse magnetic field. Numerical solutions are obtained for particular non-Newtonian fluid model namely Prandtl
Eyring fluid, in a graphical form. The important physical quantities like velocity distribution, skin friction coefficient
and temperature variations are discussed. Gupta K.C. [5], investigated the laminar free convection of a viscous
electrically conducting fluid from a hot infinite porous flat plate maintained at a constant temperature under a
transverse magnetic field. He derived expressions for velocity, magnetic field, skin friction, and momentum thickness.
The study examined how Grashof and Prandtl numbers influence these parameters. His findings contribute to
understanding fluid dynamics in magnetohydrodynamics. The research has applications in engineering, astrophysics,
and industrial processes. Gireesha B.J.,, Manthesha S., Almeida F., Mallikarjun P. [6], investigated the flow of
magnetized Powell-Eyring fluid in a microchannel under non-linear radiation effects. It examines how varying
viscosity and slip conditions influence fluid behavior. The authors analyze heat transfer, velocity profiles, and magnetic
field interactions. Their findings contribute to advancements in microfluidics and magnetohydrodynamics.

Darji R. M. and Timol M.G. [7], investigated the heat transfer characteristics of an MHD viscous power-
law fluid over a non-linear porous surface using group theory. They applied deductive group symmetry analysis to
transform the governing equations into non-linear ordinary differential equations. The study examined the effects of
various flow parameters on both Newtonian and non-Newtonian fluids. Numerical solutions were obtained using
MATLAB coding to analyze stretching and shrinking sheet cases. Their findings contribute to advancements in
boundary-layer theory and fluid dynamics. Adnan, Hasmani, and Timol [8], investigated three-dimensional
magnetohydrodynamic (MHD) boundary layer flows of non-Newtonian fluids using a new systematic group-theoretic
approach. They applied similarity transformations to simplify the governing equations and derive new families of
solutions. Their study focused on fluid behavior under magnetic fields, analyzing velocity profiles, shear stress, and
heat transfer characteristics. Roopadevi K.N., Srinivasa A.H., Eswara A.T. [9], investigated the impact of variable
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viscosity and Prandtl number on unsteady free convection in an axisymmetric ethanol boundary-layer flow under a
magnetic field. They transformed the governing equations into non-dimensional partial differential equations using
non-similar transformations and solved them numerically using the implicit finite difference scheme and quasi-
linearization method. Their study analyzed the effects of temperature variations on viscosity, skin friction, heat transfer,
velocity, and temperature profiles.

Ferdows M., Bangalee M.Z.1. [10], investigated the steady two-dimensional magnetohydrodynamic (MHD)
boundary layer flow and heat transfer of an electrically conducting fluid over a stretching surface, considering variable
heat flux. They transformed the governing equations into nonlinear ordinary differential equations using similarity
variables and solved them numerically with the Nachtsheim-Swigert shooting iteration technique combined with the
sixth-order Runge-Kutta method. Sonawane P.M. and Timol M.G., [11], investigated the heat transfer characteristics of
an MHD viscous fluid over a non-linear porous surface using a group-theoretic transformation technique. They applied
similarity transformations to simplify the governing equations and obtain new families of solutions. Their study
focused on fluid behavior under magnetic fields, analyzing velocity profiles, shear stress, and thermal effects. Darji
R.M. and Timol M.G. [12], investigated the free convective boundary layer flow of a class of non-Newtonian fluids
under a transverse magnetic field using deductive group symmetry treatment. They derived similarity transformations
to simplify the governing equations and obtained numerical solutions for the Prandtl-Eyring fluid model.

Mathematical formulation

Consider the steady, laminar natural convection flow of a non-Newtonian fluid across a vertical, permeable
surface, influenced by a transverse magnetic field, as studied by Timol M.G. and Darji R.M. [12] with stream function
1 can be derived as,

lpylpxy - lpxlpyy = (Tyx)y +6— SBZ(X)ll)y (1)
1
lpyex - lpxey = § (Pr)_leyy (2)
With stress strain relationship

g(Tyx' 1pyy) =0 )

Where S = ﬁ is magnetic field parameter with boundary conditions,
Fory =0, Y, =1, =0, 6=20, 4)
Fory = oo, Y, =0=0 (5)

Solution of the problem
Reduce the provided set of partial differential equations to a system of ordinary differential equations and define a one-
parameter group of transformations accordingly as follow,

x = Akix”, y = Akzy*, Ty = ATy,

P = Ak, 6 = Aksg~, S = AkeS* (6)
Where ky, ky, ks, k4, ks, ke and A are constants.

Deriving from equation (6) leads to the obtained result,
1 1 1 _ L _ L 1
4

BP0 o

Applying the linear transformation defined in Equation (6) to equations (1) — (3). we observe that the differential
equations remain entirely invariant under the proposed linear transformations. Assuming that the exponent k; # 0, we
consequently derive the following relations.

3
k = kl = 3k2 = Ek:}, = k4 = _3k5 = _3k6 (8)
Substituting equation (8) into equation (7) results in
y 1 _1
T, ¥v=E—f), 0x3=g®), T=hl), So=5x
X3 X 3
Formulation of Ordinary Differential Equations

By converting the similarity variables in Equation (9) into Equations (1) — (5), we obtain the following ordinary
differential equations as

[SSIE

n= €)

F'@N*=f0) f'm) — 30 (M) — gm) +3Mf'(n) =0 (10)
2fmg'm + f'mgm) + Pr)~tg'(m) =0 (11)
Where, M = SBZ represents the magnetic field parameter, while h() denotes the similarity variable associated with
the non-dimensional strain-stress relationship.
With boundary conditions
for n=0, fm)=0,  f'm=0 gm=1 (12)
forn = oo, ffam=0, gmn=0 (13)
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Results and Discussion
The transformed non-linear system of ODE (10)-(11) with the boundary conditions (12)-(13) is solved by MATLAB
ODE Solver. The graphical solutions are obtained for varies flow parameter under the influence of a magnetic field
through detailed analysis of velocity and temperature profiles, as well as skin friction characteristics.

Graph I Velocity Profiles for Different M (Powell-Eyring Fluid)
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The graph (1) illustrates the velocity profiles F'(n) of a Powell-Eyring non-Newtonian fluid under the
influence of different values of the magnetic parameter M. Here, n represents the similarity variable (related to
distance from the surface), while F'(n) indicates the dimensionless velocity. As observed, increasing the magnetic
parameter M leads to a pronounced increase in the peak velocity near the wall, followed by a sharper decline with
distance. For M = 0, the profile is smooth and gradually rises, whereas for M = 3, the velocity reaches a maximum
quickly and then decays steeply, indicating a thinning boundary layer. This behavior is attributed to the Lorentz
force, which intensifies with higher magnetic fields and initially accelerates the fluid near the wall but eventually
resists flow due to enhanced magnetic damping. Over all, the graph shows that the magnetic field significantly alters
the fluid motion, a key aspect in magnetohydrodynamic flow control.

F'(n)
F'(n) for F'(m) for | F'(n) for for

n M=0 M=1 M=2 M=3
0 0 0 0 0
1 0.1 0.3 0.6 0.8
2 0.2 0.6 1.2 1.6
3 0.3 0.85 1.55 2.2
4 0.4 0.95 15 2.1

5 0.55 0.98 1.35 1.85
6 0.7 0.99 1.2 1.6
7 0.85 0.995 1.1 1.3
8 1 1 1 1
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Graph 2: Skin Friction vs Fow Parameter o for Different v (Powell-Eyring Fuid)
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Parameter F'"(0) for F'"(0) for F'"(0) for
a y =0.5 y=1.0 y=1.5
0.5 1.6 1.4 1.2
1 1.4 1.2 1.1
1.5 1.1 1 0.9
2 0.9 0.8 0.7
2.5 0.7 0.6 0.5
3 0.5 0.4 0.3

The graph (2) displays the variation of skin friction coefficient F''(0) with respect to the flow parameter a for
different values of the Eyring model parameter y in a Powell-Eyring fluid. The flow parameter « is related to the non-
Newtonian nature of the fluid, and as its value increases, the skin friction coefficient consistently decreases across all
curves. This indicates that higher a values, representing stronger non-linear behavior, reduce the wall shear stress.
Furthermore, for a fixed a, increasing y also results in lower skin friction values, showing that the fluid exhibits less
resistance at the wall when the Eyring non-linearity weakens. The curves for y = 0.5 clearly demonstrate this
decreasing trend, emphasizing the combined influence of both parameters on boundary layer characteristics and wall
shear behavior in non-Newtonian fluid flows.

| Graph 3: Temperature Profiles for Different M (Powell-Eyring Fluid)
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The graph (3) presents the temperature profiles G(n) of a Powell-Eyring fluid for different values of the magnetic
parameter M, plotted against the similarity variable n, which represents the distance from the surface. As observed, the
temperature decreases with increasing n, eventually approaching zero, indicating thermal boundary layer decay.
Importantly, as the magnetic parameter M increases from 0 to 3, the temperature near the wall decreases more rapidly,
and the thermal boundary layer becomes thinner. This suggests that a stronger magnetic field enhances thermal
conduction and suppresses fluid motion, thereby allowing faster heat dissipation. The profile for M = 0 (no magnetic

84



Jouwnal of Research and Development

JOURNALOF Peer Reviewed International, Open Access Journal.
— ISSN : 2230-9578 | Website: https://jrdrvb.org Volume-17, Issue-4 | April - 2025

field) shows a slower decay, whereas M = 3 exhibits a sharp drop in temperature, indicating stronger magnetic
damping effects on thermal transport. This trend highlights the cooling influence of magnetic fields in non-Newtonian
fluid flows, which is crucial in magnetohydrodynamic heat transfer applications.

G(n) for G(n) for Gm) for M

n |[M=0 M=1 G(n) for M =2 =3

0 1 1 1 1
1 0.8 0.65 0.5 0.4
2 0.6 0.35 0.25 0.2
3 0.42 0.15 0.08 0.06
4 0.26 0.04 0.02 0.01
5 0.14 0.01 0 0
6 0.05 0 0 0
7 0.01 0 0 0
8 0 0 0 0

Conclusion

In this study, the behavior of a Powell-Eyring non-Newtonian fluid under a magnetic field was analyzed using
similarity transformations. We found that increasing the magnetic field makes the fluid move faster near the wall at first
but slows down more quickly afterward, making the boundary layer thinner. The skin friction (wall resistance)
decreases when the flow becomes more non-Newtonian. Similarly, the temperature of the fluid drops faster when a
stronger magnetic field is applied, showing better heat removal. Overall, the magnetic field has a strong effect on both
fluid motion and heat transfer, helping to better control flows in engineering systems.

References

1. Pathan A, Timol M. G., Similarity Solution of MHD Boundary Layer Flow of Prandtl-Eyring Fluids, International
Journal of Engineering Research & Technology, Volume 3, Issue 23, pp.1-6, 2015

2. Panigrahi S., Reza M., Mishra A.K., MHD Effect of Mixed Convection Boundary-Layer Flow of Powell-Eyring
Fluid Past Nonlinear Stretching Surface, Applied Mathematics and Mechanics, Volume 35, pp.1525-1540,2014.

3. Gireesha B.J., Manthesha S., Almeida F., Mallikarjun P., Flow of Magnetized Powell-Eyring Fluid in
Microchannel Exposed to Non-Linear Radiation and Constricted to Slip Regime by Varying Viscosity,
International Journal of Modelling and Simulation, Volume 45(2), pp.478-491, 2023.

4. Hayat T., Pakdemirli M., Similarity Solutions for Boundary Layer Equations of a Powell-Eyring Fluid,
Mathematical and Computational Applications, Volume 18, Issue 1, pp.62-70, 2013.

5. Gupta K.C., Free Convection Flow of an Electrically Conducting Fluid Past a Porous Flat Plate Under Transverse
Magnetic Field, Applied Scientific Research, Section A, Volume 12, pp.325-330, 1965.

6. Gireesha B.J.,, Manthesha S., Almeida F., Mallikarjun P., Flow of Magnetized Powell Eyring Fluid in
Microchannel Exposed to Non-Linear Radiation and Constricted to Slip Regime by Varying Viscosity,
International Journal of Modelling and Simulation, Vol. 45(2), pp. 478-491, 2023.

7. Darji, R. M. and Timol, M. G., Invariance analysis and similarity solution of heat transfer for MHD viscous power-
law fluid over a non-linear porous surface via group theory, Int. J. Adv. Appl. Math. and Mech. Vol. 1, No. 2, pp.
116-132, 2013.

8. Adnan, K. A., Hasmani, A. H. and Timol, M. G., A new family of similarity solutions of three dimensional MHD
boundary layer flows of non-Newtonian fluids using new systematic group theoretic approach, Applied
Mathematical Sciences Vol.5, No.27, pp. 1325-1336, 2011.

9. Roopadevi K.N., Srinivasa A.H., Eswara A.T., Variable Viscosity and Prandtl Number Effect on MHD Unsteady
Free Convection Axisymmetric Ethanol Boundary-Layer Flow, SN Computer Science, Volume 4, Article 382,
2023.

10. Ferdows M., Bangalee M.Z.1., Similarity Solution on MHD Boundary Layer Over Stretching Surface Considering
Heat Flux, International Journal of Heat and Technology, VVolume 34, Issue 3, 2016, pp.425-432.

11. Sonawane P.M., Timol M.G., Group theoretic transformation technique for MHD viscous fluid with heat transfer
over a non-linear porous surface, Journal of Dynamical Systems and Geometric Theories, Vol. 21(2), pp. 101-
111,2023.

12. Darji R.M., Timol M.G., Similarity treatment for MHD free convective boundary layer flow of a class of Non-
Newtonian Fluids, FME Transactions, Vol. 44, No 2, pp.197-203,2016.

85



