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Abstract

From the mathematical point of view the described laminar boundary layer flow has become one of the
most fundamental problems of the fluid mechanics and applied mathematics because of its broad
application to various engineering and industrial problems (Schlichting & Gersten, 2017). Basic boundary
layer theory established the basis for manipulating the fully developed flow in the vicinity of any solid
surface effectively where the viscosity dominates and the velocity profiles are established. It has
traditionally been applied to analyses the drag forces, heat transfer and flow stability within many
engineering systems. Commonly the fluid flows occur in the presence of magneto hydrodynamic influences
due to the applied external magnetic field (Cramer & Pai, 1973).

This work aims to present the mathematical model of several laminar boundary layers flows with and
without effect of magnetic field used in the compilation of the series of studies made by Schlichting &
Gersten (2017). This previous works note on the the derivation of the required governing equations,
boundary condition, non-dimensional parameters, analytical transformations and physical interpretation of
the flow parameters for several flow conditions.

This paper demonstrates how magnetic fields introduce the extra braking Lorentz Force that will slow the
flow, producing a significant contrasting flow pattern and boundary layer thickness (Cramer & Pai, 1973).
This paper affirms the use of mathematical modeling as an appropriate analytical approach to describe the
fluid flow occurrences tied to laminar flow zones, heat transfer, industrial operation, thermally driven
systems and electromechanical fluids (Schlichting & Gersten, 2017).

[JCRT25A1390 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | j484


http://www.ijcrt.org/

www.ijcrt.org © 2025 IJCRT | Volume 13, Issue 12 December 2025 | ISSN: 2320-2882

Keywords: Laminar Flow, Boundary Layer, Mathematical Modelling, Magneto hydrodynamics, Magnetic
Field, Fluid Mechanics, Thermal Transport, Similarity Transformation, Viscous Flow, Applied Mathematics

1. Introduction

The boundary layer flow at the jet exit is perhaps the greatest scientific breakthrough in the fields of fluid
mechanics and applied mathematics during the twentieth century. Since the work by Ludwig Prandtl on
boundary layer theory, the science of viscous-dominated flow at a solid surface has been fully understood
(Schlichting & Gersten, 2017).

Characterizes the evolution of velocity profiles, shear stresses and momentum flux which occurs in a thin
stratum of fluid near a solid wall. In engineering systems featuring aerodynamic surfaces, cooling channels
turbines heat exchangers, ducts and industrial transport mechanisms, boundary layer shaped convergence
estimations are used for designing of the components for best performance. Boundary layer theory is also
an essential part of achieving drag reduction, maximizing heat transfer and flow separation in thermal-
fluid systems of great practical interest.

The laminar boundary layer flow is when fluid particles flow smoothly in layers upon layers without any
turbulent mixing of neighbouring fluid particles. Such flows generally occur on somewhat lower Reynolds
numbers because of the dominance of viscous forces over inertia forces. Mathematical descriptions of
laminar flows enable engineers and scientists to predict parameter such as the velocity profile, wall shear
stress, pressure gradient and thermal characteristics at different operating conditions (White, 2016). These
predictions are essential for optimizing fluid flow heat transfer effectiveness of engineering devices with
known flow conditions

Magneto hydrodynamics is also an important subject for many engineering systems-and processes today.
For instance, liquid metals, ionized gases and plasmas are common as electrically conducting fluids. These
fluids are commonly subjected to externally imposed magnetic fields to produce various magneto
hydrodynamics effects on heat transfer, momentum transfer, and boundary layers formations (Davidson,
2016). Due to the strength of the electromagnetic forces applied, the magnetic field is used to have a
retardation of the flow when affecting the effective velocity distribution or wall mass friction; or to
influence the boundary layer thickness. Metallurgical, nuclear reactor plasma cooling system, and
aerospace systems involving conducting fluids can all apply.

This present paper deals with the mathematical modeling of the laminar boundary layer flow problems with
the effect of magnetic field for the flow with the and without is discussed. The theoretical similarity
dimensionless parameters and physical understanding of the flow occurrences is emphasized. Special focus
is given to the role of viscous, inertial, and electromagnetic forces in stabilizing the flow, heat transfer rates
and boundary layer development.

2. Literature Review

Boundary layer theory was a seminal work introduced by Prandtl in 1904. It was a ready yet powerful
means of launching our understanding of viscous flow at a solid surface where the effects of friction
become important. Boundary layer theory changed Really our understanding of fluid mechanics as it
partitioned the flow field into a viscous region and an in viscid one and many of the more complicated flow
problems are simplified by boundary layer concepts (Frisch et al. 2001). An analytical solution for the
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laminar boundary layer over a flat plate was deduced by Blasius, which is still one of the most classical
solutions in the basin of fluid mechanic today (Blasius, 1908).

Later research shows that boundary layer theory was extended to new flows such as those with heat
transfer, convection produced by buoyancy; flow through porous media and in non-Newtonian fluids.
Conduction due to mass transfer prompted research into magneto hydrodynamic flow due to its
applications in nuclear reactors, plasma physics, metallurgical applications and electromagnetic propulsion
(Cramer & Pai, 1973). New models were created to examine transport coefficients, heat transfer
coefficients and electromagnetic properties of boundary layers. These theories still form an integral part of
research into fluid mechanics, heat transfer and applied physics.

Numerous researchers have used various analytical and numerical method to solve MHD boundary layer
equations which are similarity solutions, perturbation method, finite difference method and spectral method
(Davidson, 2016). These methods have helped in enhancing our knowledge and increase our capability to
obtain various physical system like velocity profile, boundary layer value and heat transfer coefficient and
momentum transfer (ship number) using these methods. They ultimately assisted thermal engineer to
analyse complex electromagnetic fluid flow interactions in different physical systems.

3. Physical Model and Assumptions

The physical model in this analysis is a semi-infinite flat plate subjected to a steady viscous incompressible
flow. Plate is parallel to the x -axis direction, while y- axis is perpendicular to the surface of the plate.
When flowing over in the plate, the viscous effect exists predominantly in the boundary layer where the
flow is laminar. This simple physical model has been used in the study of the velocity distribution in
boundary layer, shear stress on the surface of plate and the size of the boundary layer (White, 2016). The
following assumptions are considered:

e The fluid is incompressible.

e Flow is steady and laminar.

« Boundary layer approximation is valid.

o Fluid properties remain constant.

« Viscous dissipation is neglected.

e The magnetic field is uniform and transverse to the flow.

e Induced magnetic field is neglected due to low magnetic Reynolds number.

These assumptions simplify the governing equations while preserving the essential physical behaviour of
the system.

4. Governing Equations without Magnetic Field

The boundary layer equation in the case without magnetic field is obtained for velocity distribution, the
pressure gradient over and boundary layer growth over a solid surface, using the conservation of mass and
momentum of viscous incompressible flow ( White, 2016). Without the magnetic effects, the flow field is
dictated just by the inertia, viscous and pressure. That is a reason why the mathematical treatment of
laminar boundary layer system may be simplified. The mathematical formulation begins with the
conservation laws of mass and momentum.
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4.1 Continuity Equation

For two-dimensional incompressible flow:

ou/ox + ov/oy =0

Where u and v represent velocity components in x and y directions respectively.
4.2 Momentum Equation

The boundary layer momentum equation is expressed as:

u (0u/0x) + v (0u/dy) = v (¢*u/0y?)

Where v represents kinematic viscosity.

This equation describes the balance between convective momentum transport and viscous diffusion.

5. Governing Equations with Magnetic Field

The equations tied to the problem with magnetic field are derived through adjusting the equations of a
electrically conducting liquid, that is, add the magneto-hydrodynamic effects to the classical conservation
laws of the mass and momentum equations of the electrically conducting fluid (Cramer & Pai, 1973). The
externally imposed magnetic field (electromagnetic) could produce a Lorentz force that is perpendicularly
to the fluid momentum in a fluid flow, and this can cause the variations of the velocity distribution,
momentum transfer and boundary layer thickness.

When an electrically conducting fluid is exposed to a transverse magnetic field, the-momentum equation is
modified by the Lorentz force term.

The MHD momentum equation becomes:
u (Ou/0x) + v (0u/dy) = v (62u/0y?) — (6Be*/p) u
Where:

e o = celectrical conductivity
e Bo=magnetic field strength
e p = fluid density

The Lorentz force opposes fluid motion, producing a damping effect that reduces velocity and modifies
boundary layer thickness (Shercliff, 1965).

6. Similarity Transformation

It is a technique for reducing the complicated partial differential equations of boundary layer flow to a set
of linear ordinary differential equations (Schlichting & Gersten, 2017). To accomplish this, the method
suggested a set of non-dimensional variables a combination of flow parameters and spatial coordinate

[JCRT25A1390 \ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org ] j487


http://www.ijcrt.org/

www.ijcrt.org © 2025 IJCRT | Volume 13, Issue 12 December 2025 | ISSN: 2320-2882

called a similarity variable; This way, it simplifies the problem from more computational time-consuming.
Similarity transformation presents more effective method of investigation on velocity profiles, boundary
layer thickness or heat transfer characteristics than direct numerical integration while preserving the
physical similarity in laminar and Magneto hydrodynamic (MHD) flow system.

To simplify the governing equations, similarity variables are introduced.
n =y V(UNX)

The stream function v is defined as:

v =(vUx) f(n)

Substituting these transformations into the governing equations reduces the partial differential equations to
nonlinear ordinary differential equations.

For the non-magnetic case, the Blasius equation is obtained:
f"+0.5ff"=0

For the magnetic case:

"+ 0.5 = Mf' =0

Where M is the magnetic parameter.

These transformed equations form the basis for analytical and numerical solution methods.

7. Boundary Conditions

The boundary conditions are physical boundary conditions applied to the fluid-solid interface, and the free-
stream region to solve the boundary layer equations (White, 2016). On the plate surface we have the no-slip
condition which means that the velocity of the fluid is equal to the velocity of the plate. The other boundary
condition applies to the free-stream far from the surface where the fluid velocity is equal to the free-stream.
These boundary conditions must be applied to obtain unique mathematical solutions, useful to analyse the
velocity profile, shear stress and boundary layer development in the flow.

The boundary conditions for the velocity field are:

Atn=0:
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These conditions represent the no-slip condition at the plate surface and free-stream velocity far from the
plate.

8. Dimensionless Parameters

Eddy gquantum parameters are a set of non-dimensional parameters which describe certain properties of the
fluid flow and heat transfer character under the varying physical conditions (White, 2016). The units and
definition of some of these critical parameters are shown below. Among them, the Reynolds number,
Prandtl number and magnetic parameter, etc. are some of the most significant. Several dimensionless
parameters govern laminar boundary layer flow.

8.1 Reynolds Number

Re =ULN

The Reynolds number represents the ratio of inertial forces to viscous forces.

8.2 Magnetic Parameter

M = 6Bo’L/pU

This parameter measures the influence of magnetic field strength on fluid motion.
8.3 Prandtl Number

Pr=v/a

The Prandtl number governs thermal diffusion relative to momentum diffusion.

These parameters determine boundary layer behaviour under different physical conditions.

9. Solution Methodology

The method to find the velocity profiles of a laminar boundary layer problem is to formulate the set of
PDEs into a set of simple ODEs using the similarity transformation and non-dimensional parameters
(Schlichting & Gersten, 2017). The ODEs can be solved analytically or numerically with boundary
conditions to produce velocity profiles and details of the flow features like the boundary layer thickness.
For MHD fluids, extra magnetic parameters can be included in steady state boundary layer analysis method
to account for the effects of em. This method is a useful method to describe physical interpretation of
laminar boundary layer flows.

The transformed nonlinear ordinary differential equations can be solved using several mathematical
techniques.
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9.1 Shooting Method

Transformed to an initial value problem by the shooting method. It guesses the missing initial condition,
solves the initial value problem and then iterates the guess until the boundary condition satisfied (Burden &
Faires, 2011).

9.2 Finite Difference MethodThe finite difference method discretizes the computational domain into grid
points and uses numerical approximations of derivatives, presented as difference equations (Burden &
Faires, 2011). The method is capable of providing very accurate numerical solutions to the boundary layer
equations and the equations of fluid flow at boundary conditions. 9.3 Runge-Kutta Method

Runge-Kutta method is one of numerical methods that can produce more accurate solutions to nonlinear
differential equations by computing the several solution updates at each step of the integration (Burden &
Faires, 2011). For the boundary layer, the mathematical models are sometimes hard to solve by pure
mathematics so that it is needed to introduce the more precise computational solution.

9.4 Perturbation Method

Perturbation techniques are used to find approximate analytical solutions of non-linear differential
equations, where they are applied to systems with small parameters in the equations governing them
(Nayfeh, 2008). The methods are used to simplify fluid flow problems and provide analytical insight into
boundary layer occurrences.

These methods enable detailed analysis of flow behaviour under varying magnetic conditions.

10. Results and Discussion

From mathematical point of view, we find out that what we learn about the velocity profile, which favors
Much reducing trend with the one of magneto dynamic parameter (Cramer & Pai, 1973). The magnetic
field generates a force acting in the direction opposed to the flow, termed the Lorentz force, stops the
momentum transfer rate and the speed of the fluid in the proximity of the boundary layer (The magnetic
force made by the magnetic field surges A lot the power of magnetic interaction, displaying an enormous
criterion on fluid flow).

The wall shear stress increases with increasing magnetic field magnitude the boundary layer thickness
decreases with magnetic field magnitude. The effect is due to magnetic field posing an extra reluctance for
the fluid motion to occur preventing movement of the boundary layer by compressing the velocity
boundary layer. This effect is useful in many engineering processes utilizing EHD flows such as
metallurgical processing cooling plasma flows and electromagnetically driven transport systems.

In the case with no magnetic field then the classical Blasius solution is produced and the solution for a
smooth boundary layer velocity development is solved (Blasius, 1908). As with no magnetic field the
solutions produce a boundary layer velocity developing smoothly away from the surface of the plate.
Though because normal to the plate there is no slip the velocity is equal to zero at the surface and out from
zero it asymptotes out to the free stream value.
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The thermal analysis further shows that increasing the Prandtl number causes the thermal boundary layer to
become more efficient through a reduction in thermal diffusively (White, 2016). And as thermal diffusion
is lowered the heat transfer is focused in the vicinity of the solid boundary resulting in larger temperature
gradients. In the end these results show how magnetic fields can be used to control the flow structure, and
angular momentum transfer and thermal properties of electric conducting flows to influence engineering
performance, heat transfer and flow stability.

11. Engineering Applications

The thermal analysis reveals the same effect of the increased Prandtl number where the thickness of the
thermal boundary layer is thinned by the decrease of the thermal diffusivity (White, 2016). Due to this, the
bulk or net transfer of thermal energy is concentrated more proximate to the solid boundary by way of 2nd
shorting thermal diffusion and Also in the thing, the larger variation rate of temperature gradient.
Resultantly, the outcomes verify the importance of magnetic field on affecting the flow behavior,
momentum transfer and thermal characteristics of the fluid.

11.1 Aerospace Engineering

The boundary layer control can enhance the efficiency of aerodynamics, then the drag force of devices can
be reduced, and the flow separation can also be reduced, to improve the whole performances of the high-
speed engineering systems and devices, like airplanes, turbines and vehicles and so on, in the complicated
flow fields (Schlichting & Gersten, 2017).

11.2 Metallurgical Processing

Distinct control of the flow of molten metal during casting and solidification allows a major enhancement
of flow stability, heat transfer characteristics, even microstructure and the quality of the end product in
metallurgical and industrial manufacturing process (Davidson, 2016).

11.3 Nuclear Engineering

The idea of applying liquid metal in any method cooling system is to utilize the magneto hydrodynamic
flow control to control the fluid flow, to increase the enhancement of heat transfer, to sustain the thermal
stability, and to achieve the safe working condition in fission & fusion nuclear reactor and other
sophisticated thermal engineering application (Cramer &Pai, 1973).

11.4 Biomedical Engineering

The effects of applied magnetic field are applicable in targeted drug delivery, modeling the blood flow,
moving and transport of magnetic particles, and any other applications involving biomedical engineering
procedures that need the precise control of motion and flow of particles for dependable diagnosis and
treatment (Davidson, 2016).

11.5 Electronic Cooling

Improved flow characteristics in thermal-fluid analysis translates to improved thermal cooling of
microelectronic devices due to the emphasis on heat transfer reduction, cooling fluid flow properties,
temperature distribution and thermal management. This enhances device operation and efficiency
(Incropera et al. 2017).
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12. Advantages of Mathematical Modelling

o Provides analytical understanding of fluid behaviour.
e Reduces experimental cost.

e Supports optimization of engineering systems.

« Enables prediction under varying magnetic conditions.
o Improves thermal and fluid system design.

13. Limitations

« Simplifying assumptions may reduce practical accuracy.

« Nonlinear equations require advanced numerical methods.
o Complex geometries may not admit analytical solutions.

o Experimental validation is often required.

« Turbulence effects are excluded in laminar models.

14. Future Scope

In the future, laminar boundary layer models with the use of intelligent algorithms. With the evaluating
parameters strength based on the CFD, the Neural Network, hyper performance computing techniques in
the rank of the task, can give a far more integrated precision of flow fields analysis (Versteeg &
Malalasekera, 2007). More complex models can predict flow fields, provide solution strategies, take
decision to round proportionate synchronization with CFD, and power transmit automatically in
engineering designing process. Further research into magnetic field Nano fluids, non-Newtonian liquids,
multi-phase flow circulation can be encouraged by further development of the advanced multiphysics
numerical simulation approach in transport process.

The emergence of applications which require more sophisticated fluid control, increased heat transfer
efficiency and transport processes such as micro scale thermal systems, space engineering and biomedical
applications, will guarantee that these remaining areas of research in magneto hydrodynamic boundary
layer analysis (Davidson, 2016). As these applications develop, further improvements of the mathematical
models and computer simulations would enhance the way these future applications work.

15. Conclusion

This paper gives the complete mathematical analysis of laminar boundary layer flow problems whether the
effects of magnetic field are included or not (Schlichting and Gertsen, 2017). The basic mass and
momentum equations were derived as the fundamental laws of particle movement before the equations
were converted by the use of similarity variables so that the form of the equations is improved. This
conversion resulted in the boundaries layer equations into a convenient form where the flow behavior could
be investigated efficiently both analytically and numerically. It provided an excellent information about
boundary layer effect on velocity profiles and development.

The results obtained indicate that the magnetic fields tend to influence Really the velocity distribution, the
wall shear stress and the boundary layer thickness due to the Lorentz force effects (Cramer & Pai, 1973). In
the presence of the magnetic field an alternative form of resistance acts on the fluid in the flow, the effects
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of this (field of a variable strength) on the transport of momentum cause the changes in boundary layer
development. Magnetic field effects So modulate flow and fluid stability.

Evidence points to that the magnetic field contribution has large influence on the velocity distribution, wall
shear stress, and boundary layer thickness through the Lorentz force (Cramer& Pai, 1973). The provided
magnetic field amount adds additional resistance to the system to work against the flow, which affects the
transfer of momentum within the boundary layer. Changes to the magnetic field strength will cause large
change to flow characteristic.

To sum up, the results of this study indicate that mathematical modeling still remain an important
technique for the analysis of laminar flow in current engineering applications (Schlichting & Gersten
2017). The mathematical models established and verified in the work give useful knowledge about such
parameters as velocity profile behavior, boundary layer variation, heat transfer capacity and working fluid
stability that can be employed in circuit design. The inclusion of electromagnetic effects This way widens
the range of boundary layer theory applicability to practically all modern industrial and technological
processes (Cramer & Pai, 1973). Magnetic force offers for the manipulation of electrically conducting
fluids, and boundary layer theory has come to have a strong impact in many advanced fields, like aerospace
engineering, high-power metallurgy, nuclear cooling plants and plasma technology.
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