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Abstract

The current paper examines how a transverse magnetic field influences stability of the boundary layer
flow in viscous electrically conductor fluids. The magnetohydrodynamic (MHD) effects are the products
of the interaction between induced electric current and applied magnetic field, which leads to a Lorentz
force which influences flow behavior in a significant way. Theoretical analysis is conducted on the basis
of the boundary layer approximations and the theory of linear stability. The nonlinear partial differential
equations governing are formulated and linearized by adding small disturbances to the base flow which
are infinitesimal in nature. The stability equations obtained illustrate how the magnetic field is a
stabilizing process that inhibits velocity perturbation and slows the process of laminar-turbulent
transition. The effect of the magnetic interaction parameter on the stability of the boundary layer is also
discussed. Its outcomes have practical significance in the MHD flow control, metallurgical processing,
and cooling systems of liquids and metals.
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Introduction:

Boundary layer stability is one of the pillars of both classical and modern fluid mechanics, because it is
one that directly controls the process by which fluid flow changes to turbulent flow. This transition has
a significant effect on momentum transport, heat transfer, surface friction, and energy losses of real flow
systems. When dealing with electrically conducting fluids, e.g. liquid metals, plasmas, molten salts and
electrolytes, fluid behavior is much more complicated because there is a coupled effect between the fluid
flow and the electromagnetic fields. As such a conducting fluid flows under the influence of a magnetic
field that is exerted on it externally, electric currents are generated in the fluid. These induced currents
move in response to the magnetic field producing a Lorentz force, which works against the movement of
the fluid and changes the configuration of the boundary layer.

There has thus been an immense interest in magnetohydrodynamic (MHD) boundary layer flows due to
their wide application in engineering, industrial, and geophysical applications. Such examples as the
electromagnetic flow control in metallurgical processing, dissipation of flow instabilities in liquid-metal
cooling systems of nuclear reactors, stability of plasma flows in fusion devices, and the study of the
astrophysical and space plasma phenomena are important. Another identifying aspect of MHD flows is
that the magnetic field has a stabilizing effect, and it will tend to calm the velocity variations and suppress
the growth of disruptions that cause the initiation of turbulence.
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Classical hydrodynamic stability theory states that viscous boundary layers are in fact very sensitive to
small disturbances as a result of environmental noise, surface roughness, or upstream disturbances. When
these perturbations are given good conditions, they can increase exponentially making it this way causing
instability and finally resulting to turbulence. Nevertheless, under the influence of a magnetic field, the
properties of the stability of the boundary layer are essentially altered. An extra resistive mechanism that
inhibits cross stream motion and decreases the energy to be used in disturbance growth is presented by
Lorentz force. Consequently, the onset of turbulence is postponed and the laminar flow regime is
maintained at a broader set of operating conditions.

Inspired by these factors, the current paper will conduct thorough theoretical research on how a transverse
magnetic field affects the stability nature of a boundary layer flow in a viscous electrically conducting
fluid. The analysis is formulated in the context of classical theory of boundary layer theory accompanied
by the linear stability analysis to study the nature of behaviour and development of small disturbances
overlying the base flow in a systematic manner. Special attention is drawn to the mechanism by which
the mutual action of the induced electric currents and the magnetic field applied to it result in the
appearance of Lorentz forces which change the growth or attenuation or inhibition of instability modes
in the boundary layer. The study will use this method to explain the underlying physical processes that
occur in magnetohydrodynamic systems to cause magnetic damping and stabilization of flow. The given
knowledge gained during this study is likely to contribute to the better theoretical performance of the
MHD boundary layer stability and to the formation of the effective magnetic flow control methods.
Moreover, the findings present useful recommendations towards the design, optimization, and safe
operation of engineering systems concerned with electrically conducting fluids, which includes liquid-
metal cooling systems, electromagnetic processing systems as well as MHD energy conversion systems.

Physical Model and Assumptions

The mathematical modeling of the current problem is constructed within a complex of simplifying
assumptions, which are usually assumed in the study of magnetohydrodynamic flows on the boundary
layers. The assumptions allow the flow to be treated tractably without sacrificing the key physical
characteristics of the flow.

To begin with, the fluid is supposed to be incompressible, viscous and an electrical conductor. In
compressibility assumption means that the change of density is minimal which is true in the cases of
liquid metals and low velocity plasma flows. Viscous effects are carried along to effectively represent
the process of formation and development of the boundary layer in the proximity of the solid surface.
The fluid has electrical conductivity that enables it to interact with the applied magnetic field resulting
in magnetohydrodynamic effects in form of induced electric currents.

Secondly, the flow is steady, two-dimensional and laminar. The steady-state assumption means that the
flow variables are independent of time, and it is suitable to flow in the fully developed boundary layers
with constant operating conditions. Two-dimensionality Two-dimensionality presupposes that changes
in the spanwise direction are insignificant relative to streamwise and normal direction. The laminar flow
assumption is made because the main aim of the research is to examine the stability of the boundary layer
prior to the transition to turbulence taking place.

Third, a uniform magnetic field is exposed in such a way that it is perpendicular to the direction of the
fluid movement. This is a common configuration of transverse magnetic field used in MHD studies due
to the Lorentz force which produces the Cp of the fluid motion which is antiparallel to the movement
motion. The fact that there is a uniformity of the magnetic field simplifies the mathematical formulation
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of the magnetic damping effects and makes a clear interpretation of the magnetic damping effects on the
stability of the boundary layer.

Fourth, the magnetic field induced by the movement of the conducting fluid, is assumed as non-existent
as compared to the applied magnetic field. The assumption can be associated with low magnetic Reynolds
number, which is characteristic of most liquid-metal and electrolyte flows that are utilized in engineering.
In this case the magnetic field is basically unaffected by the fluid motion, and the equations of Maxwell
are no longer coupled with the equations of momentum.

Lastly, the pressure gradient across the flow direction is considered as negligible. This is equivalent to a
zero-pressure-gradient boundary layer e.g. flow over a flat plate with uniform free-stream velocity. This
is an assumption that enables one to stick to the joint influences of viscous and magnetic forces on
stability of flows without introducing any further complexity induced by negative or positive pressure
gradient.

These assumptions combined give a physically realistic but mathematically treatable model of studying
the effect of a transverse magnetic field on boundary layer stability in viscous conducting fluids.
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Figure 1: Schematic Diagram of MHD Boundary Layer Flow

Figure 1 illustrates the flow of a viscous conducting fluid over a flat plate under the influence of a
transverse magnetic field.

Governing Equations

Under the boundary layer approximations, the flow of an incompressible electrically conducting fluid
subjected to a transverse magnetic field is governed by the continuity and momentum equations. These
equations describe the conservation of mass and linear momentum within the thin boundary layer region
formed adjacent to the solid surface.

The continuity equation for two-dimensional incompressible flow is given by

au av

ax 6y M

Copyright@ijarets.org Page 41


http://www.ijarets.org/
mailto:editor@ijarets.org

International Journal of Advanced Research in Engineering Technology and Science ISSN 2349-2819
www.ijarets.org Volume-4,Issue-9 September-2017 Email- editor@ijarets.org

where uand wvdenote the velocity components in the streamwise (x) and normal (y) directions,
respectively. This equation ensures mass conservation and implies that any variation in the streamwise
velocity must be compensated by a corresponding change in the normal velocity component.

The momentum equation in the streamwise direction, accounting for viscous and magnetic effects, is
expressed as
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The two words in the first position on the left-hand side of this equation are the convective acceleration
of the fluid in the boundary layer. The former is the acceleration due to spatial change of velocity in the
direction of movement and the latter is that of the transportation of momentum, perpendicular to the
surface.

The first term on the right hand side is viscous diffusion of momentum where 9 is the kinematic viscosity
of the fluid. This term is credited with development of the boundary layer and is what controls the velocity
of transfer of momentum between the free stream and the fluid lying near the wall.

The last term of equation (2) is the Lorentz force caused by interaction of induced electric current and
applied magnetic field. In this case 33 denotes the electrical conductivity of the fluid, B O represents the
strength of the homogenous transverse magnetic field, and 33 denotes the fluid density. This is an
opposite electromagnetic force which acts in the opposite direction of fluid movement and acts as a
damping or resisting force. The existence of it decreases the velocity in the boundary layer and depresses
the development of the velocity disturbance, hence having a stabilizing effect on the flow.

the combination of equations (1) and (2) is the basis of a mathematical analysis of magnetohydrodynamic
boundary layer flows. They both define the fundamental balance between inertial, viscous, and
electromagnetic forces and the foundation of further stability analysis of viscous conducting fluids under
magnetic field action.

Non-Dimensional Formulation

To simplify the governing equations and to identify the relative importance of the physical parameters
involved, the momentum equation is transformed into a non-dimensional form. This is achieved by
introducing the following dimensionless variables:
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where Lis a characteristic length scale along the flow direction and U,,denotes the free-stream velocity.
The scaling for the normal coordinate yreflects the characteristic boundary layer thickness, which
depends on both viscous effects and the streamwise length scale.

Substituting the dimensionless variables defined in equation (3) into the dimensional momentum
equation (2) and simplifying, the non-dimensional momentum equation governing the boundary layer
flow is obtained as
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In this form, the equation clearly highlights the balance between inertial, viscous, and electromagnetic
forces within the boundary layer. The convective acceleration terms on the left-hand side represent the
transport of momentum due to fluid motion, while the first term on the right-hand side corresponds to
viscous diffusion of momentum in the direction normal to the surface.

The dimensionless parameter M, defined as

is referred to as the parameter of magnetic interaction. It is a ratio of the strength of the electromagnetic
forces to the inertial forces in the flow. Mquantifies the physical distances through which the
implemented magnetic field affects the fluid movement using the Lorentz force.

When the value of Mcorresponds to an increase in the strength of the magnetic field or an increase in the
electrical conductivity of the fluid, magnetic damping increases. A strong force on the fluid is the Lorentz
force, and therefore, as Mincreases, velocity decreasing in the boundary layer and velocity fluctuation
are suppressed. This therefore means that the magnetic interaction parameter is a determining factor on
the stability properties of magnetohydrodynamic boundary layer flows.

The non-dimensional model used here gives a convenient way of studying the stability of the boundary
layer and helps to understand clearly the implications of the strength of magnetic field on the viscous
conducting fluid flows.

Base Flow and Disturbance Formulation

To investigate the stability characteristics of the magnetohydrodynamic boundary layer, the total velocity
field is decomposed into a steady base flow and a superimposed small disturbance. This decomposition
allows the evolution of infinitesimal perturbations to be examined and forms the foundation of linear
stability analysis. Accordingly, the velocity components are expressed as

u=UW)+eu'(x,y,t),v==¢ev'(xyt) (6)

where U(y)represents the steady base flow velocity profile, u'(x,y,t)and v'(x,y,t)denote the
disturbance velocity components in the streamwise and normal directions, respectively, and ¢ « 1is a
small parameter characterizing the amplitude of the disturbances.

Substituting the decomposed velocity field given by equation (6) into the governing continuity and
momentum equations (1) and (2), and neglecting higher-order terms of 0 (&?2), yields a set of linearized
equations governing the evolution of the disturbances. This linearization procedure is justified under the
assumption that the disturbances remain sufficiently small so that their nonlinear interactions can be
ignored during the initial stages of instability development.
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As a result, the linearized disturbance momentum equation in the streamwise direction is obtained as
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The term in the first position on the left hand side of equation (7) is the time derivation of the disturbance
and the second term represents the convection of disturbances by the base flow. The third term is the
result of the combination of the normal disturbance velocity and the base flow shear and is significant in
the amplification of the perturbations in classical mechanisms of boundary layer instability.

The first term on the right-hand gives the viscous diffusion of the disturbance, which is the effect that
damps perturbations by loss of momentum. The last term is the Lorentz force which acts on the
disturbance field because of applied magnetic field. This electromagnetic damping is the antithesis of the
disturbance motion and therefore it considerably inhibits the increase of the velocity fluctuations.

The addition of the magnetic damping term on the linearized disturbance equation shows clearly how
stability traits of the boundary layer are altered by the applied magnetic field. The magnetic field increases
the stability of the flow and postpones the switch of the laminar flow to the turbulent flow in viscous
conducting fluids by supplying less energy to the disturbance growth.

Stability Analysis

To further analyze the stability behavior of the boundary layer flow, the disturbance quantities are
assumed to take the form of normal modes. This classical approach enables the conversion of the
linearized partial differential equations into ordinary differential equations and allows the temporal
growth or decay of disturbances to be examined. Accordingly, the streamwise disturbance velocity is
expressed as

u'(x,y,t) = a(y)exp [i(ax — wt)] ®)

where #i(y)is the amplitude of the disturbance as a function of the normal coordinate y, ais the real wave

number in the streamwise direction, wis the complex angular frequency, and i = v/—1. The real part of
wrepresents the oscillation frequency of the disturbance, while its imaginary part determines whether the
disturbance grows or decays with time.

Substituting the normal mode representation given by equation (8) into the linearized disturbance
equation (7), and introducing the differential operator D = d/dy, the governing stability equation can be
written in the form

U
(vD*—iw M)u+laUu+vdy—0 9)

This equation is used to model the development of infinitesimal perturbations in the
magnetohydrodynamic boundary layer. The first term is a summation of effects of viscous diffusion and
temporal variation of the disturbance whereas the second term is the interaction between the disturbance
and the base flow by streamwise convection. The third term indicates the effect of the shear of the base
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flow on the growth of disturbances which is one of the major mechanisms that make classical theory on
the boundary layer unstable.

The magnetic interaction parameter M is explicitly present in the form of a damping term in the stability
equation. Physically, the term is used to denote the situation where the applied magnetic field exerts a
resistive Lorentz force on the disturbance field. Its existence lowers the strength of the velocity
perturbations and prevents the expansion by robbing kinetic energy of the flow. The greater the value of
Mincreases, the greater is the electromagnetic damping, and the more stable the boundary layer is.

Therefore, the presence of the magnetic term essentially changes the stability properties of the flow that
proves that the application of a transverse magnetic field is an effective process of suppressing
instabilities and postponing the onset of turbulence in viscous conducting fluids.

Results and Discussion

This analysis shows clearly that the applied magnetic field decisively influences the change in the
stability properties of the flow in the boundary layer. The stronger the magnetic interaction parameter the
stronger is the Lorentz force caused by the interaction between the induced electric current and the
applied magnetic field. This is the counteraction force of electromagnetic force to the motion of fluid,
which practically suppresses the enhancement of velocity perturbations in the boundary layer. As a result,
the rate at which unstable modes grows is slowed down resulting in an increase in stability in the flow.

Among the greatest results of this stabilizing mechanism is the retardation of the passage of a laminar to
a turbulent flow. This raises the critical Reynolds number at which instability can be achieved, thus
lengthening the laminar flow field of operating conditions. This is especially beneficial in systems that
require slower turbulence, e.g. the minimization of frictional losses, or regulation of heat transfer rates
or the maintenance of uniform flow properties.

Physically, one can attribute the stabilizing influence of the magnetic field to the fact that it is resistant
to the motion of fluids in a direction perpendicular to the direction of the applied field. This resistance
kills cross-stream velocity components that play a central role in the wave of instability
development/enhancement in classical-boundary layer flows. The magnetic field reduces the shear-based
processes by which instabilities are generated and energy is transported between the base flow and the
disturbances by reducing these transverse motions.

The magnetic field stabilizing effect is particularly strong in highly electrically conductive fluids like
liquid metals and molten alloys. In these fluids, relatively weak magnetic field magnets can develop
significant Lorentz forces, and the disturbances can be strongly magnetically dampened. This leads to
the realization of magnetohydrodynamic effects as a potent evaluation instrument in the regulation of the
boundary layer behavior in technologically significant systems of the conducting of electric fluids.

Engineering Significance

The control of boundary layers using magnetic fields has a considerable practical implication in a broad
scope of engineering and industrial systems that use the electrically conducting fluids.

Generally in fast breeder nuclear reactors and other advanced energy systems, liquid-metal cooling
systems make use of magnetic fields to reduce flow instabilities and turbulence in the coolant. The
stabilization of the boundary layer will lead to better control of the heat transfer, minimize the fluctuations
of the pressure and will also increase the overall safety and reliability of the cooling. Magnetic damping
is used to reduce erosion and thermal fatigue of structural components also.
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Applied magnetic fields can be a useful non-intrusive approach to flow control in electromagnetic flow
control to control fluidic flow without physical interaction. Magnetic fields, by preferentially damping
the velocity variations, can be used to control the pattern of flows, minimize undesired oscillations and
enhance uniformity in flows. This is particularly useful in microfluidic devices, MHD pumps, and
systems used in flow measurements where practical mechanical control methods are not possible.

Boundary layer stabilization plays a very important role in metallurgical processing such as continuous
casting, crystal growth and molten metal refining in order to obtain high quality products. The magnetic
fields are extensively applied in the control of flow by molten metal, suppression of surface instability
and minimization of defects induced by turbulent variations. The improved solidification control,
homogeneity of material properties as well as increased production efficiency are as a result of improved
stability offered by magnetic damping.

In magnetohydrodynamic (MHD) power production, to effectively convert energy, it is necessary to
maintain constant flow conditions. The boundary layer of the conducting working fluid is stabilized by
application of magnetic fields and therefore decreases the energy losses to turbulence and enhances the
efficiency of electrical output. Controlled flow behavior can also help in the long life cycle of system
components through reduction of mechanical and thermal stresses.

In general, the success of magnetic fields to stabilize boundary layers is a strong and generalizable device
to optimize the performance and efficiency, and safety of systems utilizing viscous conducting fluids in
a wide range of technological uses.

Conclusion

Transverse magnetic field Theoretical investigation In this paper, the effect of transverse magnetic field
on the stability of viscous flow in electrically conducting fluids has been investigated theoretically. The
equations governing the magnetohydrodynamic governing equations of the boundary layer were
formulated systematically in an appropriate set of simplifying assumptions and a linear stability analysis
was used to analyze the development of infinitesimal disturbances imposed on the base flow. It can be
determined that the magnetic field used creates a Lorentz force, which is considered an effective resistive
mechanism, inhibiting the development of velocity disturbances in the boundary layer, and, as a result,
increasing the overall flow stability. It is noted also that the stabilizing effect of the magnetic field
increases increasingly with the magnetic interaction parameter which is the dominance of
electromagnetic forces to inertial effects. This leads to a very long delay in the laminar to turbulent
transition, and this increases the operating range at which the system can operate well. These results
emphasize the usefulness of magnetic fields as a potent and non-intrusive technique to control flow
instability and control boundary layer behavior in a broad spectrum of uses of viscous conducting fluids.
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