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Cylindrical Annular MHD Braking System with Joules
Heating and Dufour Effects
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Abstract

The present study has investigated Joules parameter significance on an axisymmetric whirling flow
within a cylindrical annulus, specifically focusing on an MHD braking system. The cylindrical annulus
braking system is packed lithium lid liquid (Pr = 0.015), aspect ratio = 2, and imposed to an axial heat
and magnetic field. In this study, the modified MAC pressure correction method has been used to solve
the mixed convection flow with double diffusion. In the presence of double diffusion condition, Dufour
effect at positive buoyancy ratio has been investigated. The conclusions exhibit Isotherms,
concentration, components of velocities owing to the occurrence robust axial magnetic field (Ha =30
and 100) and Dufour number (Df = 1 to 8) due to Joules number (J = I to 25). The presence of Joules
parameter on average Nusselt and Sherwood magnitude has been visualized in the presence of MHD
braking condition at positive buoyancy ratio. The presence of double diffusion causes the Dufour effect
to boost the Joule heating parameter, leading to a drastic magnification of heat and mass convection
within the MHD braking system, and the inverse is also true. With a tiny Joule heating parameter, the
Dufour effect's impact on heat and mass convection was negligible.
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INTRODUCTION
Researchers have explored the challenges of double diffusion flow in several disciplines, including
oceanography, metallurgy, and mantle convection (Huppert and Turner, [1]; Turner [2, 3]; Lister and
Buffett [4]; Simitev [5]). In addition, it has been cleared that the Earth's core exists in a state of
compositional buoyancy, distinguished by significant variations in temperature and concentrations of
light elements, which influence molecular diffusivity (Braginsky and Roberts, 1995). Focusing on its
practical applications, double diffusive conversion is gaining interest across various fields such as
astrophysics, geology, biology, and chemical engineering Nimmo [6]. The double diffusion flow is
significant due to its applications in cooling electronic equipment, building structures with multi -shield
in nuclear reactors, producing crystal formation,
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Recently, various studies have been carried out
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Bessaih et al. [15]. Bessah et al. [16] evaluated the reliability of a rotating flow with axisymmetric
nature in a cylindrical enclosure filled with lithium lid liquid with an aspect ratio (AR = 2).

They have made a stability diagram for the critical Reynolds number with an increase in Hartmann
number for different Richardson number. In the absence of magnetic field and heat flux, the rotating
flow in cylindrical annulus has been discussed by Dash and Sigh [17].

A detailed analysis has been undertaken with a significant number of simulations to find the
breakdown zones associated with one-vortex and two-vortex flows in steady lid-driven swirls motion
within a cylindrical annular cavity. Due to the occurrence of axial temperature gradient the change in
flow field in confined rotating flow have been discussed in Dash and Sigh [18,19,20] and Dash [21].
Convection heat flow with double diffusion in a revolving cylindrical annulus with tapering cap has
been discussed in Simitev [22]. He has visualized how a minor contribution from compositional
buoyancy alongside thermal buoyancy, or vice versa, can notably lower the critical Rayleigh number.
The examination of the unsteady mixed convection flow with double diffusion, incorporating Soret and
Dufour effects in a lid driven cavity has been investigated by Ghaffarpas and [23] where he inferred
that the presence of extra heat diffusion and Dufour effect due to natural convection influence heat
transfer by producing thermal eddies. Satheesh, et a/ [24] have discussed the impact of Joules parameter
along with Soret Number in a mixed convection flow due to double-diffusive in a closed square cavity.
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Figure 1. Diagram of revolving flow in cylindrical annular cavity MHD braking system, under the
control of axial magnetic field and axial temperature gradient.

An analysis of how Joules heating and the Soret number impact double-diffusive mixed convection
flow in a closed square chamber. The effect of Jouls heating on MHD flow in a vertical driven heat
conducting square cavity have been discussed by Chatterjee [25]. The effect of Jouls heating on MHD
flow in a vertical driven heat conducting square cavity have been discussed by Chatterjee [26].The
effect of Lorentz force on Rotating confined MHD flow in cylindrical cavity have been discussed in
Dash and Sigh [26, 27]. Related investigation have been carried out by Dash [28,29] where he has
discussed the Joules parameter impact on rotating MHD flows within a cylindrical container filled with
lithium lid liquid where MHD braking effects have been revealed. Sammouda and Gueraoui [30]
analyzed convective flow considering double diffusion of Al203-water Nano-fluid inside a porous
medium set within a cylindrical annular region formed by a pair of concentric cylinders; with areas of
discrete heat in their 2021 publication. Recently Dash [31] have discussed the impact of double
diffusion and Soret effect in a MHD braking system with an intensive magnetic field.
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None of these above studies have investigated double diffusion MHD rotating flow with Joule heating
effect parameters. Emphasizing the importance of a robust MHD force is essential, especially in
scenarios involving MHD braking within electrically conducting fluid flows (like liquid metals) in
nuclear reactor cooling systems, which are influenced by Joule heating and double diffusion caused by
conducting walls and electric potential. The aforementioned literature review emphasizes an absence of
studies on double diffusion caused by Joule heating within MHD braking systems, which has created
an interest in investigation in the present research work.

NUMERICAL FORMULATION

This investigation looks into a cylindrical annulus cavity that is filled with an incompressible, viscous
metallic fluid, characterized by a Prandtl number of 0.015, and influenced by both an axial magnetic
field and an axial temperature gradient, Fig 1. Lithium-lead was picked for use as a working fluid in
fusion reactor blankets because it serves as a tritium breeder and neutron multiplier, while also
possessing beneficial thermo physical properties.

Prandt number(Pr) is not only a non- dimensional number but also property of fluid as well as fiction
of temperature. With a low Prandtl number (Pr) of approximately 0.015, liquid lead-lithium exhibits a
realistic characteristic of liquid metals, indicating that conduction, rather than convection, is the main
method of heat transfer.

The upper and base cover, outer rotating disk and inner stationary disk surfaces barking system are
equipped with material that have the ability to conduct both electricity and heat; whereas the rest portion
of outer cylinder of the cavity is insulated. Due to the conducting material surfaces of this braking
system, in this mathematical simulation heating by Joule parameter is considered.

Governing Equations
Throughout the study, all fluid characteristics retain their consistency, with the exception of density.
Using the Boussinesq approximation, the density has been computed according to the equation; (1) and

2).

p =poll =BT —T¢c) = Bc(C—C)l (1
Where: g = —:—O(Z—g)P'C, B =- (g—Z)P'T 2)

Considering the Boussinesq approximation, along with the combined effects of Soret number and
heating due to Joule parameter, in the nonexistence of viscous dissipation; the non-dimensional
governing equations are (Egs. 3-7).

Mass Conservation:

10(ruy) % _
R gm0 ®

Conservation of Momentum in radial direction:

ou,

100ruyuy) | Ouu,) u§ _ dp 1 [6 (1 oru, azuz) Ha? ]
ot r or + 0z r  9r Re + Fiy (4)

or \r or 9z2 Re

Conservation of Momentum in axial direction:

duy  10(ruyuy) |, 0(uzuy)) _ 9p | 1 [10 ( Oru, 2%u, H_a2 .
?-'_; ar t 0z - 6z+Re[r6r(r 6r)+6zz]+Re FlZ+R1X(T+NC) (5)

Conservation of Momentum in Azimuthal direction:

dug |, 10(ruyug) , 9(uzug) , Uyug _ 1 [6 ( arug) azug] Ha?
at +r or + 0z + r  Relor r or + 0z2 + Re Fie (6)
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Energy Equation:
or | 10w T) | 0@,T) | 1 [10 ( 0Ty 9T 2 pug] 4 2L (L2 (5 20) 4 26)
6t+r ar + 0z _RePr[rar(rar)+6zz] +]x[ur+u9]+Re ror rar +622 (7)
Concentration:
% | 10e) | 00 L [10(0¢) o] sr (10 (. om) o'
6t+r or + dz  ReSclror Tar +622 +Re ror rar +622 (8)
i i 10 (00 20 up , Jup
Equation for Magnetic Flux: e (r ar) t52=5 15, )]
Where the equations for Lorentz forces are given as;
In radial direction F;,- = —u,. (10-a), in axial direction F;, = —u,. (10-b) and in Azimuthal direction
D .
Fl@ =% Ug (10-0)
Velocity, Temperature, Mass concretion and magnetic field Boundary Conditions:
On outer surface of inner vertical Brake Disk:
Top Portion: 7 = 0.1,15 <2< 2.0,u, = 0,ug = 0,u, = 0,2°= 0,5 =0 =0 (11-a)

Middle Portion: 7 = 0.1,0.5 <z < 1.5,u, = 0,ug = 0,u, = 0,7 =1.0,5=0,22=0  (11-b)

o0T dc 0P

Bottom Portion: r = 0.1,0 <z < 0.5,u, = 0,ug = 0,u, = O'E = 0,5 = O'E =0 (11-¢)
On inner surface of outer vertical Brake disk:
Top Portion: 7 = 1.0,1.5 <2< 2.0,u, = 0,ug = 0,u, = 0,2 = 0,5 =0, =0 (12-a)

r?

Middle Portion: 7 = 1.0,0.5 <z < 1L.5,u, = 0,up = QX r,u, =0,T =00, =0, == (12-b)

Bottom Portion: 7 = 1.0,0 £z < 05,1, = O,ug = O,u, = 0,2 = 0,5 =0,22 = 0 (12-a)
On the bottom Cover:
z=00.1<r<10,u =0,up =0,u, =0,Ty = Sin(r), == = 0,22 =0 (13)
On the Top Cover:
z=h01<r<10,u =0,up=0,u, = 0,Tp = Sin(r), = = 0,= 0,2 =0 (14)
oT
Nu=—(5) (12)
Nugye = —7 [ Nudr (15)
dac
sh=—(%) (14)
Shavg = —=J Shdr (16)

The Solution Procedure

In order to get the solution of the incompressible Navier-Stoke equation, the current numerical
method employs the modified MAC approach, which are described in detail in a study by Chorin [32]
and Peyter and Taylor [33]. Also my preceding articles, Dash and Singh [26] and Dash and Singh [27],
have been discussed the convergence criteria in detail. To solve the momentum equations for radial and
axial directions in the meridional plane, a pressure correction method is employed. The resolution
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between the nth time level and the (n+1)th time level is handled explicitly, yielding a velocity field that
may or may not meet the mass conservation (i.e. equation for continuity) requirements. This challenge
is solved by utilizing a pressure correction approach for each cell, which corrects the pressure and
velocity components in a stepwise manner, guaranteeing that the final pressure distribution results in
a zero velocity divergence in every cell. This process will repeat until the divergence of velocity in
every cell is below the designated maximum limit, established as 0.000001 for the current research.

The steps required to tackle the governing equations, along with the concentration ratio equation
relevant to double diffusion flow, have been discussed in my current publication Dash [31, 2025].

Code validation: The findings of present simulation at the parameters of Reynolds number Re =
900, Prandtl number (Pr = 0.015), Richardson number Ri = 1 and Hartmann number Ha = 5 for aspect
ratio AR = 2.0, as align closely with those of [Mahfoud and Bessaih, 2012a, 16] demonstrated in Fig 2.

—4)—— Present

[Mahfoud and
# Bessaih, 2012]

Re=900,Ri=1.0, Pr 0.0.15
Ha5, AR

1.5

0.5

0 0.1 0.2 0.3
Radial Component of Velocity

Figure 2. (a) Ri=1, Re =900, Pr =0.015, Sr =0, Df = 0, Ha= 5 and AR =2.0.

The stability of rotating flow in a confined cylindrical cavity has been experimentally investigated
by Escudier [34] depends upon aspect ratio as well as Reynolds number in absence of heat transfer and
magnet force. My previous investigation Dash and Sigh [27] shows the influence of MHD on stability
in Aspect ratio-Reynolds number zone. At AR =2, Re = 1000, the flow is steady. In the present
investigation, the influence of double diffusion, Joules heating due to a strong magnetic field has been
further considered. The selection of AR =2 is often defended on the grounds that it reflects a transitional
regime showcasing sophisticated, three-dimensional flow phenomena, such as vortex breakdown and
different instabilities.

The grid independence test has been carried out for three different grids i.e. 100X200, 150X300 and
200X 400 having aspect ratio AR =1.0. It has been visualized from Fig (2-b) (i) and (ii) that the change
in magnitude of Azimuthal and radial components of velocities are insignificantly change due to grid
independence test
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Figure 2. (b) At Re = 1000, Ha = 25, Ri=0.015, Pr= 0.015, Sc=5.0, NC= 2, Sr =0.25, Df =7.0, J=
1.0 at different grids.

RESULTS AND DISCUSSION

The unsteady flow field due to the presence strong joules heating at higher Dufour effect at Re =
1000, Pr=0.015, Ri=0.015 at lower Hartmann strength Ha =30 within the MHD braking system shown
in Fig 3. Due to intensified Joules effect the developed unsteady flow field can be seen all three
components of velocities.
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Figure 3. Effects of Joules heating on double diffusion fluid: Re = 1000, Ha = 25, Ri=0.015, Pr=
0.015, Sc=5.0, NC= 2, Sr=0.25, Df =7.0 at different Joules heating parameters.
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The profiles of velocity components presented in Fig 4 demonstrate how the Joules heating parameter
impacts the flow field in the MHD braking system. It can be observed that as the Joules heating
parameters in (J = 5 to J = 15) increase, the increase in the magnitude of both the radial and azimuthal
components of velocity becomes insignificant when compared to the axial component of velocity.

Because of this axial magnetic field strength existence, the Lorentz fore in along the axial direction
disappears and it has no controlling effects on flow field on the other hand the increasing Joules heating
parameter develops more bouncy effects both of heat and mass. Hence, the axial component velocity
enhances predominantly with increasing Joules heating parameter, Fig 4 (b). Fig 5 shows the stream
contours for flow filed within the MHD braking system at different Dufour number.

It indicates that maximum velocity induced vicinity to the rotating disc of the braking system and
diminishes radially. However, the increasing Dufour effect reduces the Azimuthal velocity gradient in
radial direction. Fig 6 shows the stream contours i.e. the fluid flow direction in meridional plane in
order to understand the secondary flow pattern within the MHD braking sysytem. The fluid flow have
two circulation in this plane one is upper positive and lower negative at J] = 15. The contours of the
concretion ratio shown in Fig 7 (a) to (d) demonstrate that the highest level of concretion occurs close
to the innermost stationary hot disc because of fluid build-up.
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Figure 4. Joules heating parameters effects on velocity profiles (a) Radial components of velocity at r
= 0.8 (b) Axial Components of Velocity at r =0.8 (c) Azimuthal components at Z = 0.5: Re = 1000, Ha
=100, Ri=0.015, Pr= 0.015, Sc=5.0, NC= 2, Sr =0.25 at different Dufour number.
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Figure 6. Stream line contours: Re = 1000, Ha = 100, Ri=0.015, Pr=0.015, Sc=5.0, NC= 2, Sr=0.25
at different Dufour number.
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Figure 7. Concentration ratio contours: Re = 1000, Ha = 100, Ri=0.015, Pr= 0.015, Sc=5.0, NC= 2,
Sr=0.25 at different Dufour number.

The cumulative consequence of Joule heating and the Dufour effect are illustrated in the numerical
evaluation of the average Nusselt number (Nu) and Swearword number presented in Figures 8 to 10. It
has been envisaged that average Nusselt number near inner disc increase both Joules heating parameter
and Dufour effect are responsible for enhancing heat rate. However, near inner disc of braking system
is magnitude drastically diminutive in comparison to vicinity of outer disc.
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Figure 9. Dufour effect in the occurrence of Joules parameter on Concentration ratio (Sherwood
number) (a) Near inner stationary disck (b) Outer rotating disc in the occurrence sturdy Magnetic field
Ha =100. At Re = 1000, Ha = 100, Ri=0.015, Pr= 0.015, Sc=5.0, NC= 2, Sr=0.25

The average Sherwood outcomes indicate its increasing presence in both the inner and outer discs of
the braking system, as shown in Fig 7(a) and Fig 7(b). In the vicinity of the rotating disc of the MHD
baking system, mass convection is highly prevalent relatives to the area near the inner stationary disc.
Both the average Nusselt number (Nu) and Swearword number exhibit comparable trends, indicating
that as the Joules heating parameter and Dufour effects escalate at Ha = 100, mass convection and heat
rates also increase.

Figure 8 illustrates the impact of Joules heating and the Dufour number on heat rate and mass
convection in scenarios of strong MHD braking (Ha = 100) compared to weaker magnetic field
influences (Ha = 30). Figures 8 (a) and (b) illustrate the average Nusselt number, while Figures 8 (c)
and (d) show the average Sherwood number. It has been shown that the presence of MHD braking leads
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to a reduction in heat and mass flow rates. This can be further visualized in Fig 9 and Fig 10. Fig 10

shows Dufour effects in the presence of strong magnetic filed in comparison to squat magnetic field.
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Figurel0. Effects of Dufour number in the existence of Joules parameter on concentration ratio
(Sherwood number) (a) Near inner stationary disc (b) Outer rotating disc. At Re = 1000, Ha = 100,

Ri=0.015, Pr=0.015, Sc=5.0, NC= 2, Sr =0.25. (At Ha =30 and Ha =100).

ABBREVIATIONS AND NOMENCLATURE

Nomenclature:

AR - Aspect ratio = H/R

B - Magnetic Field [kg/s3A]
Df- Dufour parameter

H - Height of cylinder [m]
J- Joules heating parameter
N- Positive bouncy ratio

p- pressure [dimensionless]
Sc- Schmitt number

: . L
U,,Up U, _ radial, azimuhal and |Flg = 5, ~ Ue Ha = BR\/% -
axial velocity components Ha?
[dimensionless] Hartmann number N = e
R - radius Interaction parameter

t- Non-dimensional time

D _ electric potential
[dimensionless]

@' _ electric potential

R2Q
Re = —~ Reynolds Number
D= il
" (QR?B)
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Sr- Soret number V' _ kinematic viscosity [m?/s]

1, Z, 0- coordinates in radial, Q - invariable angular velocity
axial and Azimuthal; direction of outer disc[rad/s]

[non-dimensional | o - conductivity for electricity,
4 - dynamic viscosity and

Fl, =—u,,Fl, =0

Fl,, Fl, and - the Lorentz Fl,

forces in radial, axial and
azimuthal direction

CONCLUSIONS

An investigation of double diffusive rotating flow within a cylindrical annular MHD braking system
has been carried out at Re = 1000, Ha = 100, Ri = 0.015, Pr =0.015, Sc = 5.0, and Sr = 0.25, focusing
on a positive buoyancy ratio (N = 2) with Ha = 30 and Ha = 100. The flow has been analyzed using a
range of Dufour parameters (DF = 1 to 8), while also considering a broad spectrum of Joules heating
parameters (J = 1 to 20).

o It has been observed that at higher Joules heating effect the flow becomes unsteady and this
instability vanishes in the existence of sturdy magnetic field and flow speed brakes.

o This indicates the existence of sturdy magnetic field restrains the stream of fluid in radial
direction significantly and maximum mass concentration at midpoint of inner stationary disc.

e [t is evident that maximum heat and mass convection occurs close to the rotating disc; however
it approaches its minimum value near inner stationary disc. At Df = 8, J =25, Near outer rotating
disc the magnitude of Nuoae= 232.378 and Swoave = 229.765 and near inner disc Nuoae= 25.318
and Swoavg = 23.576.

e Due to the double diffusion condition Dufour effect enhance Joules heating parameter and both
the heat and mass convection within the MHD braking system magnifies drastically and vice
versa. At diminutive Joule heating parameter J = 1, the Dufour effect has influenced the heat and
mass convection insignificantly.

However, as the Joules heating parameters increases within a double diffusion the Dufour effect
severely affects the heat and mass convection.

e This Dufour parameter along with Joules heating effects can be interpreted from Sherwood and
Nusselt number magnitudes vicinity to the stationary and rotating disc of MHD braking system.

The interpretation of the changing Nusselt number suggests a boosted heat transfer rate, indicating
that convection heat flow intensifies with its increase. On the other hand, the heightened Sherwood
numbers indicate an increase in mass convection that corresponds to the observed heat transfer patterns.
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