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A theoretical study is conducted on an unstable magneto hydrodynamic two-phase heat transfer plasma flow 
within a horizontal channel, which is bounded by conducting and permeable plates. The analysis takes place in a 
rotating frame of reference and includes the effect of Hall current. The regular perturbation approach determines 
the governing differential equations under the adopted conditions. The velocity and thermal distribution are 
visually resolved, and a parametric study is executed. Two fluid flow and heat transmission factors are affected 
by governing characteristics like as the porosity parameter, Hall parameter, Hartmann number, Taylor’s number; 
and height, electrical, viscosity, and thermal conductivity ratios.  
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1. Introduction 

 
 MHD Plasma flows in a rotating framework have been a growing field of investigation with 
applications spanning several scientific and technological domains, such as astrophysics, geophysics and 
other allied areas. Examples include energy storage systems, solar receiving systems, plasma jets, 
electromagnetic pumps, fusion machines, MHD-power generators, and environmental geothermal systems. 
 The concept of the Hall Effect has attracted a lot of attention among the many useful physiognomies 
of MHD plasma flow. According to the research proposed by Cowling [1], Hall current effects in magnetized 
plasma become significant at very high magnetic field strengths. Hall currents are essential for improving 
energy productivity and system performance in a variety of technical applications as well as geophysical and 
astrophysical applications. Some of the applications include solar flares and magnetospheres, spacecraft 
propulsion, aerodynamic heating, plasma control generators, radio wave propagation, plasma jets, several 
power-generating systems and fusion reactors, MHD power plants, Hall accelerators, Hall effect thrusters, 
and creating thrust by ionizing and accelerating gas. Several researchers, namely Spitzer [2], Sato [3], Sutton 
and Sherman [4], Cramer and Shih [5], Ram [6], L. Raju and Rao [7], Takhar [8], Morley et al. [9], Hazem 
[10], Ghosh [11], Jha and Apere [12], Das and Deka [13], Sadia [14], Makinde et al. [15], and L. Raju et al. 
[16], have studied MHD liquid flows under the influence of a strong magnetic field with or without 
considering the rotation effects in different geometrical settings. 
 The suction or blowing significantly affects various industrial processes involving channel flow and 
heat transfer flow, as it can alter both flow dynamics and heat propagation. Similarly, it has been shown that 
magneto-hydrodynamic forces and Hall currents considerably affect MHD flow characteristics in channel 
flows with permeable plates. Due to the wide range of scientific and technological applications, several 
investigations have been documented in the literature, including works by Hazem [17], Ahmed and Goswami 
[18], Das et al. [19], Khaled and Jaber [20], Singh [21], L. Raju and Valli [22], Das et al. [23] and many 
more.  
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Likewise, major issues in geophysics, plasma physics, the petroleum industry, and other fields involve multi-
layered or often two-layered flow environments in particular [24-27]. It is also well understood that fluid 
flows are normally unstable in nature. It is also useful in several practical situations to note that both 
immiscible liquids can carry electricity, especially when one is a strongly electrically conducting fluid 
compared to the other. Low-electrical-conductivity fluids are essential for minimizing power consumption 
while pumping fluid in flow meters and MHD pumps, among other applications (see Shail [28]). In a variety 
of technological, engineering, and industrial challenges, it is beneficial to determine the heat flow rate and 
the temperature distribution pattern as heat transfer progresses under unsteady motion in various geometrical 
environments. Designing cooling systems using geothermal reservoirs, liquid metals, petroleum, and 
subsurface energy transit, as well as MHD generators, accelerators, pumps, flow meters, polymer technology 
and crude oil purification, are among the essential applications. The study explores the behaviour of unsteady 
magneto hydrodynamic (MHD) two-fluid plasma flows in channels lined with electrically conducting porous 
plates. However, further study is required to determine how a Hall current affects these outcomes. 
 Considering the importance of such studies, the impact of resistivity and Hall Effect of a gas-liquid 
system was investigated by Kalra et al. [29]. L. Raju et al. [30] investigated the MHD two-phase thermal 
transfer flow with Hall current in a straight channel. Umavathi et al. [31] researched on heat transfer aspects 
of oscillatory Hartman type 2-fluidflow in a parallel channel. L. Raju and Valli [32] examined MHD 
unsteady 2-layered flow and thermal transmission via a parallel channel in a rotatory system. Sharma and 
Kalpana [33] researched the heat transfer of unsteady MHD two-phase flows through a channel. Sivakamini 
and Govindarajan [34] discussed unsteady magneto hydrodynamic flow of two immiscible fluids in a straight 
channel with chemical reaction. L. Raju [35] studied MHD heat transmission of two plasma flows in a 
parallel channel with Hall currents. L. Raju et al. [36] presented the flow pattern on the MHD 2-liquid 
plasma heat transfer flow with Hall currents between parallel plates. Later, L. Raju et al. [37] analysed the 
rotating heat transfer MHD two-plasma flow with Hall current. An unsteady MHD and heat transfer flow of 
two plasma liquids through a horizontal channel in a rotating system with Hall effect when the plates are 
composed of conducting plates was studied by L. Raju and Venkat [38]. Very recently, L. Raju and Venkat 
[39] performed the thermal transmission analysis of the influence of Hall on magneto hydrodynamic two 
plasmas unsteady flow between conducting plates with rotation. 
 To further enrich the background and relevance of this study, recent investigations on MHD heat 
transfer flows have contributed significant advances. Works such as those by Nikodijevic et al. [40] and 
Khader and Sharma [41] have explored related magneto hydrodynamic unsteady fluid flow and heat transfer 
phenomena, providing complementary insights relevant to the present research. Additionally, recent studies 
focusing on MHD convective heat and mass transfer flows in rotating systems, porous media, and numerical 
modelling approaches like studies [42-46] demonstrate ongoing interest and developments in the field also 
provide foundational context to this work. This integration of recent literature highlights the expanding 
landscape of MHD two-fluid flow analyses and underscores the novelty and applicability of the current 
investigation. 
 Provoked by the previously stated advances, this work investigates how Hall currents influence 
unsteady magneto hydrodynamic two-liquid heat transfer flow through a straight channel bounded by 
conducting permeable plates in a rotating system. An essential component of the current research is the 
insertion of wall porosity in the unsteady MHD two-fluid plasma flow model in to the existing literature; that 
is, this article is an extended work of [39]. The motivation for this study stems from the pressing need to 
understand and optimize the heat and fluid transport characteristics of plasma and electrically conducting 
fluids in complex, multiphase environments influenced by strong magnetic fields and rotational effects. 
Modern energy systems, such as fusion reactors, MHD generators, and advanced cooling applications, 
increasingly rely on the precise control of such flows, especially when Hall currents and wall permeability 
play essential roles in governing flow stability and thermal efficiency. Despite substantial prior research on 
single-phase or non-rotating MHD flows, the combined effects of Hall currents, rotation, and permeable 
conducting boundaries in two-phase systems remain underexplored, presenting challenges for both 
fundamental science and technology. By developing a robust theoretical model and systematic parametric 



T.L. Raju et al.  139 

analysis, this work seeks to bridge these gaps, provide actionable insights for engineering design, and 
stimulate future innovations in energy extraction, propulsion, and high-temperature thermal management. 
 The present work has significant applications in advanced engineering and energy systems where 
precise control of heat and fluid flow is required under the influence of magnetic fields and rotational effects. 
In particular, the mathematical modelling and analysis are directly relevant to the design and optimization of 
cooling channels in nuclear fusion reactors, where plasma flows must be efficiently managed between 
conducting walls under strong magnetic and rotational fields. The insights gained are also be applicable to 
liquid metal flow in MHD generators and pumps, electromagnetic flow meters used in metallurgy, Hall 
effect thrusts for spacecraft propulsion, and boundary layer cooling of high-temperature components in 
power plants and aerospace systems. By capturing the combined influences of Hall currents, wall 
permeability, and rotation on heat transport, this research provides a foundation for improving energy 
efficiency, thermal management, and system stability in these cutting-edge technological applications. 
 
2. Formulation of the problem and mathematical analysis 
 
 We consider the unsteady motion of a two-fluid magneto hydrodynamic (MHD) plasma flow with 

Hall current effects, driven by a uniform pressure gradient p
x

∂−
∂

, in a channel bounded by two parallel 

porous conducting plates extending along the x- and z-directions. The study also includes the following 
considerations: 
 The entire system is assumed to rotate with a constant angular velocity Ω  about the y-axis, which is 

perpendicular to the plates. 
 A uniform suction velocity 0v  is applied at the boundaries, along with a constant magnetic field 0B  

directed normal to the plates. 
 The flow domain is divided into two regions: Region-I ( )– 2h y 0≤ ≤  and Region-II ( )10 y h≤ ≤ . 
 The regions are occupied by two incompressible, electrically conducting, and immiscible fluids, each 

characterized by distinct viscosities ( ,1μ 2μ ), densities ( ,1ρ 2ρ ), electrical conductivities 
( ), ,01 02σ σ  and thermal conductivities ( ),  1 2K K . 

 The bounding plates are maintained at constant temperatures and assumed to be infinitely long in 
both the x- and z-directions, so that all flow variables, except pressure, depend only on y and t. 

 The interface separating the two fluids is considered perfectly flat, stress-free, and undisturbed. 
 The induced magnetic field is neglected under the assumption that the magnetic Reynolds number is 

sufficiently small. 
Based on these assumptions and guided by insights from established research, the proposition involves the 
following governing equations for an unsteady motion explicitly accounting for Hall currents and rotation 
subject to the relevant boundary and interface conditions, aligning with the foundational work on hydro-
magnetic steady flows by Spitzer [47], Sato [3] and L. Raju [35]. 
 
Governing equations of motion: 
 

  ( ) ( ) V 2V V V 2 p V J B
t

 ∂ρ + ⋅∇ + ρΩ × = −∇ + μ∇ + × ∂ 
. (2.1) 

 
Current equation: 
 

    e
0

c JE V B E J B 0
en

+ × + − × − =
σ

. (2.2) 
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Energy conservation equation: 
 

  ( ) ( )/
22

p 0
Tc V T K T J
t

∂ ρ + ⋅∇ = ∇ + φ + σ ∂ 
. (2.3) 

 
Continuity equation for incompressible fluid flow: 
 
  V 0∇ ⋅ = . (2.4) 
 
 The governing flow equations are formulated considering the velocity field ( , , ),i i 0 iV u v w=  
magnetic field ( , , ),0B 0 B 0= angular velocity ( , , ),0 0Ω = Ω current density is given as ( , , ),i ix izJ J 0 J= while 

the electric field is represented as (E , , ) and , , ;2 2 2
i ix iz i ix izE 0 E J J J i 1 2= = + =  in both lower and upper 

regions using the aforementioned assumptions and studies like as in [3, 22, 35 and 39]. To non-
dimensionalize the governing equations, the following set of transformations is applied. 
For the two liquids: , :i 1 2=  
 

  * * * * *, , , , , ,
2 2

i i i i i2 2
i p i i 2

i i p p ii i

y h t hu wpy u u w t
h x u u h

μ ω ρ∂= = − = = = ω =
μ ∂ μρ

 

 

  , ,ix iz
ix iz

0 p 0 p

E Em m
B u B u

= =    , ,ix iz
ix iz

0i 0 p 0i 0 p

J JI I
B u B u

= =
σ σ

   ,01
0 1

1
M B h σ

=
μ

   

   (2.5) 

  ,1
1

K h Ω=
ν

    
h v1 1 0

1

ρ
λ =

μ
,     ,1

2

K
K

β =    ( )
- ,

/
i wi
2

p 1 i
i

T T
u K

=
μ

θ  

 

  0σ = , , , , .01 e12 22 11
1 2 2

02 11 21 01

e

1 m
1 11 m

σ ωσ σ σσ = σ = = =
σ σ σ σ  + + τ τ 

 

 
Although the channel side plates are composed of conducting material and are intended to be short-circuited 
by an external conductor, the induced electric current is expected to flow out of the channel. There is no 
electric potential between the channel plates at that moment. We also have ,ix izm 0 m 0= =  if we accept no 
electric field in the x and z axes (as in Sato [3] and L. Raju [35]). Due to the utilisation of transforms (2.5) 
and disregarding the asterisks for simplicity, the dimensionless governing equations and conditions in the 
two regions for instance of conducting porous plates, take the following form.  
 
Region-I 
 

  
2 2

21 1 1
12 2

2
1 1

12
u M u M mw L 2K w
y 1 m 1 m

u u
t y

∂λ + + − =−
∂ + +

∂ ∂+ −
∂ ∂

, (2.6) 

 

  ,
2 2

21 1 1
12 2

2
1 1

22
w M w M mu L 2K u
y 1 m 1 m

w w
t y

∂+ λ − − − =
∂ + +

∂ ∂ +
∂ ∂

 (2.7) 
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2 22

2 21 1 1 1 1
12

r1

d u w1 M I
dt P y y yy

    θ ∂ θ ∂θ ∂ ∂ = + λ + + +    ∂ ∂ ∂∂      
, (2.8) 

 

  1 1
1x 2 2 2 2

mu w s mI
1 m 1 m M 1 m

= − −
+ + +

, (2.9) 

 

  1 1
1z 2 2 2 2

u mw s mI 1
1 m 1 m M 1 m

 = + + − + + + 
 (2.10) 

and 
 
  .2 2 2

1 1x 1zI I I= +  
 
Region-II 
 

  
2 2 2 2 2

2 2 22 2 2 1 2 2 2
3 22 2 2

u u u h M u m h M wh L h 2 h K w
t y y 1 m 1 m

∂ ∂ ∂ ασ ασ+ ρα λ − + + − α = − ρα
∂ ∂ ∂ + +

, (2.11) 

 

  ,2 22 2
22 2

2 2 2 2 2
22 2 2 1 2

42
w m u L 2 h K u

1 m 1 m
w w w h M h Mh h
t y y

+ − − = ρα
+ +

∂ ∂ ∂ ασ ασρα λ + − α
∂ ∂ ∂

 (2.12) 

 

  ,
2 22

2 2 22 2 2 2 2
22

r2

d d d du dw1 h h M I
dt P dy dy dydy

    θ θ θ β  = + ραλ + + + σβ    α      
 (2.13) 

 

  
2

0 2 2 0 1 2 0 2
2x 2 2 2 2

m u w s mI
1 m 1 m M 1 m
σ σ σ σ σ σ

= − −
+ + +

, (2.14) 

 

  0 1 2 0 2 2 0 1 0
2z 2 2 2 2

u m w sI 1
1 m 1 m 1 m M
σ σ σ σ σ σ σ = + + − + + + 

 (2.15) 

and 
 
  2 2 2

2 2x 2zI I I= + . 
 
Where, 

  ,
2

1 22 2
m s msL 1 L

1 m 1 m
−= − =

+ +
,   , .0 1 0 2

3 42 2
msL 1 1 s L

1 m 1 m
σ σ −σ σ = − − = + + 

 

Boundary and interface conditions on velocity are: 
 

  
At the upper plate   : when  and  cos  when ,

when  and  cos  when .
1

1

y 1 u 0 t 0 t t 0
w 0 t 0 t t 0

= = ≤ = ε ω >
= ≤ = ε ω >

 (2.16) 

 
  At the lower plate  - :   and .2 2y 1 u 0 w 0= = =  (2.17) 
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  ( ) ( )At the interface  : , , , and .1 2 1 2
1 2 1 2

u u w w1 1y 0 u u w w h hy y y y
∂ ∂ ∂ ∂

= = = = =α α∂ ∂ ∂ ∂
 (2.18) 

 
The conditions on temperature are given by 
 
  at    and    at  - .1 20 y 1 0 y 1θ = = θ = =  (2.19) 
 

   At the interface :  and .1 2
1 2

d d1y 0
dy h dy
θ θ

= θ = θ =
β

 (2.20) 

 
 In all the above equations, the fluid measures in the upper and lower areas are indicated by subscripts 
1 and 2 equations. The initial and secondary velocity profiles refer to aspects of velocity along the x- and z-
directions of the two fluid layers, which are denoted by ,  1 2u u ,   .,  1 2w w The x- and z-directional current 
densities and electric field, respectively, are represented by ,ix izJ J  and , , , .ix izE E i 1 2=  The quantity 's' 
stands for the ratio of electron pressure ep  to the overall pressure p. The quantities 1T  and 2T  represent the 
temperature of two fluids. The notations 11σ , 12σ  and 21σ , 22σ denote the modified conductivities. The 
quantity pu  stands for characteristic length. The symbol piC  stands for specific heat at constant pressure. 
The quantity ϕ is viscous dissipation term in the energy equation. The notation M is the Hartmann number, 
m: Hall parameter, K: rotation parameter (Taylor number), λ : porous parameter, h: height ratio, 0σ : 
viscosity ratio, :α  electrical conductivity ratio and β : the thermal conductivity ratio. 
 The porous parameter λ specify that a positive λ corresponds to porous plates that allow fluid flow 
through them, which is the physical scenario of interest. Porosity greater than zero means the plates have 
some permeability, enabling suction or blowing effects that influence the magneto hydrodynamic two-fluid 
plasma flow and heat transfer. Non-porous plates as limit case: When 0λ = , the plates become impermeable 
(non-porous), and the problem reduces to the classical case without porosity effects. This case has been 
studied previously (e.g., in reference cited in the manuscript). The current study extends that by including 
porous effects, so it focuses on 0λ >  to explore new physics introduced by permeability. Model consistency 
and mathematical validity: negative values of λ would imply non-physical inverse permeability or act as 
impermeable with reversed flow, which is not meaningful in the context of the proposed model and boundary 
conditions. Hence, the restriction 0λ >  is both physically realistic and mathematically consistent with the 
model's focus on flow through permeable conducting plates. 
 The boundary conditions at the interface between two immiscible, electrically conducting fluids are 
fundamental to the mathematical formulation and physical understanding of MHD plasma flow. Physically, 
these conditions ensure: For viscous fluids, the movement at the boundary follows the no-slip condition, 
meaning the fluid in direct contact with a rigid surface matches the velocity of that surface. If the boundary is 
fixed, the velocity at the wall is zero, while for a moving plate; it equals the plate’s velocity. This rule applies 
similarly to other velocity components such as ‘v’ and ‘w’ as the case may be. At the interface between two 
immiscible fluids, both velocity and shear stress are assumed to remain continuous across the boundary. 
 In terms of heat transfer, isothermal boundary conditions are often applied, assuming the solid 
surfaces in contact with the fluid have infinite thermal conductivity and heat capacity. Under these 
conditions, the fluid temperature at the surface matches that of the boundary. At interfaces between two 
immiscible fluids, both temperature and heat flux are considered continuous, ensuring smooth thermal 
behaviour across the junction. 
 Collectively, these interface conditions reflect fundamental physical principles–conservation of 
mass, momentum, and energy–and are essential for accurate modelling of two-phase MHD flows, where 
realistic interaction between fluids is key to predicting system behaviour under electromagnetic, rotational, 
and porous wall effects. 
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3. Solution scheme 
 
 The Eqs (2.6, 2.7, 2.11 and 2.12) and Eqs (2.9, 2.10, 2.14, and 2.15) must first be solved under the 
boundary and interface conditions (2.16 to 2.18) for the velocity distributions and current distributions in 
order to determine the solution for temperature in the two liquid regions. Following that the velocity and 
current distributions are used to solve the Eqs (2.8) and (2.13) under the conditions (2.19 to 2.20). These 
coupled partial differential equations are unsolvable to closed-form solutions. However, by considering the 
following two-term series, they can be reduced to the ordinary linear differential equations. It is elaborate on 
the regular perturbation method, its justification for this type of nonlinear, unsteady flow system, and a step-
by-step outlay of the analytical approach used for deriving the solutions. 
 
  ( , ) ( ) cos ( ), ( , ) ( ) cos ( )1 01 11 1 01 11u y t u y t u y w y t w y t w y= + ε ω = + ε ω , (3.1) 
 
  ( , ) ( ) cos ( ), ( , ) ( ) cos ( )2 02 12 2 02 12u y t u y t u y w y t w y t w y= + ε ω = + ε ω , (3.2) 
 
  ( , ) ( ) ( ), ( ) ( )( cos ) , ( cos ) ( )1 01 11 2 02 12y t y y yt y t t yθ = θ + ε ω θ θ = θ + ε ω θ  (3.3) 
 
where, ( ) ( ) ( ) ( ) and, , ,11 12 11 12y y y yu u w w ( ), ( )11 12y yθ θ  are the related time dependent parts while

( ) ( ),  ( ) ( ) and ( ), ( ), ,01 02 01 02 01 02y y y y y yu u w w θ θ  are the solutions for the velocity and temperature in 
the two-liquid zones under the steady part to the problem of investigation. 
 Utilizing the expressions (3.1to 3.3) into the Eqs (2.6, 2.7, 2.8 and 2.11, 2.12, 2.13) and then obtain 
the following linear differential equations. Subsequently, they are solved analytically in using the interface 
and boundary conditions. The analytic solutions for transient-time dependent and steady parts are obtained 
separately to acquire the solutions of velocity and temperature fields in 2-liquid zones for instance of porous 
conducting plates. 
 
Region-I 
 

  
2

01 01
2 01 32

d q dq b q b
dydy

− λ − = , (3.4) 

 

  ( )tan
2

11 11
2 112

d q dq b t q 0
dydy

− λ − − ω ω = , (3.5) 

 

  ( )
2

201 01 01 01
25 25 01 01 01 25 26 01 25 26 26 262

r1

dqd d dq1 b b q q q b b q b b b b M
P dy dy dydy

 θ θ
+ λ = − − + + +  

 
 (3.6) 

 

  

( )

tan cos

cos .

2
01 0111 11 11 11 11 11

112
r1

2
01 11 25 25 25 25 01 11 25 25 11 11 11 25 26 26 25 11

dq dq dqdqd d dq dq1 t t
P dy dy dy dy dy dy dydy

q q b b b b q q t b b q q q b b b b q M

   θ θ+ λ + ω ω θ = − − − ε ω +     
  

− + + ε ω + +

 (3.7) 

 
  



144  Unsteady MHD 2- liquid heat transmission plasma flow in a… 

Region-II 
 

  
2

02 02
1 5 02 62

d q dq b q b
dydy

− λ − = , (3.8) 

 

  ( )tan
2

12 12
1 5 122

d q dq b t q 0
dydy

− λ − − ω ω = , (3.9) 

 

  

( ) ,

2
02 02 02 02
2

r2

2 2
23 23 02 02 27 23 02 27 23 02 27 27

d qd d dq1 h
P dy dy dydy

b b q q b b q b b q b b h M

 θ θ β+ ραλ = − −   α 

+ + + + σβ

 (3.10) 

 

  {

( ) }

tan

cos

cos .

2
02 0212 12 12 12

122
r2

12 12
23 23 02 12 23 23 12 02

2 2
23 23 12 12 27 23 12 23 27 12

dqdqdqd d dq1 h t
P dy dy dy dy dydy

dqdqt b b q q b b q q
dy dy

t b b q q b b q b b q h M

 θ θ + ραλ + ω ω θ = − + +   
  β+ε ω − + +   α 

+ε ω + + σβ

 (3.11) 

 
The boundary conditions for steady state are given by 
 
  At :  and at  - : .01 02y 1 q 0 y 1 q 0= = = =  (3.12) 
 

  ( ) ( )At the interface : , ,01 02
01 02

dq dq1y 0 q 0 q 0
dy h dy

= = =
α

 (3.13) 

 
  ( ) ( ),01 021 0 1 0θ = θ − = . (3.14) 
 

  At :  ( ) ( )  and  .01 02
01 02

d d1y 0 0 0
dy h dy
θ θ

= θ = θ =
β

 (3.15) 

 
Transient time dependent part: 
 
  ( ) ( ) and .11 12q 1 0 q 1 0= − =  (3.16) 
 

  ( ) ( ) and at ,11 12
11 12

dq dq1q 0 q 0 y 0
dy h dy

= = =
α

 (3.17) 

 
  ( ) ( ),11 121 0 1 0θ = θ − = , (3.18) 
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  ( ) ( ) and at interface .11 12
11 12

d d10 0 y 0
dy h dy
θ θθ = θ = =

β
  (3.19) 

 
 By solving the equations from (3.4 to 3.11) with the help of the conditions (3.12 to 3.19), the 
following equations were obtained for both the velocity and thermal fields in the two zones, as well as the 
rates of thermal transmission coefficients at the conducting porous walls: 
 
Region-I 
  ( )( , ) ( ) cos ( ) cos7 8 10 11b y b y b y b y

1 01 11 1 2 9 5 6q y t q y t q y B e B e b t B e B e= + ε ω = + − + ε ω + , (3.20) 

 

  {

( ) ( )

( ) ( )

( ) ( ) ( )

( , ) ( ) ( )

cos

( cos ) 7 7 7 82

8 7 8 8 7 8 7 8

37 38 10 10 10 11 11 10

b b y b b y
1 9 10 28 29

b b y b b y b y b y b y b y
30 31 32 33 34 35 36

b y b y b b y b b y b b y
13 14 39 40 41

01 11y t y y B B e y b e b e

b e b e b e b e b e b e b t

B e B e b e b e b e b

t + +−λ

+ +

+ + +

θ = + + + +

+ + + + + + + ε ω

+ + + + +

= θ + ε ω θ

}

( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ,

11 11

7 10 7 11 8 10 8 11 10 7

10 8 11 7 11 8 10 1011 11

b b y
42

b b y b b y b b y b b y b b y
43 44 45 46 47
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Where, the over line (bar) represents the conjugate of that particular quantity and the notations/symbols 
involved in the above solution sets are presented in Appendix. 
 
4. Results and discussion 
 
 The hydro magnetic unsteady 2 liquid plasma flow with Hall currents in a horizontal parallel infinite 
conducting porous plate under a transverse applied magnetic field is researched. The governing equations were 
determined for velocity and temperature in the case when porous plates are created by conducting materials. 
Relating computational esteem for different arrangements of estimations of the components included was 
resolved to speak to their profiles, and these have shown up in Figs. 1-20. For simplicity, we fix the parameters 

. ,01 1 2σ = .02 1 5σ =  and the viscosity and magnetic permeability are equal, that is, magnetic Prandtl 
number =1, i.e., r1 r2P 1 P= =  in all calculations and investigated the impact of other essential parameters. 
However, it is clear that the solutions rely on the proportion of electron-pressure to the total pressure ‘s’. It is 
noticed that the analyses in this article and the investigation by L. Raju and Venkat [39] for non-porous plates 
( )0λ =  are identical. Also, when there is no rotation and the plates are comprised of non-porous material for a 
steady motion, this study agrees with that of L. Raju [35]. In the diagrams, the distributions for unsteady motion 
in the present investigation are shown as solid lines, while the steady motion is represented by dotted lines. 
Additionally, steady-state variables are marked with an asterisk (*) in all figures. The influence of flow 
characteristics on the thermal and velocity fields is also analysed and discussed. 
 The selection of parameter values for the numerical analysis is carefully justified based on their 
physical significance, practical relevance to magneto hydrodynamic two-fluid plasma flow systems, and 
alignment with established research in the field. The Hartmann number (M) is chosen to represent a range of 
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magnetic field strengths affecting the flow, corresponding to conditions found in fusion reactors, plasma jets, 
and geothermal systems where magnetic control plays a vital role [1-3]. The Hall parameter (m) is selected to 
capture the effect of Hall currents, which are significant in highly ionized plasma under strong magnetic 
fields, as thoroughly addressed in both classical MHD literature and recent studies [1-2] and [4]. The 
porosity parameter (λ) reflects realistic scenarios involving permeable conducting plates, influencing fluid 
flow and heat transfer in applications such as MHD power generators and nuclear system cooling [5]. The 
Taylor number (K) is set to match rotation rates typically observed in astrophysical and engineering plasma 
systems, ensuring accurate representation of Coriolis effects [6-7]. Ratios of viscosities, thermal 
conductivities, electrical conductivities, and height ratios are chosen based on the properties of commonly 
used liquid metals and two-fluid configurations reported in prior works [8]. These parameter ranges are 
selected to comprehensively represent the combined effects of electromagnetic forces, rotation, and porosity 
in two-fluid MHD flows, offering valuable insights for both theoretical understanding and practical 
engineering applications. Consequently, the chosen parameters are rooted in physical realism, prior literature 
benchmarks, and the objective of exploring critical regimes governing heat and momentum transfer in 
rotating MHD plasma channels with permeable conducting plates [1-8]. The results presented in this study 
illustrate the complex interplay of magnetic, rotational, and porous effects on unsteady two-phase MHD 
plasma flow and thermal distributions within a horizontal channel bounded by conducting porous plates. 
 
When the ionization parameter s = 0: 
 
 Figure 1 demonstrates that increasing the Hartmann number M, which represents the strength of the 
applied magnetic field, leads to a decrease in the temperature distribution in region I, while in region II the 
temperature initially decreases up to M=4, then rises until M=10, before falling again. This nonlinear 
behaviour is due to the competing influences of magnetic damping and Hall current induction in electrically 
conducting fluids. Physically, a stronger magnetic field suppresses the fluid motion via Lorentz forces, 
thereby reducing convective heat transfer in some regions while altering induced currents that can locally 
enhance temperatures. 
 

 
 
Fig.1. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying Hartmann number M with fixed parameters ,2λ =

, . ,  . , , . , . ,  , , . , , ,  /  and .0 1 2m 2 0 333 h 0 75 2 1 2 1 5 K 1 1 0 5 1 1 t s 0= α = = σ = σ σ = = β = ε = ρ = ω = = π == ω  
 
 Figure 2 shows the effect of the Hall parameter (m) on thermal fields, where an increase in m causes 
temperature reductions in both fluid regions. This reduction arises because the Hall effect modifies current 
paths, enhancing magnetic damping and Coriolis forces associated with rotation, which collectively inhibit 
flow and heat transport. This illustrates the physical importance of Hall currents in controlling thermal 
management in plasma flows under strong magnetic and rotational influences. 
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Fig.2. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying Hall parameter m with fixed parameters ,2λ =

, . ,  . , , . , . ,  , , . , , ,  /  and  .0 1 2M 4 0 333 h 0 75 2 1 2 1 5 K 1 1 0 5 1 1 t s 0= α = = σ = σ = σ = = β = ε = ρ = ω= = π ω =  
 

 
 

Fig.3. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying Porous parameter λ with fixed parameters ,m 2=

, . ,  . , , . , . ,  , , . , , ,  /  and .0 1 2M 4 0 333 h 0 75 2 1 2 1 5 K 1 1 0 5 1 1 t s 0= α = = σ = σ = σ = = β = ε = ρ = ω = = π ω =  
 
 Figure 3 illustrates the influence of the porosity parameter on the temperature field. As the value of 
λ  increases, the thermal profile in region I decrease, while in region II it first reduces up to 1λ =  and then 
starts to rise. With further growth of λ , the heat distribution within the channel tends to shift upward toward 
the central axis, gradually extending into region I. That is, changing the porous nature of the channel plates 
affect how easily fluid can pass through or interact with them. In some regions, greater permeability lets the 
fluid move more freely, boosting temperature, while in others it increases resistance and slows the flow. This 
uneven change across the regions shifts where the maximum temperature occurs. The porosity parameter λ, 
revealing that increased wall permeability decreases thermal profiles in region I but exhibits a non-
monotonic behaviours in region II. Physically, higher porosity allows easier fluid penetration through plates, 
altering velocity profiles and thermal conduction pathways. The shifting of peak temperatures towards the 
channel’s centreline indicates redistribution of heat transfer zones due to modified flow resistance near 
porous boundaries, crucial for engineering porous materials in thermal systems. 
 Figure 4 presents the effect of the Taylor number (K), representing the rotational component, on the 
temperature distribution across the two liquid regions. The results show that as K increases, the thermal field 
in both zones decreases. The Coriolis forces generated by rotation suppress flow velocities and thereby 
reduce convective heat transfer rates. This result physically underscores the necessity to account for 
rotational dynamics in the design of plasma and liquid metal flow devices subjected to angular motions. 
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Fig.4. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying Taylor number K with fixed parameters ,m 2=

, , . ,  . , , . , . , , . , , ,  /  and .0 1 2M 4 2 0 333 h 0 75 2 1 2 1 5 1 0 5 1 1 t s 0= λ = α = = σ = σ = σ = β = ε = ρ = ω = = π ω =  
 

 
 
Fig.5. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying viscosity ratio α  with fixed parameters ,m 2=

, ,  . , , . , . ,  , , . , , ,  /  and .0 1 2M 4 2 h 0 75 2 1 2 1 5 K 1 1 0 5 1 1 t s 0= λ = = σ = σ = σ = = β = ε = ρ = ω = = π ω =  
 

 
 
Fig.6. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying height ratio h with fixed parameters ,m 2=

, , . , , . , . ,  , , . , , ,  /  and .0 1 2M 4 2 0 333 2 1 2 1 5 K 1 1 0 5 1 1 t s 0= λ = α = σ = σ = σ = = β = ω = ρ = ω = = π ω =  
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 Figure 5 depicts the influence of the viscosity ratio parameter α  on the temperature field. It is 
evident that as α  increases, the thermal distribution in both regions decreases. Figure 6 illustrates the role of 
the height ratio h; here, a rise in ‘h’ leads to an enhancement of the thermal profiles across both zones. 
Higher viscosity contrasts increase momentum diffusivity differences between fluids, diminishing convective 
heat transfer, whereas increasing channel height enlarges the flow domain, allowing greater temperature 
gradients to develop. These findings demonstrate the interplay between fluid properties and geometric 
configurations in determining thermal performance. 
 

 
 
Fig.7. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying electrical conductivity ratio 0σ  with fixed 

parameters ,  , , . ,  . , . , . ,  , , . , , ,1 2m 2 M 4 2 0 333 h 0 75 1 2 1 5 K 1 1 0 5 1 1= = λ = α = = σ = σ = = β = ε = ρ = ω =
/  and .t s 0= π ω =   

 

 
 
Fig.8. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying thermal conductivity ratio β with fixed 

parameters ,  , , . ,  . , , . , . ,  , . , ,0 1 2m 2 M 4 2 0 333 h 0 75 2 1 2 1 5 K 1 0 5 1= = λ = α = = σ = σ = σ = = ε = ρ =
,1ω = /  and .t s 0= π ω =  

 
 Figure 7 depicts the influence of changing the electrical conductivity ratio 0σ  on thermal 
distributions. The thermal distribution in the two locations does not show any noticeable variation as 0σ  
grows. The electrical conductivity ratio changes, suggesting that within considered ranges, electrical 
conductivity differences between fluids minimally affect temperature fields.  Figure 8 illustrates the influence 
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of the ratio of thermal conductivity β on the heat flow. It shows that an increase in thermal conductivity ratio 
β elevates temperatures across both zones, affirming the expected physical role of thermal conductivity in 
facilitating heat diffusion within the fluids. 
 Figures 9 and 10 present the enhancement of heat transfer coefficients (Nusselt numbers) with 
increasing Hartmann and Hall parameters. This indicates that stronger magnetic fields and Hall currents 
improve heat transfer rates at the conducting porous walls, a physically significant insight for optimizing 
electromagnetic control in thermal management systems involving plasma or liquid metals. 
 

 
 
Fig.9. Heat-transfer profiles 1Nu  for varying Hartmann number M with , . ,  . ,2 0 333 h 0 75λ = α = = ,0 2σ =

. , . ,  , . , , , ,1 21 2 1 5 K 1 0 5 1 1 1σ = σ = = ε = β = ρ = ω = /  and .t s 0= π ω =  
 

 
 
Fig.10. Heat-transfer profiles 2Nu  for varying Hartmann number M with , . ,  . ,2 0 333 h 0 75λ = α = = ,0 2σ =

. , . ,  , . , , , ,1 21 2 1 5 K 1 0 5 1 1 1σ = σ = = ε = β = ρ = ω = /  and .t s 0= π ω =  
 
When the ionization parameter s=1/2: 
 
 Figure 11 illustrates the effect of increasing the Hartmann number M on the temperature distribution 
when the ionization parameter /s 1 2= . As ‘M’ increases, the temperature decreases in both fluid regions, 
reflecting the stronger magnetic field’s suppression of fluid motion due to Lorentz forces. This damping 
effect reduces convective heat transfer, dominating over any Joule heating, thereby uniformly lowering 
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temperature profiles across the channel. Figure 12 shows the influence of the Hall parameter ‘m’ on thermal 
distribution for /s 1 2= . Rising values of ‘m’ continue to cause a drop in temperature in both regions, 
confirming that Hall currents enhance magnetic damping and rotational Coriolis forces. This results in 
suppressed flow velocities and diminished heat transfer capacity, important for engineering systems where 
Hall effects modify plasma flow behaviour. 
 

 
 
Fig.11. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying Hartmann number M with fixed parameters 

,2λ = , . ,  . , , . , . ,  , , . , , ,  /0 1 2m 2 0 333 h 0 75 2 1 2 1 5 K 1 1 0 5 1 1 t= α = = σ = σ σ = = β = ε = ρ = ω = = π= ω
and . .s 0 5=  

 

 
 
Fig.12. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying Hall parameter m with fixed parameter ,2λ =

, . ,  . , , . , . ,  , , . , , ,  /  and . .0 1 2M 4 0 333 h 0 75 2 1 2 1 5 K 1 1 0 5 1 1 t s 0 5= α = = σ = σ = σ = = β = ε = ρ = ω= = π ω =  
 
 Figure 13 depicts how the porous parameter λ affects the temperature field under /s 1 2= . As λ 
increases, temperature decreases in both regions, and the peak temperature gradually shifts upward toward 
the channel centreline, especially in region I. This indicates complex interactions between wall permeability 
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and viscous diffusion that influence momentum and heat transport differently in the two fluid layers, 
highlighting the significance of porous wall design on thermal distribution. 
 Figure 14 presents the role of the Taylor number ‘K’ representing rotation effects on the thermal 
profiles for /s 1 2= . An increase in ‘K’ decreases temperature levels in both fluid regions. The Coriolis 
force originating from rotation suppresses fluid motion and convective heat transfer, emphasizing the 
importance of rotational dynamics in plasma flow control and thermal management. 
 

 
 
Fig.13. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying Porous parameter λ with fixed paramete ,m 2=

, . ,  . , , . , . ,  , , . , , ,  /  and . .0 1 2M 4 0 333 h 0 75 2 1 2 1 5 K 1 1 0 5 1 1 t s 0 5= α = = σ = σ = σ = = β = ε = ρ = ω= = π ω =  
 

 
 
Fig.14. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying Taylor number K with fixed parameter ,m 2=

, , . ,  . , , . , . , , . , , ,  /  and . .0 1 2M 4 2 0 333 h 0 75 2 1 2 1 5 1 0 5 1 1 t s 0 5= λ = α = = σ = σ = σ = β = ε = ρ = ω= = π ω =  
 
 Figure 15 shows the effect of changing viscosity ratio α on temperature distribution when /s 1 2= . 
Temperature decreases up to .0 1α =  and then raises in region I, whereas in region II it decreases until 

.0 333α =  and then increases. This complex behaviour reflects how variations in fluid viscosities affect 
viscous dissipation and thermal convection uniquely across fluid layers, underscoring the necessity to 
consider viscosity contrasts in multi-fluid thermal systems. 
 Figure 16 illustrates how increasing the height ratio ‘h’ enhances thermal profiles in both regions for 

/s 1 2= . A larger height ratio increases the flow domain size, allowing more pronounced temperature 
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gradients and heat transfer effects to develop, which is critical for scaling and designing channels in thermal 
systems involving multi-phase MHD flows. 

 
 
Fig.15. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying viscosity ratio α  with fixed parameter ,m 2=

, ,  . , , . , . ,  , , . , , ,  /  and . .0 1 2M 4 2 h 0 75 2 1 2 1 5 K 1 1 0 5 1 1 t s 0 5= λ = = σ = σ = σ = = β = ε = ρ = ω = = π ω =  
 

 
 
Fig.16. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying height ratio h with fixed parameters ,m 2=

, , . , , . , . ,  , , . , , ,  /  and . .0 1 2M 4 2 0 333 2 1 2 1 5 K 1 1 0 5 1 1 t s 0 5= λ = α = σ = σ = σ = = β = ω= ρ = ω= = π ω =  
 
 Figure 17 shows the impact of electrical conductivity ratio 0σ on temperature distribution for 

/ .s 1 2=  Temperature in region I rises with 0σ , while in region II it first decreases and then increases after a 
certain value 0 2σ = . This pattern highlights how electrical conductivity differences between fluids influence 
Joule heating and magnetic damping nonlinearly, affecting local heat generation and flow suppression 
differently in the two zones. 
 Figure 18 presents the effect of thermal conductivity ratio β on temperature distribution, revealing 
that increasing β enhances temperatures in both fluid regions for /s 1 2= . This behaviour confirms that 
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higher thermal conductivity facilitates heat diffusion, raising overall temperature levels and improving heat 
transfer efficiency. 
 

 
 
Fig.17. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying electrical conductivity ratio 0σ  with fixed 

parameters ,  , , . ,  . , . , . ,  , , . , , ,1 2m 2 M 4 2 0 333 h 0 75 1 2 1 5 K 1 1 0 5 1 1= = λ = α = = σ = σ = = β = ε = ρ = ω =
/  and . .t s 0 5= π ω =   

 

 
 
Fig.18. Temperature distribution ( )* *, , ,1 2 1 2θ θ θ θ  under varying thermal conductivity ratio β with fixed 

parameters ,  , , . ,  . , , . , . ,  , . , ,0 1 2m 2 M 4 2 0 333 h 0 75 2 1 2 1 5 K 1 0 5 1= = λ = α = = σ = σ = σ = = ε = ρ =
,1ω = /  and . .t s 0 5= π ω =  

 
 Figures 19 and 20 show how the heat transfer coefficients (Nusselt numbers) for the two conducting 
porous plates increase with rising Hartmann number ‘M ’ and Hall parameter ‘m’ under /s 1 2= . This 
signifies that stronger magnetic fields and enhanced Hall currents improve the convective heat transfer rates 
at the boundaries, providing avenues for electromagnetic control to augment thermal management in plasma 
and liquid metal devices. 
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 Together, Figs 11 to 20 reinforce the physical insights gained for lower ionization parameters, 
demonstrating the critical roles of magnetic field strength, Hall effects, wall permeability, viscosity contrasts, 
rotation, and material properties in shaping the thermal and flow characteristics of unsteady MHD two-fluid 
plasma flows between conducting porous plates. 
 Overall, the graphical and numerical analyses collectively emphasize the strong sensitivity of 
unsteady two-phase MHD plasma flow and heat transfer to magnetic field strength, rotation, Hall currents, 
wall porosity, viscosity, and thermal properties. Understanding these physical interdependencies is vital to 
predicting system behaviour and achieving optimal control in applications such as fusion reactor cooling, 
MHD power generation, and advanced propulsion systems. 
 

 
 
Fig.19. Heat-transfer profiles 1Nu  for varying Hartmann number M with , . ,  . ,2 0 333 h 0 75λ = α = = ,0 2σ =

. , . ,  , . , , , ,1 21 2 1 5 K 1 0 5 1 1 1σ = σ = = ε = β = ρ = ω = /  and . .t s 0 5= π ω =  
 

 
 
Fig.20. Heat-transfer profiles 2Nu  for varying Hartmann number M with , . ,  . ,2 0 333 h 0 75λ = α = = ,0 2σ =

,0 2σ = . , . ,  , . , , , ,1 21 2 1 5 K 1 0 5 1 1 1σ = σ = = ε = β = ρ = ω = /  and . .t s 0 5= π ω =  
 
5. Validation of results 
 
 The present investigation is an extended work of [39] with an inclusion of porosity parameter λ . It is 
evident that the results of this study agree well with varying Hall parameter on the temperature fields when 

0λ =  (L. Raju and Venkat [39]). This investigation also agrees with that of L. Raju [35] when there is no 
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impact of rotation and porosity in steady flow ( 0λ =  and K 0= ).The thick lines in the figures indicate 
distributions for unsteady motion of the present investigation and the dotted lines represent existing literature 
(outcomes of without wall porosity/ and rotational component). 
 
6. Conclusion 
 
 This study examines how Hall currents influence the unsteady magneto hydrodynamic (MHD) two-
layer heat transfer flow in a rotating horizontal channel bounded by two electrically conducting porous 
plates. Graphs are used to analyse the influence of governing characteristics like the Hartmann number, 
porous parameter, Hall parameter, rotation parameter, and the ratios of densities, viscosities, and heights, 
electrical and thermal conductivities on thermal distributions in two fluid zones. The most important findings 
of this study when the ionization parametric value is zero and half of its estimate are as follows: 
i) When ionization parameter s 0=  

1. Increase in magnetic parameter drops the temperature fields in zone-I, but in zone-II reduces until 
certain estimated value then rises beyond that estimate thereafter which it decreases again.  

2. Raise either in Hall effect or Taylor number or viscosity ratio is to decrease the thermal fields in the 
two regions. 

3. The highest thermal profile within the channel gradually shifts upward from the central axis toward 
region-I as the porosity parameter increases. 

4. The temperature fields are enhanced as the thermal conductivity ratio or height ratio increases. 
5. The thermal transfer coefficient rate improves with enhancing range of the Hall parameter and 

magnetic parameter. 
ii) When ionization parameter /s 1 2=  

6. The rise in magnetic parameter, Taylor number, Hall parameter, porous parameter, or viscosity ratio 
leads to a reduction in the temperature distribution. 

7. Thermal profiles become more pronounced as the thermal conductivity ratio or the height ratio 
increases. 

8. In Region I, the temperature profile improves with higher electrical conductivity ratio, whereas in 
Region II, it decreases up to a certain level before beginning to rise again. 

9. The rate of heat transfer coefficient increases with higher values of the magnetic parameter and Hall 
parameter. 

 
Potential limitations of work, and the future studies 
 
 A key limitation of this study is the assumption of perfectly flat interfaces and ideal boundary 
conditions, which may overlook real-world complexities like interfacial deformation, surface roughness, or 
instabilities in multiphase flows. Furthermore, the neglect of induced magnetic fields by assuming a low 
magnetic Reynolds number limits the model's applicability in scenarios involving strong magnetic fields or 
highly conductive fluids. The chosen parameter ranges were mostly idealized, lacking extensive 
experimental support. Future research should focus on incorporating dynamic interfaces, non-uniform 
boundary conditions, and experimental validation. Extending the model to account for nonlinear effects, 
turbulence, and variable magnetic Reynolds numbers would improve its relevance for practical applications 
in plasma systems, fusion energy, and advanced MHD technologies. 
 
Acknowledgements 
 
 We would like to sincerely thank the anonymous two reviewers and Prof. Pawel Jurczak, Chief-
Editor (IJAME) for their great feedback and helpful suggestions - they really helped us make this research 
better. The authors also, sincerely thank the researchers whose work is cited in this article for their valuable 
contributions to the field. 
 



158  Unsteady MHD 2- liquid heat transmission plasma flow in a… 

Funding 
 
 This research was carried out without any financial support from institutions, organizations, 
government bodies, or external funding sources. 
 
Appendix 
  ( , ) ( cos )1 01 11q y t q t q= + ε ω    and   ( , ) ( cos ) ,2 02 12q y t q t q= + ε ω     where    ,,01 01 01 02 02 02q u iw q u iw= + = +  
 
  , ,11 11 11 12 12 12q u iw q u iw= + = +    ( cos ) , ( cos ) ,1 01 11 2 02 12t tθ = θ + ε ω θ θ = θ + ε ω θ  

 

  -, , - - , ,
2

0 1 0 2
1 2 3 42 2 2 2

msm s msP 1 P P 1 1 s P
1 m 1 m 1 m 1 m

σ σ σ σ−  = − = = = + + + + 
 

 

  

( ), , , , ,

( tan )
, , , , ,

( tan )
, ,

2 2
2 2 2 21 2

1 1 2 2 3 1 4 3 4 52 2

2 2 2
2 2 22 3

6 4 7 8 9 10
2

22
1 1 52

11 12

1 mi i m h Mb P iP b M 2iK b b b P iP b 2ih K
1 m 1 m

4b 4b 4 t bbb b h b b b b
2 2 b 2

4b4 t b
b b b

2 2

 − σ − σ α   = + = − = − = + = − ρα  + +    

λ + λ + λ − λ + λ + λ − ω ω −
= − α = = = =

λ + λ +λ + λ − ω ω −
= = , ,

2
1 1 5 6

13 14
5

4b bb
2 b

λ − λ +
= =

 

 

  , ,
7 7

8 8

b b
1312

15 8 7 8 16 8 7 8b b
bb e eb b 1 b b b b 1 b b

h he e

     = − − + − = − − + −         α α      
 

 

  

( ) ( ), ,

( )( ), , ,

7 10

8 8 11

10

11 11

b b
9 15

17 8 9 14 9 14 7 8 18 11 7 8b b b

b
16 10 11

19 11 10 11 20 21 22b b 2 2 2

b be eb b b b 1 b b b b b b 1 b b
h ee e

b b be 1 mi S m 1 ib b 1 b b b b b i
h 1 m M 1 me e

      = − − − − − − = − − + −         α     

  − − − = − − − − = = = +    α  + + 
,


 

 

  , , , , ,
2

0 1 0 2 0 2 0 1 0
23 24 25 21 26 22 27 242 2 2 2 2

i m s ismb b 1 b b i b b b b
1 m M 1 m 1 m M

σ σ + σ σ σ σ σ σ σ = = − − = =− = − + + + 
 

 

  

( )

( )

, ,
( ) ( ) ( ) ( )

, ,
( ) ( ) ( ) ( )

1 1
2 2

r 1 7 1 7 1 25 1 25 r 1 7 2 8 1 25 2 25
28 292 2

7 7 2 7 7 7 8 2 7 8

2 2
r1 2 8 1 7 2 25 1 25 r1 2 8 2 8 2 25 2 25

30 312 2
8 7 2 8 7 8 8 2 8 8

p B b B b M B b B b p B b B b M B b B b
b b

b b b b b b b b

p B b B b M B b B b p B b B b M B b B b
b b

b b b b b b b b

 − + − + = =
+ + λ + + + λ +

 − + − + = =
+ + λ + + + λ +

 

 



T.L. Raju et al.  159 

  

( ) ( ) ( ), , ,
( ) ( ) ( ) ( ) ( ) ( )

(( ) ( )( ), ,
( ) ( )

2 2 2
r1 25 1 26 25 9 r1 25 2 26 25 9 r1 25 1 26 25 9

32 33 342 2 2
7 2 7 8 2 8 7 2 7

2 2
2r1 25 2 26 25 9 r1 26 25 9 26 25 9

35 36 372
28 2 8

p M b B b b b p M b B b b b p M b B b b bb b b
b b b b b b

p M b B b b b p M b b b b b bb b b
b b

− − − − − −= = =
+ λ + λ + λ

−λ +− − − − −= = =
λ+ λ

tan )
,

2
2 r14 p t

2
λ − ω ω

 

 

  ( )costan
, ,

( ) ( ) tan

22 r1 5 10 5 10 5 5 25 252 2 r1
38 39 2

10 10 2 10 10 r1

p t B b B b M B B b b4 p t
b b

2 b b b b p t

− ε ω +−λ − λ − ω ω
= =

+ + λ + + ω ω
 

 

  ( ) ( )cos cos
, ,

( ) ( ) tan ( ) ( ) tan

2 2
r1 5 10 6 11 5 6 25 25 r1 6 11 5 10 6 5 25 25

40 412 2
10 11 2 10 11 r1 11 10 2 11 10 r1

p t B b B b M B B b b p t B b B b M B B b b
b b

b b b b p t b b b b p t

− ε ω + − ε ω +
= =

+ + λ + + ω ω + + λ + + ω ω
 

 

  ( ) ( )cos
, ,

( ) ( ) tan ( ) ( ) tan

2 2
r1 6 11 6 11 6 6 25 25 r1 1 7 5 10 1 5 25 25

42 432 2
11 11 2 11 11 r1 7 10 2 7 10 r1

p t B b B b M B B b b p B b B b M B B b b
b b

b b b b p t b b b b p t

− ε ω + − +
= =

+ + λ + + ω ω + + λ + + ω ω
 

 

  ( ) ( )
, ,

( ) ( ) tan ( ) ( ) tan

2 2
r1 1 7 6 11 1 6 25 25 r1 2 8 5 10 2 5 25 25

44 452 2
7 11 2 7 11 r1 8 10 2 8 10 r1

p B b B b M B B b b p B b B b M B B b b
b b

b b b b p t b b b b p t

− + − +
= =

+ + λ + + ω ω + + λ + + ω ω
 

 

  ( ) ( )
, , ,

( ) ( ) tan ( ) ( ) tan

2 2
r1 2 8 6 11 2 6 25 25 r1 5 7 1 10 5 1 25 25

46 47 2 r12 2
8 11 2 8 11 r1 7 10 2 7 10 r1

p B b B b M B B b b p B b B b M B B b b
b b p

b b b b p t b b b b p t

− + − +
= = λ = λ

+ + λ + + ω ω + + λ + + ω ω
 

 

  ( ) ( )
, ,

( ) ( ) tan ( ) ( ) tan

2 2
r1 6 7 1 11 6 1 25 25 r1 5 8 2 10 5 2 25 25

48 49 3 r22 2
7 11 2 7 11 r1 8 10 2 8 10 r1

p B b B b M B B b b p B b B b M B B b b
b b p h

b b b b p t b b b b p t

− + − +
= = λ = ραλ

+ + λ + + ω ω + + λ + + ω ω
 

 

  

( ) ( ), ,
( ) ( ) tan ( ) ( ) tan

( ) ( ),
( ) ( ) tan ( ) (

2 2r1 6 8 2 11 6 2 25 25 r1 26 25 9 25 5
50 512 2

8 11 2 8 11 r1 10 2 10 r1

2 2
r1 26 25 9 25 6 r1 26 25 9 25 5

52 532 2
11 2 11 r1 10 2

p B b B b M B B b b p M b b b b Bb b
b b b b p t b b p t

p M b b b b B p M b b b b Bb b
b b p t b b

− + − −= =
+ + λ + + ω ω + λ + ω ω

− − − −= =
+ λ + ω ω + λ

,
) tan10 r1p t+ ω ω

 

 

  ( ) , ,
( ) ( ) tan ( ) ( ) tan

2 2
2 r2 3 3 12 12 23 23 3 3

r1 26 25 9 25 6
54 552 2

11 2 11 r1 12 12 3 12 12 r2

p B B b b h M b b B B
p M b b b b Bb b

b b p t b b b b p t

β − + σβ − − α = =
+ λ + ω ω + + λ + + ω ω

 

 

  , ,
( ) ( ) tan ( ) ( ) tan

2 2 2 2
r2 3 4 12 13 23 23 3 4 r2 4 3 13 12 23 23 4 3

56 572 2
12 13 3 12 13 r2 13 12 3 13 12 r2

p B B b b h M b b B B p B B b b h M b b B B
b b

b b b b p t b b b b p t

β β   − + σβ − + σβ   α α   = =
+ + λ + + ω ω + + λ + + ω ω

 

 

  ( ), ,
( ) ( ) tan ( ) ( ) tan

2 2
2 2r2 4 4 13 13 23 23 4 4

r2 27 14 23 23 3
58 592 2

13 13 3 13 13 r2 12 3 12 r2

p B B b b h M b b B B
p h M b b b b Bb b

b b b b p t b b p t

β − + σβ  − σβ −α = =
+ + λ + + ω ω + λ + ω ω

 

 



160  Unsteady MHD 2- liquid heat transmission plasma flow in a… 

  ( ) ( ), ,
( ) ( ) tan ( ) ( ) tan

2 2 2 2
r2 27 14 23 23 4 r2 27 14 23 23 3

60 612 2
13 3 13 r2 12 3 12 r2

p h M b b b b B p h M b b b b Bb b
b b p t b b p t

− σβ − − σβ −= =
+ λ + ω ω + λ + ω ω

 

 

  ( ) ( )( ), ,
( ) ( ) tan

2 2 2 2
r2 27 14 23 23 4 r2 27 14 23 27 14 23

62 632
313 3 13 r2

p h M b b b b B p h M b b b b b bb b
b b p t

− σβ − − σβ − −= =
λ+ λ + ω ω

 

 

  
cos cos

, ,
( ) ( ) tan ( ) ( ) tan

2 2 2 2
r2 7 7 15 15 23 23 7 7 r2 7 8 15 16 23 23 7 8

64 652 2
15 15 3 15 15 r2 15 16 3 15 16 r2

p t B B b b h M b b B B p t B B b b h M b b B B
b b

b b b b p t b b b b p t

β β   − ε ω + σβ − ε ω + σβ   α α   = =
+ + λ + + ω ω + + λ + + ω ω

 

 

  
cos cos

, ,
( ) ( ) tan ( ) ( ) tan

2 2 2 2
r2 8 7 16 15 23 23 8 7 r2 8 8 16 16 23 23 8 8

66 672 2
16 15 3 16 15 r2 16 16 3 16 16 r2

p t B B b b h M b b B B p t B B b b h M b b B B
b b

b b b b p t b b b b p t

β β   − ε ω + σβ − ε ω + σβ   α α   = =
+ + λ + + ω ω + + λ + + ω ω

 

 

  , ,
( ) ( ) tan ( ) ( ) tan

2 2 2 2
r2 3 7 12 15 23 23 3 7 r2 3 8 12 10 23 23 3 8

68 692 2
12 15 3 12 15 r2 12 16 3 12 16 r2

p B B b b h M b b B B p B B b b h M b b B B
b b

b b b b p t b b b b p t

β β   − + σβ − + σβ   α α   = =
+ + λ + + ω ω + + λ + + ω ω

 

 

  , ,
( ) ( ) tan ( ) ( ) tan

2 2 2 2
r2 4 7 13 15 23 23 4 7 r2 4 8 13 16 23 23 4 8

70 712 2
13 15 3 13 15 r2 13 16 3 13 16 r2

p B B b b h M b b B B p B B b b h M b b B B
b b

b b b b p t b b b b p t

β β   − + σβ − + σβ   α α   = =
+ + λ + + ω ω + + λ + + ω ω

 

 

  , ,
( ) ( ) tan ( ) ( ) tan

2 2 2 2
r2 7 3 15 12 23 23 7 3 r2 8 3 16 12 23 23 8 3

72 732 2
15 12 3 15 12 r2 16 12 3 16 12 r2

p B B b b h M b b B B p B B b b h M b b B B
b b

b b b b p t b b b b p t

β β   − + σβ − + σβ   α α   = =
+ + λ + + ω ω + + λ + + ω ω

 

 

  , ,
( ) ( ) tan ( ) ( ) tan

2 2 2 2
r2 7 4 15 13 23 23 7 4 r2 8 4 16 13 23 23 8 4

74 752 2
15 13 3 15 13 r2 16 13 3 16 13 r2

p B B b b h M b b B B p B B b b h M b b B B
b b

b b b b p t b b b b p t

β β   − + σβ − + σβ   α α   = =
+ + λ + + ω ω + + λ + + ω ω

 

 

  ( ) ( ), ,
( ) tan ( ) tan

2 2 2 2
r2 27 14 23 7 23 r2 27 14 23 8 23

76 772 2
15 3 15 r2 16 3 15 r2

p h M b b b B b p h M b b b B bb b
b b p t b b p t

− σβ − − σβ −= =
+ λ + ω ω + λ + ω ω

 

 

  ( ) ( ), ,
( ) tan ( ) tan

2 2 2 2
r2 27 14 23 7 23 r2 27 14 23 8 23

78 792 2
15 3 15 r2 16 3 16 r2

p h M b b b B b p h M b b b B bb b
b b p t b b p t

− σβ − − σβ −= =
+ λ + ω ω + λ + ω ω

 

 

  tan tan
, .

2 2
3 3 r2 3 3 r2

80 81
4 p t 4 p t

b b
2 2

−λ + λ − ω −λ − λ − ω
= =  

 
Nomenclature 
 

 
.

 
, ... , ..

.  
.

, .
1 2 7

1 2 35

B B B
b b b





 − symbols/or functional relations 

 B  − magnetic flux density 
 0B  − uniform magnetic field 
 , , ( , )ix izE E i 1 2=  − electric fields in the x- and z-directions 
 e  − electric charge 
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 h  − height ratio 
 1h , 2h  − channel heights of the upper and lower regions 

 J  − current density 
 ,ix izJ J  − current densities in the x- and z-directions 
 , ( , )ix izI I i 1 2=  − dimensionless current densities 
 ,1 2K K  − two fluids thermal conductivities 
 K  − Taylor number 
 M  − Hartmann number 
 m  − Hall parameter 
 ,  i ix zm m  − no-dimensional electric fields 
 ,1 2N N  − symbols used for n a d

1 1 2 21 x z x z2m iN Nm m im+ == +  

 ,  1 2Nu Nu  − heat transfer coefficients 
 P  − pressure 
 ep  − electron pressure 
 Pr  − Prandtl number 

( ) ( ), and ,1 2q y t q y t  − velocities in two regions, where  ( , ) ( ) cos t ( )1 01 11q y t q y q y= + ε ω  
( , ) ( ) cos ( )2 02 12q y t q y t q y= + ε ω  

 , , ,01 02 11 12q q q q  − complex notations of velocities,  ,,01 01 01 02 02 02q u iw q u iw= + = +  
,11 11 11 12 12 12q u iw q u iw= + = +  

 ,
1 2m mq q  − complex form of the mean velocities 

 s − /pe p=  (ratio of electron pressure to the total pressure) 
 t  − time 
 T  − temperature 
 ,

1 2w wT T  −  temperature at lower and upper plates 

 1u , 2u  − initial velocity distributions in the two regions 
 ,

1 2m mu u  − initial mean velocity distributions 

 ( ) ( ),01 02u y u y  − initial velocity distributions in the steady-state case in two regions 

 ( ) ( ),11 12u y u y  − transient primary velocities in the two regions 

 pu  − characteristic velocity =
2
i

i

hp
x

 ∂−  ∂ μ 
, ,i 1 2=  

 1w , 2w  − secondary velocity dispersals in the two regions 
 ,

1 2m mw w  − secondary mean velocity dispersals in the two regions 

 ( ) ( ),01 02w y w y  − secondary velocity dispersals in the steady-state case 

 ( ) ( ),11 12w y w y  − transient secondary velocity components 

 ( ),  ,  x y z  − space coordinates 
 α  − ratio of viscosities 
 λ  − porous parameter 
 β  − ratio of thermal conductivities 
 ,1μ 2μ  − viscosities- two fluids 
 0σ  − ratio of electrical conductivities 
 ,1 2σ σ  − modified conductivities parallel and normal to the direction of the electric field 
 ,01 02σ σ  − electrical conductivities of the two fluids 
 , , ,11 12 21 22σ σ σ σ  − modified conductivities parallel and normal to the direction of the electric field 
 ε  − amplitude 
 φ  − viscous dissipation 
 Ω  − Angular velocity, where ( , , )0 0Ω = Ω  
 ρ  − ratio of densities 
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 0ρ  − free charge density 
 ,1 2ρ ρ  − densities- two fluids 
 ,1 2θ θ  − non-dimensional forms of temperature dispersals of the two fluids 
 ( ) ( ),01 02y yθ θ  − thermal distributions under the steady state in the two regions 

 ( ) ( ),11 12y yθ θ  − temperature dispersals under transient state in the two fluid regions 
 , eτ τ  − mean collision time between electron and ion, electron and neutral particles 
 ω  − frequency of oscillation 
 eω  −electron's gyration frequency 
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