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We delve into the effects of hall currents on the dynamics of unsteady magnetohydrodynamic flow and heat transfer
within a two-fluid system of ionized gases confined within a horizontal channel bounded by parallel conducting plates.
Employing a regular perturbation technique, we solve the governing partial differential equations to unveil the
distributions of velocity and temperature, alongside profiles depicting heat transfer coefficients. Through a systematic
parametric analysis, we explore the interplay among variables such as the Hartmann number, Hall parameter, and ratios
involving viscosities, heights, electrical conductivities, and thermal conductivities. The results highlight the profound
influence of these parameters on the dynamics of unsteady magnetohydrodynamic (MHD) heat transfer within a flow
regime characterized by a dual-ionized fluid. This influence is particularly pronounced when the lateral plates of the
channel are conductive. Significantly, elevated Hartmann numbers and Hall parameters are associated with augmented
heat transfer coefficients at both plates, holding other variables constant.
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1. Introduction

Recent technological progress has sparked a keen interest in exploring studies related to
magnetohydrodynamic (MHD) multi-fluid or immiscible fluid flow. This enthusiasm is stimulated by the
widespread applications of such studies across diverse specialized fields. Notably, the conceptual design of
fusion reactors, liquid metal MHD power generators, MHD accelerators, and electromagnetic pumps
necessitates a thorough understanding of heat transfer and thermo-hydraulic mechanisms within two-phase or
two-fluid flow models influenced by an applied magnetic field. The adoption of two-fluid flow models has
proven to be particularly advantageous in enhancing heat transfer under specific conditions. In the context of
transportation and the extraction of oil products in geothermal regions, the implementation of a two-phase or
two-fluid flow model, especially in an electromagnetic pump, leads to improved flow rates. Furthermore, it
reduces the power required for oil pumping through pipelines, as demonstrated by the effective incorporation
of water, as observed in Shail [1].

Recognizing that fluid flows, whether Newtonian or non-Newtonian are generally characterized by an
unsteady or transient nature, this property poses significant challenges, particularly in practical scenarios
involving immiscible fluids. Many issues in industries such as petroleum, geophysics, plasma physics, and
magneto-fluid dynamics revolve around multi-fluid flow situations. Considering both immiscible fluids as
electrically conducting, with one having high electrical conductivity compared to the other, proves beneficial
in minimizing power consumption during operations like pumping fluids in MHD pumps and flow meters. In
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numerous engineering, technological, and industrial challenges, understanding the heat flow magnitude and
the resulting temperature distribution patterns during unsteady motion in various geometries is crucial.
Oscillatory flows are commonly employed to enhance heat transfer rates in various industrial processes.
Cowling [2] emphasized that in ionized gas working fluids with low density or strong magnetic fields, the
influence of Hall currents becomes significant, leading to the unavoidable Hall effect.

Hence, there is a significant requirement to investigate the influence of Hall currents on the dynamics
of unsteady magnetohydrodynamic two-fluid flow. Hall currents play a crucial role in various astrophysical
and geophysical scenarios, as well as in plasma flows found in MHD power generators, plasma jets, Hall
accelerators, and similar applications. Numerous model studies have been conducted by researchers over
several decades to examine the impact of Hall currents on MHD problems involving single fluid flow systems
[3-22]. While there exists a substantial body of literature on MHD two-phase/two-fluid flow problems due to
their extensive applications across various domains [23-39], most of these studies assume steady-state
conditions in their analyses. However, practical applications often involve understanding the effect of external
body forces on the motion of electrically conducting fluids in two-dimensional time-dependent situations.
Therefore, further research is needed to explore how unsteady MHD two-fluid flow dynamics are affected by
the presence of Hall currents. This investigation will contribute to our understanding of complex phenomena
and enable us to develop more accurate models for real-world scenarios involving time-dependent fluid motion
influenced by external forces.

Despite the aforementioned studies, there is a limited body of research in the literature addressing
magnetohydrodynamic two-fluid flow models with and without the Hall effect. Noteworthy among these
studies are the works of Kalra et al. [40], who explored the impact of Hall current and resistivity on the stability
of a gas-liquid system, and Hyun and Kennel [41], who discussed small amplitude waves in a hot relativistic
two-fluid plasma. Sharma and Sharma [42] delved into MHD two-fluid flow and heat transfer through a
horizontal channel, while Joseph et al. [43] examined unsteady MHD free convective flows of two immiscible
fluids in a horizontal channel with heat and mass transfer. Sivakamini and Govindarajan [44] studied unsteady
MHD flow of two immiscible fluids under chemical reaction in a horizontal channel, while Gireesha and
Mahantesh [45] focused on studying Hall effects on dusty nanofluid two-phase transient flow past a stretching
sheet. In more recent investigations, L. Raju conducted research on various aspects of MHD heat transfer in
different fluid flow scenarios. For instance, L.Raju investigated MHD heat transfer in a two-ionized fluid flow
between parallel plates with Hall currents [46,47]. L.Raju also collaborated with Gowri to study the effect of
Hall current on unsteady MHD two-ionized fluid flow and heat transfer in non-conducting and conducting
channels [48,49]. Furthermore, L.Raju worked with Valli to examine Hall currents influence on EMHD 2-
layered plasma heat transfer flow via a channel of porous plates [50]. L. Raju, in collaboration with Venkat,
explored rotating systems using a straight channel between non-conducting and conducting plates with Hall
currents [51,52]. Furthermore, L. Raju and Satish examined slip regime MHD 2-liquid plasma heat transfer
flow with Hall currents between parallel plates [53,54].

Previous explorations have primarily concentrated on steady flow conditions. Yet, prior studies have
not delved into the realm of unsteady magnetohydrodynamic (MHD) two-fluid flow and heat transfer of
ionized gases in a horizontal channel under the influence of a transverse magnetic field, incorporating Hall
currents. This investigation aims to bridge this research gap by analyzing the influence of the Hall effect on
the dynamics of fluctuating MHD two-fluid flow and heat transfer of ionized gases within a horizontal channel
confined by two conducting plates and exposed to a transverse magnetic field. This theoretical endever carries
practical significance in various engineering domains, such as chemical, petroleum, and especially geothermal
systems. The findings may inform the design of MHD power generators, pumps, flow meters, Hall
accelerators, and plasma jets. Moreover, they could enhance cooling processes in nuclear reactors and other
engineering applications.

2. Derivation and mathematical examination of the problem

The considered “magnetohydrodynamic (MHD) two-fluid flow model pertains to a horizontal channel
bounded by two parallel infinite plates extending in the x- and z-directions. The Cartesian coordinate system
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is defined with the origin positioned midway between the plates (see Fig.1). The x-axis aligns with a
hydrodynamic pressure gradient in the plane parallel to the channel plates but is not oriented toward the flow”.
It is presupposed that the width of the channel significantly exceeds its height.

Channel consists of two electrically conducting plates that are maintained at constant temperatures.
These temperatures are denoted as 7,,; at y=h; and T,, at y = h,.The upper region of the channel is referred

to as region-I, while the lower region is designated as region-II. Region-I spans from 0 < y < h;, region-II
covers the range —h, < y <0.Investigating a two-dimensional magnetohydrodynamic (MHD) two-fluid

_3_19) through a horizontal channel

flow, where ionized gases are propelled by a constant pressure gradient (
X

between parallel plates, influenced by transverse electric and magnetic fields. The assumption is that the flow
exhibits unsteady, laminar characteristics, and has reached full development.

The fluids within region I and region II are treated as immiscible, electrically conducting,
incompressible substances with distinct densities (p; andp,), viscosities (W, U, ) electrical conductivities
(('50 7 002) and thermal conductivities (K, K, ). A constant-strength magnetic field (BO) is applied in the y-

direction, perpendicular to the channel, with consideration for the influence of Hall currents. The assumption
of a small magnetic Reynolds number leads to the omission of the induced magnetic field.

Y
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Fig.1. Flow scheme in coordinates.

The channel maintains strict boundaries to ensure stability, while the interface between the immiscible
fluids is assumed to remain flat, stress-free, and undisturbed. Thermal boundary conditions are uniformly
extended across the infinite channel plates, with thermal conduction in the flow direction and electron heating
being disregarded. Given the infinite extension of the plates along the x- and z-directions, all physical variables,
except pressure, are solely functions of y and ¢. With these considerations and insights from existing literature,
governing equations for unsteady magnetohydrodynamic flow and heat transfer in a channel of parallel
conducting plates, under transverse electric and magnetic fields within two-fluid regions, are formulated. This
formulation is grounded in the fundamental equations for unsteady MHD flow of neutral fully ionized gas,
accounting for Hall currents.

The governing equations in this investigation include the equations of motion, current, and energy,
along with the corresponding boundary and interface conditions. The fundamental equations for an unsteady
hydromagnetic flow of a neutral fully ionized gas in the presence of Hall currents as on the works of Spitzer[55]
are given by:
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Equation of motion:

p[aa_f+(yv) }_vavzm(jxﬁ).

Equation of current:

Equation of energy:

pc p[aa—f+(VV) } KV2T+¢+(72/00).

The continuity equation for an incompressible fluid:

V.V =0.

@2.1)

(2.2)

(2.3)

24

Given the aforementioned assumptions and employing the analytical approach akin to the works of
Sato [5], L.Raju [46] and L.Raju and Valli [50], in the two fluid regions we consider the fluid velocity

V =(u;,0,w;), the magnetic flux intensityE =(0, By,0), the current densityJ

( lxa

(Jiy»0, J ), the electric field
,E.) and J? =J. +J, (i =1, 2) for both fluid regions. Consequently, the governing equations for

the two- ﬂuld regions, that is, the upper and lower regions denoted as Region-I and Region-II, are simplified
and expressed as follows:

Region-I:

(2.6)

Q2.7)
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Region-II:

2
duy 0wy _{I_Sa_p£,_%}+{_5”(5h+u230)+622(152x_w230)}30, (2.10)
Go2

ot —H2 o’ ox
ow, o’w dp G
P2 o =H, > 22 ( . GZZ}L{GU(EA—W230)+622(E22+”230)}Boa (2.11)
02
2 2
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P, == — Ky — =1, (—ZJ +[—2J +2, 2.12)
ot oy dy dy Cyz
Gy s Op
Jox =06 2E, = ByG,wy + G E . + ByOsu; "‘_—— (2.13)
E E

The subscripts 1 and 2 in the above equations signify the quantities associated with regions I and I,
respectively. The variables u;, u> and w;, worepresent the velocity components along the x- and z-directions in
the two-fluid regions, referred to as primary and secondary velocity distributions. The notations E,, and E,_,

J,and J,, (i=1,2) stand for the x- and z-components of the electric field and the current densities,

respectively. The quantities 7; and 7> represent temperatures, and ¢, (i=1,2) is the specific heat at constant

pressure. The parameter s is defined as the ratio of electron pressure to the total pressure (S =p,/ p) , where

values of s =§ and approximately zero correspond to neutral fully-ionized plasma and weakly-ionized gas,

respectively. The coefficients 6,;,, ¢;, and 6,,, ©,, represent the modified conductivities parallel and
normal to the direction of the electric field, respectively. Considering that T,,; and T, , are constant everywhere
or;  dT,  dT.

on the upper and lower plates, respectively, the temperatures — o} =0,—=0, =0,—2=0 andT,, T, are
ox 0z ox oz

finite in the two-fluid regions and are functions of y and ¢ only. The continuity of fluid velocity and shear stress
is assumed over the interface at y =0 . The conditions on the temperature field enforce isothermal boundary

conditions at the two plates, as well as the continuity of temperature and heat flux at the interface y =0.
The boundary and interface conditions regarding velocity distributions are as follows:

0 for <0,
uy(hy) and wy(h;) = ‘ (2.15)

Real of '™ for ¢>0,

u(0)=uy(0), w(0)=w,(0) for h;=hy, (2.17)
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ou; ou, ow, ow,
ke B DRPRS Bi 3 d —Li=pu,| =21 at y=0. 2.18
ul[@yj Hz[ay] an H][ayj Hz(ay at y (2.18)

The isothermal boundary and interface conditions pertaining to temperature for both fluids are as follows:

T][hl]szJa Tz[_hz]szza TI[O]ZTZ[O] for h;=h,,

oT oT
K, | =L |=K,| =% |at y=0,
J(Syj Z(E’yjay

The ensuing non dimensional variables are employed in formulating the governing equations (2.5)
through (2.14) and (2.15) to (2.19) in a dimensionless manner:

(2.19)

2
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M (Hartmann number) = B’ ohz ] {%J , O (the viscosity ratios) = &,
M 2

h (the height ratios) =Z—2 , P (the density ratios) = p—Z, (2.20)
1 Pi

. . L c
6, (ratio of the electrical conductivities) = —or

Go2
S O Oy 1 5 m
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m (Hall parameter) = €

. o . K
B (the proportion of thermal conductivities between the two fluids)= K_]
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b

T-T, .
0; (distribution of temperature) = — L w

(up2u1 /Ki)'
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In this context, m, represents the gyration frequency of electrons, while T and t,denote the mean
collision time between electrons and ions, and electrons and neutral particles, respectively. The provided
expression for the Hall parameter m, applicable to partially-ionized gases, coincides with that of fully-ionized
gases as T, approaches infinity.

Utilizing the transformations outlined above (in Eq.2.20) and disregarding the asterisks, Eqgs (2.5) to
(2.14) assume their non-dimensional form. Moreover, the channel side plates are thought to be short-circuited
by an outside conductor and comprised of conducting material, causing the induced electric current to flow
out of the channel. Hence, there is no electric potential between the channel plates. We also have
m, =0, m, =0 if we accept no electric field in the x and z axes (see Sato [5], L.Raju [46] and L.Raju and
Venkat [51]). As a result, the dimensionless governing equations of motion, current, energy, and conditions in
the two zones take the following form.

Region-I
2
aul_i_}\'%: a uI_MZZ/l] _Msz]+I3 (221)
ot ¥y 1w 1+m’ T
2

aWI +7\’aW1 _ a W] _ M2W1 " Mzmu] +B2 (222)
ot ay ayz 1+m?  1+m’ ,

5 2 2
49y 5y _ 1 978, (fou} (9w L yp2p2 (2.23)
dt o P, 9’ dy dy

mu w s m
I, =——L——1 , (2.24)
" rem? 1em? M 1+m?
u mw s m
I, =—1-+—L + (1— j (2.25)
Frem? 1w M2 I1+m?
Region-II

2 2142 2142
ot A 1+m’ 1+m’ ’
b ow, 0°w, ooh’M? ac,h°M?
2 i pahn 22 = M;Z— 722 IR 1 B (2.27)
ot dy I+m I+m

2 2 2
dt dy Py dy? ol dy dy
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_m(5002u2 G()G]W2 SGOZGZ m

I, (2.29)
’ 1+m’ 1+m? M?  I+m?
1+m 1+m I+m° )M
and 122:I2X2+[222
where
1 —Ssm (50601 Scocozm
B =1_S( )a B = , B :]—S(]——j, :—
! I1+m’ 2 lm? I 1+m’ s 1+m?
The boundary and interface conditions on u,;, w; and u,, w, are given by:
0 for t<0, 0 for ¢t<0,
uy (1) = and  w;(1)= (2.31)
ecoswt for ¢>0, gecoswt for >0,
u(0)=uy(0), w, (0)=w,(0), (2.33)
ou ou BW ow ow ow
—1 (%h) 2 9 _ (Ah) 2 and p, al ”23_2 at y=0. (2.34)
y y
The boundary and interface conditions on temperature for both fluids are:
0,(1)=0, 0,(~1)=0, ©,(0)=6,(0) and =L o g (235)
dy Bh dy

3. Solution methodology

Our objective is to address the equations governing momentum and energy (2.21, 2.22, 2.23, 2.26,
2.27 and 2.28), taking into account the boundary and interface conditions (2.31 to 2.35), in order to determine
the velocity and temperature distributions within the fluid domains. These equations form a complex system
of interconnected partial differential equations, devoid of direct solutions. Nonetheless, we can streamline them
into ordinary linear differential equations utilizing the first-order regular perturbation method, under the
assumption of a two-term series expansion:

u;(3,1) = ug; (v) +Real of €™ uy; (»),
for >0, 3.1)

w, (v,t)=wy; () +Real of €€ w;; (),
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u,(3,1) =y, (v)+Real of €€ uy, (y),
for >0, 3.2)

w,(1,8)=wy, (») + Real of €€ wy, (),

0,(»,1)=6y;(¥)+Real of €™ 0,,(»),
for ¢t>0. 3.3)

0,(»,)=0y, (»)+Real of €' 8,,(¥),

In this context, the variables u,; (), 1y, (¥), Wy;(»), Wy2(») and 6,;(»), 6,,(») signify the stable
elements of velocity and temperature distributions within the two distinct fluid domains. Conversely, the
variables u;;(y), u;5(»), w;;(»), wio(») and 6;;(»), 8,,(») represent the dynamic components that evolve

with time, pivotal in resolving the posed issue.
In order to set the Eqs (2.21) and (2.22) into a single equation and for simplicity, we introduce a

complex function ql(y,t):ul(y,t)—f-iw](y,t); likewise qz(y,t):uz(y,t)—f-iwz(y,t) to combine the Egs

(2.26) and (2.27). Thereby utilizing the expressions given in the Eqs (3.1-3.3) into the Eqs (2.21-2.23 and 2.26-
2.28) and then separating the steady and transient time-varying parts, we obtain the following differential
equations in terms of the complex notations, namely ¢,;,q;;,qy, and q;,; where q,; =uy; +iwy;,

qpp=Upp W, Gop =Ugy Wy, g =Upp +iWp, .

Region-I
For steady-state part

dZ(]oI
P —4;9p1=4z (3.4)
'y

1 d’e, (my+my)y (my+m3)y (my+mp)y
—_— 5 = _ble — bze — b3e +
P. dy 3.5)

—b4e(mz +mp)y _ bse"1 —bse"?Y — b, —bge™? —b,.

For transient time dependent part

d’q;, B
dyz

(al—O)tan(Dt)q“ =0, (36)

1d’e " g s
——2” +(otan 1), =b66e(m5+m5)y +b67e(m5+m6)y +b686(m6+m5)y +
Pr dy (3.7)

+b6ge(m6+m6)y +bg,e™ +bgze"Y + by + by

Region-II
For steady-state part

2
d“qp,

——a q =d . (38)
dyZ 3402=0ay
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1 d’e o p— o
S 202 _ —bzge(m3+m3)y _ b29e(m3+m4)y _ b30€(m4+m3)y +
P & 3.9)

(my+myg)y m3y myy m3y myy
—bse —bsye"5" —bsze —by e —b e —by;.

For transient time dependent part

d2
#—(% —otant)q;, =0, (3.10)
dy
2 J— N R
1 92” +(otan )8, = bgye "7 Y 4 by "7V 4 by MY
P (3.11)

+hgze ST 4 b ™Y 4 by €™ + bege™” + bgge™” .
Exploring the scenario of conductive plates

If the lateral plates are constructed from conductive materials and experience a short circuit through
an external conductor, the resulting induced electric current exits the conduit. In this scenario, no electric
potential is present between the side plates. Furthermore, assuming zero electric field in the x- and z-directions,

we establish m, =0, m, =0 (see Sato [5]). The constants in the arrangement are determined based on these
two conditions. The solutions for u;, uy; w;, Wy Uy, sty 5 Wy, s Wy, I; and I, in the two regions are derived

as follows:

Region-I
In the steady-state case

. a
Qo1() = g () +iwy, (¥) = 4" + A,e™? —a—z. (3.12)
1

In the time-dependent transient component

q11(¥) = up () +iwy (v) = A5€™7 + 4ge™” (3.13)
. 1 . m .
1[:11x +l][Z: ]+m2 (luI_W])+ ]+m2 (u1+lwl)+

(3.14)

Hrt)
M2\ 1+m? 1+m’))

q;(v.t)=qy; (y)+ecost.q;;(y) = 4™ +A2em2y—a—2+scos(ot(A5em5y+A6em6y). (3.15)
4

The complex form of the mean velocity is given by:

. 1 a
Gm; = Uy, T1Wy, :IO q,dy = Aja9; + Ajyagg _a_2+A28' (3.16)
1
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Region-II
In the steady-state case

Q02 (V)= gy (¥) + iy (¥) = A3 + A e+ N 3.17)
as
In the time-dependent transient component
q1(¥) = up(¥) +iwp, (v) = 4" + Age™”, (3.18)
6,0 6,0
1+m 1+m
(3.19)

50,76y, ( m j s0yi  $6,°0,,i
b
m? \ivm*) M? (14w’ )M

q2(y,t):qOZ(y)+8coswt.q]2(y):A3em3y+A4e’"4y—a—4+8coscot(A7em7y +A8em8y). (3.20)

as

The mean velocity is given by:

. 1 a
Gmy =Upy TIWy, = Io q2dy = Azag + Ayt1gp ="+ Ay . (3.21)
az

In the scenario of conducting plates temperature:
The energy equations in simplified form of this case are given by,

Region-I

aﬁ—iazefz(aUlJ(aU_]j+M2{ ! (Uziz)+

oa  p. o’ a J\ ay 1+m’
- (3.22)
1 s? 1 is m u, U,
+H 1= 2 4 =+ 2l |
I+m™ JM" Gy, 4y, M~ 1+m™\ G, Gy,
0,(».t)= (b25leb23y +bys52€” 4 bys3e" b€ +bysye +bygse™ b2569;1y +
+hys e +b258y2) +Byy+ By, +ecoscot(B,3eb12”y + B e 1207 4 b, o138 4 (3.23)

D139y D140y br41y msy mgy msy msy
+b147e +b1486 +b149e +b297e +b2986 +b299e +b300€ ,

The heat transfer coefficient rate at the upper plate Nu; = —(%j at y=1,
y
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Region-I1

_ ba3 by bys b6 mj
Nuy = - [(b251b23e +Dy53b2g€ 7 +byssbrse™” +bysbyge 0 +bysyme™ +
my my my bioo _
byssmye™? +bysompe’! +bys,mye )+2b258 + By +£coswt(BI3b12()e
(3.24)
—bi20 bi3s bi39 140 br4;
+B14b;50e +b146b135€ % +b147b139€73 +bpygbygpe " +byygbyy e +

+byg,mse™ ++byggmge™® +byggmse™ +byyomge™ )}

2 7 —
o  p, dy ol dy ay I+m
(3.25)

b

_{1_ o, jsz 1 + is O,m U_2_U2
1+m* IM? Gy qp, M 1+m°\ Gy 4,

0, (1,1) =bgye# +byse5Y + byse”0 + by + by, 4 byyse™ +byrge™ +

+byy7€™ +byrey? + By + B, +8cosmt(BI5eb120y +B,ge 1207 b, e85 4 (3.26)

bigsy b1g7y bissy mzy mgy mzy mgy
+bs;s€ +byyse +bjgs€ +b319€"7" +b3y0€7%" +b3y €777 +bsp0e )

1

The heat transfer coefficient rate at the lower plate Nu, = —(@J at y=-1,

Br\ dy

i } } } } _
Nu, = —[(b94b74e P74 1 byshsse 5 +bosbrge ™6 +bysbyre”7 +byrymze™™ +

Bh

+b275}7’l4€_m4 +b276 M3e_m3 +b277m4e_n14)_2b278 +B]1 +Ecoswt(BI5b1206_b120 - (3 27)

b120 —b85 —bjs6 —b1g7 —biss
+B5b;29€ "% +b3170,45€ +b3;5b;86€ +bg5b;s7€ +b196D135€ +

+b319m7e_m7 +b32()m86_m8 +b321m7e_m7 +b322m86_m8 ):|

4. Results and discussion

The equations governing the unsteady scenario of conducting plates involve primary formulations for
motion, current, and energy. Utilizing these equations, the main and transverse velocity fields, referred to as
u;,u, and w;,w, , as well as the temperature fields 6,,0, and in the two fluids. The solution to these equations
is obtained and visualized in Figs 1 to 43. Unsteady flow patterns are represented by solid lines, while dash-
spot lines depict steady flow motions. The impact of control parameters, including the Hartmann number M,
Hall parameter m, viscosity ratio o, height ratio 4, as well as ratio of electrical conductivity G, , density ratio

pand B (ratios of electrical and heat conductivities), on the flow and temperature fields is explored for two

scenarios: (s=0) and s equal to half of its estimate. In the numerical calculations, values such as (6,; = 1.2,

002:15, Prl =

B, = 1) are utilized. Notably, in contrast to scenarios with conducting plates, the solutions in
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the present study are observed to depend on s (electron pressure to total pressure ratio) when the plates exhibit
conducting properties. The theoretical outcomes of this study align with those presented by L.Raju [46] for a
steady flow with non-porous plates and without the rotation component. Also, the results of this study coincides
with those of L.Raju and Venkat [51] in absence of rotation and when the plates are non-porous in nature.

When considering the scenario where the electron-to-total pressure ratio s is equal to zero:

The impact of varying the Hartmann number M on the velocity distribution in both regions is depicted
in Figs 2 and 3. In Fig.2, an increase in M is associated with a decrease in the primary velocity distribution in
both regions. Fig.3 demonstrates that increasing the Hartmann number M up to (M < 4) enhances the secondary
velocity distribution, while for (M>4) the secondary velocity distribution diminishes in both regions.
Additionally, it is observed that the maximum velocity in the channel tends to shift towards region-I over the
channel centreline. Analyzing the effect of varying the Hartmann number M on the temperature distribution,
Fig.4 shows that an increase in M leads to a reduction in the temperature distribution in both regions. As M
increases, the maximum temperature in the channel tends to move below the channel centreline towards region-
1L, while all other governing parameters remain constant.

0,08

-1,5 -
-1,5 4

Fig.2. Depicts velocity profiles (primary) for Fig.3. Depicts velocity profiles (secondary) for

unsteady flow (u,u,) and the steady case (u]*,u;) unsteady flow (w,,w,)and the steady case (w,",w,")

across varying M, with specific parameters: across varying M, with specific parameters:
h=0.75,m=2,0=0333,6,=2,05 =12,s=0, N"=075,m=2,0=0333,6)=2,6y=12,5=0,

6y, =15,e=05p=Lt=1t/w 0=1. Oy, =15, e=05p=1 t=n/w 0=1

Figures 5 and 6 depict the impact of varying the Hall parameter ‘m’ on velocity distributions in two
distinct regions. In Fig.5, it is evident that an increase in m enhances the primary velocity distribution across

both regions. Meanwhile, Fig.6 illustrates that an increase in the Hall parameter (m) up to the value of (m =2 )

amplifies the secondary velocity distribution; however, beyond this threshold, the secondary velocity
distribution diminishes in both regions. As m increase the maximum primary and secondary velocity
distributions in the channel tend to shift over the channel centerline towards region-I.
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Fig.4. Depicts temperature profiles for unsteady flow

(6,,8,) and the steady case (9 1*’92* ) across varying

M, with specific parameters:

h=0.75,m=2,00=0.333,6,=2,0),=1.2,5s=0,
0p=15e=05p=1t=n/wpf=0.5 0=1.

Fig.5. Depicts velocity profiles (primary) for unsteady

flow (u;,u,) and the steady case (ul*,u;) across

varying m, with specific parameters:
h=0.75,M =2, =0.333, 6,=2,0,,=1.2,

Cp=15,e=05p=Lt=n/0,0=1, s=0.
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Fig.6. Depicts velocity profiles (secondary) for unsteady

flow (w;,w,) and the steady case (w1 J W

varying m, with specific parameters:

*

*
) across

h=0.75,M =2, 00=0.333,0, = 2,0, =1.2, s =0,

O =1.5,e=05,p=Lt=n/0 0=1.

Fig.7. Depicts temperature profiles for unsteady flow
(6,,0,) and the steady case (91*,92*) across

varying m, with specific parameters:
h=0.75, M =4, 0.=0.333, 6, =2,0;=1.2,5=0,

6y =15¢e=05p=Lt=n/w f=0.5 0=1.

The influence of the Hall parameter m on temperature distribution is examined in Fig.7. The results
reveal that in region-I, an increase in the Hall parameter m leads to a reduction in the temperature distribution.
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Conversely, in region-II, the temperature distribution decreases up to (m=l ) and then starts increasing.

Additionally, as the Hall parameter m increases, the maximum temperature in the channel tends to shift over the
channel centreline towards region-I.
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Fig.8. Depicts velocity profiles (primary) for Fig.9. Depicts velocity profiles (secondary) for
unsteady flow (u;,u,) and the steady case (u]*,u;) unsteady flow (w;, W, )and the steady case (wl*,wz*)

across varying o, with specific parameters: across varying o, with specific parameters:
h=0.75, M =2, m=2, 6,=2,6y,=1.2, s=0, h=0.75,M =2, m=2,6,=2,06y,=1.2,6),=1.5,
Opp=15,e=05,p=Lt=n/0 0=1. e=05p=Lt=n/0,0=1s=0.

The impact of the viscosity ratio Otis depicted in Figs 8 and 9. In Fig.8, it is evident that an increase
in O enhances the primary velocity distribution in both regions, with the exception of the upper side plate
where the profile shows no significant variation. Fig.9 demonstrates that an increase in O amplifies the
secondary velocity distributions in both regions. As O increases, the maximum primary and secondary
velocity distributions in the channel tend to shift over the channel centreline towards region-I. An examination
of the influence of the viscosity ratio on temperature distribution is presented in Fig.10. It shows that an
increase in 0L enhances the temperature distribution up to a certain value, beyond which it decreases in both
regions. Additionally, the temperature distribution in the channel tends to shift below the channel centreline
towards region-II as O increments.

The impact of the height ratio 4 on primary and secondary velocity distributions is illustrated in Figs
11 and 12. Figure 11 shows that an increase in /# enhances the primary velocity distribution in both regions,
with no significant variation observed near the side plates. In Fig.12, an expansion in / is observed to amplify
the secondary velocity distributions in both regions. As /4 increases, the maximum primary and secondary
velocity distributions in the channel tend to shift over the channel centreline towards region-1. Analyzing the
effect of varying the height ratio ‘4’ on temperature distribution, Fig.13 indicates that an increase in the height
ratio enhances the temperature distribution in both regions. Moreover, the maximum temperature in the
channel tends to shift below the channel centreline towards region-II as % increases.
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Fig.10 Depicts temperature profiles for unsteady
flow (6 7,0 2) and the steady case (9 1*,9 2*) across
varying o, with specific parameters:
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Fig.12. Depicts velocity profiles (secondary) for
unsteady flow (w;,w,) and the steady case

(w] Wy ) across varying s, with specific parameters:

M:2,m:2, 0C=0.333, 00:2, 601 :]2, 602 :].5,
e=05,p=Lt=n/0 0=1s5s=0.

Fig.11. Depicts velocity profiles (primary) for

unsteady flow (u 1,u2) and the steady case (ul*,u;)

across varying s, with specific parameters:
M:2, m:2, O€=0333, 60 :2, G()] =1.2, 602 :]5,

e=05p=Lt=n/0 0=1,s=0.
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Fig.13. Depicts temperature profiles for unsteady
flow (6,,8,) and the steady case (61*,92*) across
varying &, with specific parameters:

M=4, m=2, 00=0.333, 6y)=2,0p;=1.2,0=1,
Cp,=1.5,e=05p=Lt=n/0B=0.5 s=0.
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Fig.14. Depicts velocity profiles (primary) for Fig.15. Depicts velocity profiles (secondary) for

unsteady flow (u I,uz) and the steady case (ul*,u;) unsteady flow (W],Wz) and the steady case (w]*,w;)

across varying G, , with specific parameters: across varying o,, with specific parameters:
M=2 m=2, 0=0333, h=0.75,65,=12,s=0, M=2,m=2,00=0.333, h=0.75,6),=1.2,s =0,

Op,=1.5,e=05,p=Lt=n/0 0=1. 6y, =1.5,e=05,p=1t=n/w 0=1.
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Fig.16. Depicts temperature profiles for unsteady Fig.17. Depicts velocity profiles (primary) for
flow (0,,6,) and the steady case (6 1*,92*) across unsteady flow (u,u,) and the steady case (u S 2*)
varying G,, with  specific  parameters: across varying p , with specific parameters:
M=4,m=2,0=0333, h=0.75,6,=1.2,s=0, M=2,m=2,0=0333,h=0.75,065=1.2,5=0,
Gy, =1.5,e=05 p=Lt=n/wp=0.5 0=1. Opy=1.5,8=05,0p=2,t=n/w 0=1.
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Fig.18. Depicts velocity profiles (secondary) for
unsteady flow (w,,wz) and the steady case

(wI Wy ) across varying p with specific parameters:

M=2,m=2,00=0.333,h=0.75,0,,=1.2,s =0,
6y =15,6)=2,e=05,t=m/0,0=1.

Fig.19. Depicts temperature profiles for unsteady
flow (8,,0,) and the steady case (91*,92*) across

varying

Ps

with

specific
M=4,m=2,00=0.333,h=0.75,064,=1.2,s=0,
=2,t=n/®,B=0.5, 0=1.

parameters:

05

YO

-0,5

-1,5 -

-
.

.

-

-
____

(y
B A
b

.

k!
pat - ol
-

30 4 —+—m=05
—— m=1
—h— =2
——m=3

20 A

Nul

10 4

0 T T T T 1

0 200 400 M 600 800 1000

Fig.20. Depicts temperature profiles for unsteady
flow (6,,6,) and the steady case (91*,92*) across

varying B,

with

specific

parameters:

M=4,m=2,0=0.333,h=0.75,6y,=1.2, s =0,
Opp,=1.5,6=05,0p=2,t=n/w,p=1, 0=1.

Fig.21. Depicts Nusselt number (Nu,) is shown

across different M values with specific parameters:

h=0.75,m=2,0=0.333,0, = 2,6, =1.2, s =0,

Gy, =1.5,e=05,p=1t=n/0,p=0.5 0=1.
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The impact of changes in the electrical conductivity ratio G, is illustrated in Figs 14 and 15. It is
observed that both primary and secondary velocity distributions show minimal deviation with increasing values
of 6, . As the ratio ¢, increases, the maximum primary and secondary velocity distributions within the channel
tend to shift toward region-I. The effect of modifying the electrical conductivity ratio G, on temperature
distribution is portrayed in Fig.16. Notably, there is no significant departure from the temperature distribution as
the ratio 6, increases in both regions. The highest temperature in the channel tends to migrate towards region-I
along the channel centreline with increasing values of 6, .The outcomes are depicted in Figs 17 and

18, revealing that there is negligible variation in both primary and secondary velocity distributions with
incremental changes inp. As p increases, the primary and secondary velocity distributions within the channel
tend to shift towards region-I along the channel centreline. In Fig.19, the influence of changing the densities ratio
p on temperature distribution in the two fluid regions is showcased. It is determined that there is no significant
departure from the temperature distribution as p increments occur in both regions. The maximum temperature
within the channel tends to move towards region-I along the channel centreline with increasing p.

Figure 20 illustrates the impact of the thermal conductivity ratio B on temperature distribution. It is
noticed that an increasing B results in an elevation in temperature distribution in both regions. As [
increments, the maximum temperature within the channel tends to shift slightly below the channel centreline,
moving towards region-II.

Figures 21 and 22 illustrate the heat transfer coefficient rates at the upper and lower plates. Analysis of
these figures indicates that, in the scenario where s =0, the heat transfer coefficients at both plates increase with
arise in the Hartmann number M, while maintaining other pertinent parameters constant. Furthermore, it is noted
that the heat transfer coefficient rates at the plates show an increase with the escalation of the Hall parameter.
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Fig.22. Depicts Nusselt number (Nu,) is shown Fig.23. Depicts velocity profiles (primary) for
across different M values with specific parameters: unsteady ﬂow(u,,uz) and the steady case (u, Uy )

h=0.75,m=2,0=0333, 6)=2,69;=1.2,5=0,  jcross varying M, with specific parameters:
002=I5,8=05,p=1,l‘=7t/0),[3=05,0)=1. h=075,m=2,0€=09,00=2,601=12,S=05,

Oy, =1.5,e=05,p=1Lt=n/m 0=1.
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In the scenario where the electron-to-total pressure ratio s equals (1/2):

The impact of altering the Hartmann number M on velocity distributions in two distinct regions is
portrayed in Figs 23 and 24. As shown in Fig.23, an increase in M results in a reduction of primary velocity
distributions in both regions. Conversely, Fig.24 illustrates that an increase in the Hartmann number M up to
the value of M =4 enhances the secondary velocity distribution, while beyond this value, it decreases in both
regions. The maximum primary and secondary velocity distributions in the channel tend to shift above the
channel centreline towards region-I as M increases. The effect of varying the Hartmann number M on
temperature distribution is depicted in Fig.25. It is observed that an increase in M leads to an augmentation of
the temperature distribution in region-1. However, in region-II, the temperature decreases up to M =4, after
which it starts increasing. The highest temperature in the channel tends to traverse across the channel centreline
towards region-1 as M increases, with all other governing parameters held constant.
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Fig.24. Depicts velocity profiles (secondary) for Fig.25. Depicts temperature profiles for unsteady
unsteady flow (w;,w,) and the steady case (W]*,WZ*) flow (0,,0,) and the steady case (91*,62*) across

across varying M, with specific parameters: varying M, with specific ~ parameters:
h=0.75,m=2,00=0.9,6,=2,6),=1.2,5s=0.5, h=0.75, m=2, 0.=0.9, 6,=2,04;,=1.2,5=0.5,

Oy, =1.5,e=05,p=1Lt=n/m 0=1. 0p=15,e=05p=1Lt=n/wpf=0.5 0=I1.

The influence of adjusting the Hall parameter m on velocity distributions in two distinct regions is
exemplified in Figs 26 and 27. As illustrated in Fig.26, augmenting the parameter m leads to a decrease in
primary velocity distributions across both regions. In Fig.27, it is observed that an expansion inmup to m =1
enhances the secondary velocity distribution, followed by a decrease in both regions. The maximum secondary
velocity distribution in the channel tends to shift above the channel centreline towards region-I as m increases.
The impact of varying the Hall parameter m on temperature distribution is showcased in Fig.28. It is found
that an increase in the Hall parameter m leads to a reduction in the temperature distribution in both regions.
Furthermore, the highest temperature distribution in the channel tends to move above the channel centreline
towards region-I as m increases.

The impact of the viscosity ratio, denoted as O, is illustrated in Figs 29 and 30. It is evident that an
augmentation in O enhances both primary and secondary velocity distributions across the two regions. With
increasing O, the peak primary velocity distribution within the channel tends to shift above the centreline
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towards region-I, while the peak secondary velocity distribution tends to shift below the centreline towards
region-1I. The influence of the viscosity ratio O on temperature distribution is depicted in Fig.31. It is
noteworthy that an increase in O raises the temperature distribution up to o =0.5, beyond which it
diminishes in both regions. Moreover, the temperature distribution within the channel tends to shift below the
centreline towards region-II as O increases.

15 - —— 05

—— m=1
w—p— =2
——m3
- m*=05
-——p=-mT=l

-0,5 A

-1.5 -
1,5 4 '

Fig.26. Depicts velocity profiles (primary) for Fig.27. Depicts velocity profiles (secondary) for

unsteady flow (u ,,uz) and the steady case (u]*,u;) unsteady ﬂow(w,,wz) and the steady case (WI*,W;)

across varying m, with specific parameters: across varying m, with specific parameters:
h 2075,M :1, O€=09, 60 =2, 601 212, S :05, h 2075,M =1, OC=09, 60 =2, 601 212, S :05,

Oy, =1.5,6=05,p=Lt=n/0 0=1. Cpp,=1.5,e=05,p=1Lt=n/m 0=1.

The impact of the height ratio /4 on both primary and secondary velocity distributions is illustrated in
Figs 32 and 33. Fig.32 demonstrates that an increase in h enhances the primary velocity distribution in both
regions. However, Fig.33 depicts that an increment in 42 up to s =1 amplifies the secondary velocity
distribution, followed by a decrease in both regions. The maximum primary and secondary velocity
distributions in the channel tend to shift below the channel centreline towards region-II as h increases. The
influence of varying the height ratio h on temperature distribution is presented in Fig.34. It is observed in both
regions that an increase in h leads to an enhancement in the temperature distribution. Furthermore, the highest
temperature in the channel tends to move below the channel centreline towards region-II as h increments.

The impact of the electrical conductivity ratio 6, is depicted in Figs 35 and 36. It is observed that an

increase in 6, amplifies both primary and secondary velocity distributions in the two regions. As o,
increases, the maximum primary velocity distribution in the channel tends to shift above the channel centreline
towards region-I, while the maximum secondary velocity distribution tends to move below the channel
centreline towards region-II. The influence of varying the electrical conductivity ratio 6, on temperature
distribution is illustrated in Fig.37. It is found that an increase in G, enhances the temperature distribution in
both regions. The highest temperature distribution in the channel tends to shift over the channel centerline
towards region-I as 6, increments.
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Fig.28.Depicts temperature profiles for unsteady
flow (8,,0,)and the steady case (91*,92*) across
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Fig.29.Depicts (primary) for
unsteady flow (u 1,U 2) and the steady case (u ,*,u;)

velocity profiles

across varying o , with specific parameters:
h:075,M:I, m:2, 60:2, 60121.2,520.5,

6pp=15,e=05,p=Lt=n/w 0=1.
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Fig.30.Depicts velocity profiles (secondary) for

unsteady flow (WI,WZ) and the steady case(w]*,w;)

across varying o , with specific parameters:
h:075,M:], m:2, G()=2, 60121.2,S20.5,

Opp,=1.5,e=05,p=1t=n/m, 0=1.

Fig.31.Depicts temperature profiles for unsteady
flow (0;,8,) and the steady case (61*,92*) across
varying a, with specific parameters:
h=0.75,M =1,m=2,6,=2,06y,=1.2,6),=1.5,
e=05, p=Lt=n/0,p=0.5 0=1s5s=0.5.
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Fig.32.Depicts

unsteady flow (u,,uz) and the steady case (ul*,u;)

velocity profiles (primary) for

across varying 4, with specific parameters:
M:I, m:2, OL=09, GO :2, 601 :]2, 602 :]5,

e=05,p=Lt=n/00=1s=0.5.

Fig.33.Depicts velocity profiles (secondary) for

unsteady ﬂow(wl,wz) and the steady case (w,*,w;)

across varying 4, with specific parameters:
M:I, m:2, OL=0.9, G() :2, G()] :]2, 602 =1.5,

e=05,p=Lt=n/0,0=1s5s=0.5.
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Fig.34.Depicts temperature profiles for unsteady
flow (8,,6,)and the steady case (61*,92*) across
varying h, with specific parameters:
M=1,m=2,00=09,06,=2,0y,=1.2,06p,=1.5,
e=05,p=Lt=n/0p=0.5 0=15s=0.5.

Fig.35.Depicts velocity profiles (primary) for

unsteady ﬂow(u 1,u2) and the steady case (ul*,u;)
across varying o, , with specific parameters:
M=1,m=2,00=0.9,h=0.75,064=1.2,6) =1.5,
e=05,p=Lt=n/o 0=1,s=0.5.
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Fig.36.Depicts velocity profiles (secondary) for

unsteady flow (wl W) ) and the steady case (wI*,W;)
across varying ©,, with specific parameters:
M:I, m:2, OL=0.9, h:075, 001 :].2, 002 21.5,
e=05, p=Lt=n/o,0=15s=0.35.
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Fig.38.Depicts velocity profiles (primary) for

unsteady flow (uj,uz) and the steady case (u]*,u;)
across varying p , with specific parameters:
M:], m:2, OL=09, h:075, 60] :]2, 602 :]5,
€=05,0p=2,t=n/0, 0=1,5s=0.5.

Fig.37.Depicts temperature profiles for unsteady
flow (G 7,0 2) and the steady case (91*,92*) across
varying  G,, with specific parameters:
M=1,m=2,00=09,h=0.75,6y,=1.2,6y,=1.5,
e=05,p=Lt=n/m,p=0.5 0=1,s=0.5.
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Fig.39.Depicts velocity profiles (secondary) for

unsteady flow (Wl, W, ) and the steady case(wl*,w;)
across varying p with specific parameters:
M :], m:2, OL=0.9, h :075, 60] :]2, 602 :]5,
6p=2,e=05,t=n/0, 0=1,s=0.5.
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Fig.40.Depicts temperature profiles for unsteady Fig.41.Depicts temperature profiles for unsteady
flow (61,92) and the steady case (91*,92*) across flow (91,92) and the steady case (91*,92*) across

varying p, with specific parameters: varying 3, with specific parameters:
M=1,m=2,0€=09,h=0.75,601=12,602=]5, M=],m=2,0(.=0.9,h=075,00]=].2,002=].5,
e=05,0p=2,t=n/wm, B=0.5, 0=1,5s=0.5. £=05,0p=2,t=n/w,p=1,0=1,5s=0.5.
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Fig.42.Depicts Nusselt number (Nu 1) is shown Fig.43.Depicts Nusselt number (Nuz) is shown
across different M values with: A=0.75,m=2, across different M values with: h=0.75,m=2,
=09, 6,=2,06),=12,06p,=15,£€=0.5, p=1, o0=09,6,=2,06,=1.2,06p,=1.5,£€=0.5, p=1,
t=n/w,p=0.5, 0=1,5s=0.5. t=n/w,p=0.5,0=1,5s=0.5.

The importance of pis illustrated in Figs 38 and 39. It is observed that there is no significant deviation
in both primary and secondary velocity distributions as p increases. The maximum primary and secondary
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velocity distributions in the channel tend to shift over the channel centreline towards region-I as p increments.
Figure 40 portrays the impact of p representing the ratio of densities, on temperature distribution in the two
fluid regions. It is found that there is no notable departure from the temperature distribution as p increases in
both regions. As the parameter p increases, the peak temperature within the channel exhibits a tendency to

shift along the channels central axis towards region-1.

Figure 41 depicts the influence of the thermal conductivity ratio B on temperature distribution. It is
observed that an increase in B leads to an elevation of the temperature distribution in both regions. As 3
increments, the highest temperature in the channel tends to shift slightly below the channel centreline towards
region-II.

Figures 42 and 43 depict the heat transfer coefficients at both plates plotted against the Hartmann
number, considering the condition when s=1/2. Analysis of these figures indicates that an increase in the
Hartmann number results in an augmentation of the heat transfer coefficients, assuming all other governing
parameters remain constant. Furthermore, it is observed that an increase in the Hall parameter also enhances
the heat transfer coefficients under the condition where all other governing parameters are held fixed.

5. Conclusions

When the lateral plates are made of conductive material, an exploration into the effects of Hall currents
on the magnetohydrodynamic (MHD) flow of two liquid substances in an unsteady manner through plasma is
carried out in a straight channel bounded by infinitely long plates. The solutions for the velocity and
temperature fields in the two liquid zones depend solely on the electron pressure to total pressure ratio. The
study delves into the influence of various factors such as the Hartmann number, Hall parameter, as well as
viscosities, densities, heights, electrical conductivities, and thermal conductivity ratios on the velocity and
temperature distributions within the two liquid zones. The investigation employs distribution profiles for two
distinct scenarios, one with a zero ionization parameter and another with a half ionization parameter. The
principal research findings are summarized as follows for both cases:

In the scenario where the electron-to-total pressure ratio (s) is zero:

e Higher Hartmann number decreases temperature distribution in both regions.

e Hall parameter rise expands temperature distribution in region-II but reduces it in region-I after reaching
a specific value.

e Rise in height ratio, viscosity ratio, or electrical conductivity improves both primary and secondary
velocity distributions in both regions.

e Temperature distribution rises with an increase in height ratio or thermal conductivity ratio in both
regions.

e Heat transfer coefficients at both plates increase with higher Hartmann numbers and Hall parameters,
keeping other parameters constant.

In the scenario where the electron-to-total pressure ratio (s) is 1/2:

e Hartmann number decreases primary velocity distribution in both regions while increases temperature
distribution in region-I.

Hall parameter decreases temperature distribution in both regions.

Viscosity and electrical conductivity ratio influence the velocity distributions.

Temperature rises with the increase of height, electrical, or thermal ratios.

The heat transfer coefficients increase with higher Hartmann number and Hall parameter, with other
parameters constant.



144 The influence of Hall currents on unsteady-MHD heat transfer

Acknowledgements

The authors extend their appreciation to the researchers whose work is referenced in this article. The
authors thank the reviewers for critical review of our research work and their comments/observations. This
study did not receive any designated funding from institutions, organizations, the Indian government, or any
other funding agency.

Nomenclature

Ay, 45,...a;,a,, ..

BB bb } — mathematical symbols or functional relations featured in the equations and solutions
1-D25...07,07,...

B — magnetic flux density [T]
By - application of a uniform transverse magnetic field [4/m)]
E,., E, —application of electric fields in the x- and z-directions, respectively [V / m]
e — electric charge [C]

h  —ratio of the heights of the two regions
h;  — height of the channel in the upper region (Region-I)
hy — height of the channel in the lower region (Region-II)
I..,I,;I.,I, —dimensionless current densities along the x- and z-directions in two fluid regions

Xp2hzpoT X2tz

Jy,J, — current densities in the x- and z-directions, respectively

<

— current density [A /em? }

K;,K, - thermal conductivities of the two fluids in Region-I and Region-II [W /(mK )]
M — Hartmann number
m  — Hall parameter [mz /C }
my,my,m; ... — symbols or functional relationships taken into account in the equations and solutions
m,, m, — dimensionless electric fields

N, N, —symbols represented as N; =m, +im, and N, =m,, +im_,

Nu;, Nu, - rate of heat transfer coefficients at upper and lower plates, respectively [W / (m2 K ”

P - pressure [Pa]
P. — electron pressure [ Pa]
Pr — Prandtl number
q01-4902-911-912 — use of complex notations for simplicity

Gmy» 9m, — complex form of the mean velocities [m / s]

s — = pe/ p (ratio of electron pressure to the total pressure)
t, T - time, temperature [s |, [K]
T, ., T, — constant plate temperatures

w2 w)

U;, U, — symbols used for simplicity as U; =¢,/q,,, .U, =45/4,,
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Uu,,u,
Uy, uy

u u

mj > my
”oz(y)a Upz (y)

u”(y), U (y)

Oy

61,0,

001,902
071>072-027-022

€
p

Po

PP2
e], 62
89;(»), 892(»)

6,1(»), 0,2(»)

T, T,

o - frequency of oscillation [Hz]

Appendix

— complex conjugates of U;, U,

— primary velocity distributions in the two fluid regions

— primary mean velocity distributions in the two fluid regions

— primary velocity distributions in the steady-state case in two fluid regions

— transient primary velocity components in the two fluid regions

[ o
ox vy

— secondary velocity distributions in the two fluid regions

— secondary mean velocity distributions in the two fluid regions
— secondary velocity distributions in the steady-state case in two regions

— transient secondary velocity components in two regions

— space coordinates

— ratio of viscosities

— ratio of thermal conductivities

— viscosities of the two fluids [Pa s]

— ratio of electrical conductivities

— modified conductivities parallel and normal to the direction of the electric field
— electrical conductivities of the two fluids [/ m]

— modified conductivities parallel and normal to the direction of the electric field

— amplitude (a small constant quantity, € << 1) [m/s]

— ratio of densities

— free charge density [C I m? }

— densities of the two fluids [kg / m? ]

— non-dimensional forms of temperature distributions of the two fluids
— temperature distributions under the steady state in the two regions [K |
— temperature distributions under transient state in the two fluid regions

— mean collision time between electron and ion, electron and neutral particles

i
B :1_{ j
! 1+m2

D3 =i(51+m(52, N] =my, +im12,N2 =m2x+im22, a;

] , characteristic velocity

R B3:1—s(1

» Dy=B;+iBy, D, =P3+iBy,
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