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KEYWORDS Abstract The present study explores the influence of electromagnetic effects on the flow of a
nanofluid in a saturated permeable medium, confined between a clear viscous fluid in an in-
clined channel. The nanofluid consists of cobalt ferrite nanoparticles dispersed in ethylene gly-
col. The governing equations are derived considering Darcy’s law for the permeable medium

Three-layered flow;
Inclined composite

channel;

Electromagnetic field; and Tiwari’s model for fluids containing nano-sized particles. Additionally, radiation and dissi-
Nanofluid; pation effects are incorporated into the energy equation. The equations are transformed into
Porous region dimensionless form and solved analytically using the perturbation technique. The results are

analyzed through graphs and tables for different material parameters. The findings reveal that
higher electric and magnetic strengths have a significant impact on the fluid velocity at the
interface of the two fluids, resulting in reduced shear both at the clear fluid surface and the inter-
face between them. This highlights the crucial role played by electric and magnetic strengths in
modifying flow phenomena. Consequently, combining electric and magnetic strengths with
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nanofluids can be utilized to achieve desired qualities in multi-fluid flow and enhance heat
transfer characteristics.

© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

and performance of a CPV (concentrated photovoltaic) sys-

Nomenclature tem. The use of these technologies aims to enhance heat

angle of inclination

brinkman number

thermal Grashof number

solid volume fraction

porous medium parameter

gravitational force (unit: m-s~ ')

density of the fluid (unit: kg-m™>)
dimensionless temperature

electric field

magnetic field

thermal radiation

Nusselt number

skin friction

thermal conductivity (unit: W-m~'-K™")
dynamic viscosity (unit: kg-m~"-s™")
kinematic viscosity (unit: m*-s™')
thermal expansion coefficient (unit: K™
porosity of the porous medium
condition at the surface

= he)
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Subscripts

nf nanofluid

f base fluid

s solid particle

1. Introduction

Cobalt ferrite (CoFe,O4) is a spinel ferrite and has
fascinated many researchers from different backgrounds
[1,2]. Cobalt ferrite nanoparticles (CENPs) have relatively
high coercive force, large magneto crystalline anisotropy
and are chemically stable. The flow of CFNPs in immiscible
regions in the presence of an electromagnetic field has ap-
plications in many technical processes such as nano-clusters
[3], gas detectors [4], ferrofluids, magnetic data storage [5]
and biomedical applications [6—8]. Heat transfer in a fluid
can be enhanced by using nanosized particles because they
increase thermal conductivity when a small number of
nanoparticles are added [9,10].

The amount of heat transferred can be improved by
considering the porous medium. The use of a permeable me-
dium in channels and heat exchangers made of metals. Far-
ahani et al. [11] investigated the impact of incorporating
microchannel-porous media and nanofluid on the temperature

transfer and overall system efficiency. This study explores the
flow and heat transfer of nanofluids in a porous medium,
considering velocity slip and temperature jump effects. The
investigation reveals the existence of multiple solutions,
highlighting the complexity and diversity of nanofluid
behaviour in porous media was studied by Usafzai et al. [12].
A critical review was carried out by Habibishandiz and Saghir
on various methods for enhancing heat transfer in the presence
of porous media, nanofluids, and microorganisms [13]. It
evaluates the effectiveness and applicability of these tech-
niques, shedding light on their potential for improving heat
transfer performance in different applications. When the
porous medium is equipped the surface area between the liquid
and solid surface increases. Hence using both permeable
medium and nano-sized particles can give rise to the higher
efficiency of the system.

Drag force is the main reason for the fluid to flow in
immiscible regions which are created due to the shear stress
which is investigated by a few researchers. Hibara et al. [14]
investigated the multilayer system of microchips used in
electronic gadgets where the connecting medium of liquids.
Khaled [15] examined heat transfer enhancement in a ver-
tical tube with two immiscible falling co-flows. The aim is
to understand the heat transfer characteristics and potential
enhancements in such a configuration. This research pro-
vides valuable insights into optimizing heat transfer per-
formance in vertical tube systems with multiple immiscible
co-flows. Umavathi and Bég [16] carried out a numerical
study examining the effects of thermophysical properties on
heat transfer at the interface of two immiscible fluids in a
vertical duct. The investigation focuses on understanding
the influence of these properties on heat transfer mecha-
nisms and performance in such systems. The entropy gen-
eration minimization analysis to evaluate and optimize heat
transfer processes between two immiscible fluids was car-
ried out by Chen and Jian [17]. The analysis aims to reduce
the overall entropy generation, improving the efficiency and
effectiveness of heat transfer in systems involving immis-
cible fluid interfaces.

Conducting and non-conducting fluids were investigated
by Malashetty et al. [18] in two immiscible regions to
examine the flow rate and temperature distribution. Chamkha
[19] considered the two-phase flow of conducting fluid in the
presence of a permeable medium and heat source/sink.
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Sheikholeslami et al. [20] deliberated the effect of a magnetic
field over a two-phase unsteady fluid flow to determine the
strength of flow and heat transfer using the numerical tech-
nique. A similar study related to two-phase flow was carried
out by Ananth et al. [21], Bég [22], Khaled [23] and
Alzahrani [24].

The three-phase flow of micropolar fluid squeezed in
among glutinous fluid was deliberated by Umavathi
et al. [25], they considered the flow to be due to pres-
sure. Also, Umavathi and Sheremet [26] investigated
three immiscible region flows consisting of couple stress
nanofluid which is bounded by clear fluids. They noted
that an increase in a couple stress constraints increases
temperature and fluid flow. Hasnain et al. [27] analyzed
the heat flux in Cattaneo-Christov fluid in a saturated
permeable medium. They found out that thermal con-
ductivity can be enhanced by using Cu nanoparticles
compared to other particles. Moses et al. [28] investi-
gated the unsteady MHD three-phase flow assuming the
superior and inferior channels to be non-porous. Uma-
vathi et al. [29], Nikodijevic et al. [30], Rauf and Naz
[31], Tanuja et al. [32], and Kumar [33] have conducted
analogous studies on two-phase flow.

Table 1  Novelty of the present work.

From the literature, no such work is done for the
betterment of heat transfer rate in three immiscible fluid
flows through a permeable medium bounded above and
below by clear fluids and in the presence of thermal radia-
tion and electromagnetic fields. Another novel aspect of this
work is the consideration of the nanoparticles in the pres-
ence of an electromagnetic field which yields a high rate of
heat transfer. The individuality of the current study is pre-
sented in Table 1, it is obtained from the above-mentioned
literature review, which is crucial for optimizing produc-
tion rates and maximizing resource recovery in petroleum
industries, hence we wish to consider these effects on the
flow in this study.

2. Model formulation

Ethylene glycol-based cobalt ferrite nanofluid is consid-
ered in this investigation whose properties are mentioned in
Table 2.

In the study stable, laminar and convective three-phase
flow over an inclined plane placed in a permeable medium
g)lder the influence of t&e magnetic field that form
B (0, By, 0) an electric field £ (0,0,Ep). The wally = —1 is

Umavathi [26] Hasnain [27]

Moses [28] Umavathi [34] Present study

Three-phase flow

Porous medium

Nanofluid flow

Magnetic field

Electric field

Thermal radiation

Inclined channel
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Table 2  Thermo-physical properties at room temperature.
Thermo physical properties Ethylene glycol Cobalt ferrite CNTs Alumina Silver
(C2H60,) [38] (CoF,04) [38] [39] (ALOs) [39]
p (kg/m3) 1.115 4907 2600 3970 10,500
C, (I(kg-K)) 0.58 700 425 756 235
k (W/mK) 0.1490 3.7 6600 40 429
8 x 1075 (1/K) 6.5 2.1 2.5 0.85 1.89
g (S/m) 1.07 x 107 0.84 x 10° 0.71 x 10° 1.07 x 107° 6.30 x 107
kept at 7,,, and y = 2 is maintained at 7,,;. The channel is In Region-2
separated into three regions, two of which consist of clear ,
fluid in the presence of viscous, Joules and Darcy dissipa- Uy Mo, Op
. . . ’ 7 w73 T (P86 ) (T2 — Tyn)cos(w) — —uy — ——
tion (Region-1 & Region-3). The second region is of a Hony dy'* (P2 ) (T2 2)c0s(w) kK 2 0x
porous medium and consists gf nanopartic)les. The current — Guny(Eo + Bott) By =0 (3)
density is given by J = ¢[E +u x B]. Both thermal '
conductivity and viscosity are variable only with tempera- 5
: : d*T 2 dul Mur 2 6q* 2
ture. Density throughout the flow is assumed to be constant, oy T, 2) jHBwy2 %9, Geng (Eo + Botz)* =0
excluding when it is associated with gravity (Boussinesq Tdy?r T\ ady kP dy ’
approximation [35]). Pressure and buoyancy are the main (4)
reasons for fluid flow. The geometry of the three-phase flow
is shown in Figure 1. In Region-3
Under these assumptions, and adopting the nanofluid .
model proposed by Tiwari’s model [36] and permeable duy p
—s + B, ) (T3 — Typ)cos(w) — —
medium in the form of Darcy’s law [37], the momentum and K a* (pf & /)( ’ 2)eos(w) ox
energy equations can be written as follows (Mose [28], — a7(Eo+ Bouz)By=0 (5)
Nikodijevic [30] and Umavathi [34]). '
In Region-1
T, d)\* g 5
P o kf‘dy,z* +uy <dyf) "y + 07 (Eo + Bous)" =0 (6)
g T (0r867) (Th = Tua)eos(w) — o
Boundary and interface conditions are assumed to be
— a7 (Eo+ Bour)Bo=0 (1) (with reference to Umavathi [34]):
Velocity Temperature
2T, ) \*> dq* s
kf—z+ﬂf'< 1) ———+07(Eo+ Bouy)” =0 ()
ay? T\ ay oy a;:_ u'(y)=0 L()=T,
. u (»)=1,(») T =10)
al
y=0 du(y) _ - dus(y) dr(0) _, d7,(0)
, T ey Y TR ey Q)
. u, () =u3(») L =T)
al
y=h duy(y) _ - dui(y) p 9LO) _, 4L
nf dyr f dyr nf dyr f dyr
at , -0 B
y=2h u(y)= L)=T,

Figure 1

Geometry of the three-phase flow.

Where w,, are modified viscosity and p,, is the effective
density of nanofluid, it is considered in the following form:

(I—MW’ Por=(1=)p; + ¢p, (8)

The expression of other nanofluid parameters such as
thermal diffusivity, heat capacitance and thermal expansion
are considered as follows:

Mur =
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(pCy), = (1=0)(pC,), + ¢ (nC,),

(Pﬁ)nf =(1- qﬁ)(pﬁ)f +¢(pB),, @y = (plé'nf) o)
P)nf

(pﬁu)ﬂ/ =(1- ¢)(Pﬁz-)f + ¢(pB.),

According to Maxwell [40], the following equations
represent the nanofluid’s thermal conductivity:

K ) K+ 2K+ ¢(K — K) (10)
nf =Ky K, +2K; —2¢(K; — K;)

To reduce Egs. (1) to (7) to a dimensionless form we use:

/ ‘ Ti_Tw BZh2
e o =

/J_'f Twl - TwZ, /“"f
TW _Tw h E h h
Grzgﬁf( ! 5 2) cos(w), E="00 , O=—F=,
Vf BOIu'f \/E
3 3
: )
Br=—o—t K ,pz_pfz 7p’ VI:&’
prh* (T — Ty py Ox Py
0gq h
—~=4a*(T; — Ty3), N=2a——
dy \/Ef

a. Non-dimensionalized equations

In Region-1

2
L;—J?+Gr01+P—M2(E+u,)=0 (11)
d201 du] 2 > 2 2

In Region-2
d2u2 ) >
d—y2+AGr02_a Up +P| —BI(E+L{2)M =0 (13)
d26, dn\® R
d—J}2+CBr d_y +o0°u, — DN 62

+ CBrB\M*(E + u,)* =0 (14)
Where
A=(1—¢)*° (1—¢)+¢(”5)S , P=P(1—¢)*

(Pﬁ)f
3(e.—1)¢ )af 25
B={(1 -, Bi=(1—- B
( +(06+2)—(0e—1)¢ a,) ! (1-¢)
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In Region-3
‘jy”;+c;re3+PM2(E+u3)=0 (15)
‘Zzy‘iugr(‘j;)z—N203+BrM2(E+u3)2=0 (16)

The boundary and interface conditions become:

Velocity Temperature
at
by mD=0 (-)=0
14,(0) = 1,(0) (0)=06,0)
at
y=0 du,(0) _ ty du,(0) d6,0) _k, d0,0)
dy M, dy dy k, dy 17
u, (1) =uy(1) 0,(1) = 6,(1)
at
y=h du,(1) _ ﬂ duy(1) a6,(1) _ kif a6,(1)
dy o, dy dy  k, dy
at
y=2h u,(2)=0 0,(2)=1

3. Solution of the temperature & velocity field

The closed form of the result is obtained for electro-
magnetic three-phase flow in a permeable channel by using
the regular perturbation method by assuming the Br to be
perturbation persistent. The dimensionless governing equa-
tions (11) to (16) which are nonlinear and coupled are
solved using the boundary and interface constraints Eq. (17)
for flow and heat distribution profile. This set of equations is
converted using the following form:

ui(y) = o (y) + Bruy + (Br)up(y)+veee. (18)

0,(v) = 0i0(v) + Broy + (Br)* 0o (y) +.ovv.n (19)

By comparing the coefficients of the similar powers of Br
to zero we get.

a. Zeroth order equations

In Region-1
d2u10 )
dyz +Gr010 +P*M (E+u10):0 (20)
d?6,
—N?60,,=0 21
dy? 10 ( )

In Region-2



528 P.V. Ananth Subray et al.
d? In Region-2
d”jo £ AGrls — 6*trg + Py — BIMP(E +12) =0  (22) &
y d2
dujl +AG}"021 —0'27/{21 —BIM21M2=0 (29)
d?0y ) 4
> — DN 02():0 (23)
b d? 021 duy 2 22 2 2
C|— | +ou +BICM“(E+u
In Region-3 dy? ( dy ) 20 ! ( )
d2 -D 2 —
d;jO+Gr030 +P—M2(E+u30)=0 (24) N 021 0 (30)
In Region-3
dZ 030 dzu
—N?03=0 25 31 — My, =
dy2 30 ( ) dy2 + GI”631 M Uusz 0 (31)
The boundary and interface constraints are: ) )
%—F @ —N2031—|—M2(E+u30)2=0 (32)
Velocity Temperature dy2 dy
at . . .
o g (1) =0 G-y =0 The boundary and interface constraints are:
Velocity Temperature
1,(0) =115, (0) 6,(0)=06,(0) at
| =0 du,, (0) _Hy duy (0) d6,,(0) _ Ky d0,(0) y==h u, (=) =0 &,(=D=0
r= dy Moo dy dy k, dy (26)
u,(0) =u,,(0) 6,(0)=0,,(0)
(1) =13 (1) O, (1) =64,(1) a du,,(0) _ My duy,(0) d6,(0) _k, d,,(0)
at y=0 dy - M, dy dy Tk dy (33)
y=h duy (1) _H dus, (1) d6,,(1) =k_f d0,,(1) !
dy My dy dy ky, dy
uy (1) =uy (1) 0, (1) =06,
at at
y=2h 11,,(2)=0 0, (2) =1 y=h duy (1) _ My duy (1) do, () _k, 46, (1)
7 dy H, dy dy k, dy
b. First-order equation at
y=2h 1, (2)=0 0,(2)=0
In Region-1
Pu The solutions for Eqs. (20)—(26) & Egs. (27)—(33) along
y 21 Lt Groy, — MPu;; =0 (27)  with boundary conditions are obtained by simple
y integration.
2 y ) In Region-1
11 Ui 2 2 2
— | —=NO+M(E =0 28
dy* +<dJ’> o M(E o) (28) uy = uyo + Bruy
u; = ¢7 cosh My + cg sinh My — <% cosh Ny + NZGiCIZW sinh Ny — % + E)
N?  N?cosh[2M; N?  N?cosh[2M;
(— 4+ W"F%)bs + <4 Y %)LW + Ligs cosh[(M — N)y]

+Br

(

b4y cosh My
+by, sinh My

7cosh [Ny]by

)-or )

M?* —N?

+L166 smh[(M — N)y] +L169 Slnh[2Ny] +L167 Sll’lh[(M +N)y] +L163 COSh[(M JrN)y]

N 3 cosh[2Ny] I 3 N sinh[2Ny] I 3 N cosh[2Ny] L
M M —anN? )\ TP —an? )Y T a2 T ANt )
 Lss(L1oy cosh[My] + L3y sinh[My]) N Lg7(Ly4 sinh[2My] + L, sinh[2M)])
‘ 2M M’
 Lss (— 2N cosh[Ny] + (N* — M?)ysinh[Ny]) L
‘ (M - N2)2 M
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01 = 010 +B}"011

Li6[N? cosh(2My)+4M* — N?| + L7 [N? cosh(2My) —4M? + N*] + Lgs (y sinh[Ny])
6, = (cl cosh Ny ) B (b“ cosh Ny ) | +cosh[(M — N)y|Lys + sinh[My — Ny|Lso + sinh[(M + N)y]Lgo + Lgs; (v cosh[Ny]) + Lgo
+c, sinh Ny +b), sinh Ny +Lg; cosh[(M + N)y] + Lg>( — 3 + cosh[2Ny]) + Lgs sinh[2Ny] + Lga (3 + sinh[2Ny])
+Lgs(3 + cosh[2Ny]) + Lgs (L1, cosh[My] + L3 sinh[My]) + Lg7(L14 + L )sinh[2M)]

In Region-2

Uy = Uy +BI”M21

. AGrc AGrc P, BEM?
Uy = ¢9 cosh Ky+ ¢ sinh Ky — ( it i ! ! )

WCOStherﬂsthl —ﬁjt e
Liss + L147 sinh[2D1y] + Lysgy sinh[D1y] + Lag sinh[Ky] + Liso cosh[2D1y)
4B bsy cosh(Li79)y 4 Ly44 cosh[D1y] L AGr +Lys1y cosh[D1y| + Lis, cosh[Ky| + Lis3 sinh[2Ky| + Lis4 cosh[2Ky)
+b52 Sinh(L170)y +L145 Sll’lh[Dly} +L155 cosh[(leK)y] + L156 cosh[(D1+K)y] + L157 Sll’lh[(Dl *K)y]
+L15x Slnh[(D1+K)y]

(92 = (920 + Br¢921

s sinh D1y by, sinh D1y +Log cosh[Ky| + Lo sinh[2Ky] + Log cosh[2Ky] + Loy cosh[Ky — D1y] + Lyg cosh[Ky + D1y

” <03 cosh D1y ) . (bﬂ cosh Dly ) Loo + Loy sinh[2D1y] + Loy sinh[D1y] + Loz sinh[Ky] + Lo4 cosh[2D1y] + Losy cosh[D1y]
, = _
+Lio; sinh[Ky — D1y| 4 Lq, sinh[Ky + D1y]

In Region-3

uz = uzg + Brus

Gre Gre P
u3 = ¢y cosh My + ¢y, sinh My — (N Y coshNerN2 M2 sinh Ny — e +E>
N*  N?cosh[2My] N*  N?cosh[2M] Lizo  cosh[(M — N)y|Li3
g4 L COSIETN g L T OSBE , —m SO VR
( R VAT VE ) ‘28+< VAT VE > Ve 2MN — N?
cosh[Ny]bs: sinh[(M 7N)y2]L132 Slnh[(M+N));]L133 Jrcosh[(MJrN)JZ/]Lm +Lm s1nh2[2My]
7T 2MN — N 2MN + N 2MN + N M
bg) cosh My M —N
FBr b sinhay ) O +or
62 Y sinh[Ny]b3, 3 cosh2Wy] sinh[2NY]L 4 3 sinh[2Ny] 3 cosh2Wy]
TN M P—aN? )P T T e r—an? )it o T e
L]%(Lmy cosh[My] + Ly;7y sinh[My]) +L133( 2N cosh[Ny] + (N2 7M2)y sinh[Ny])

2M (MZ,NZ)Z
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03 = 030 + Bros

Lizs [N? cosh(2My)+4M* — N?] + Ly [N? cosh(2My)—4M?* + N?] + cosh[(M — N)y|L3

_ [ ¢scosh Ny b3, cosh Ny B
0y = <+06 sinh Ay ) T8\ s, sinh vy

+cosh[(M + N)y|L3; + sinh[(M — N)y|Li3, + sinh[(M + N)y|Li33 + Liao( — 3 + cosh[2Ny])
+L|4| smh[2Ny] +L|42 (3 + smh[2Ny]) +L|43 (3 + cosh[ZNy]) +L|36(L||6 cosh[My] +L|17 Sll’lh[My])

+L137 SlIlh[ZMy] Jrnggy Sll’lh(Ny) + ngmy COSh(Ny) + ngq

c. Derived quantities

e  Nusselt number

do,
(Nu)‘_; —[—1]
y=-1 dy -

4. Discussion

The velocity and heat transport behaviour multi-layer
flow of electromagnetic nanofluid sandwiched between the
clear fluid in the presence of thermal radiation is evaluated
theoretically. The simulations are carried out by considering
ethylene glycol as a base fluid and cobalt ferrite nano-
particle. For computations, the non-dimensional parameter
valuesas Gr = 5,Br =0.1,P=5,0=4,E=1,N = 2,
M = 1.5 & w = «/12. Except for the modifications in the
corresponding Figures and tables, these values are main-
tained constant throughout the study. In the following fig-
ures, the X-axis denoted the distance and the Y-axis velocity
(m-s~2) or temperature (K) respectively.

In Figure 2(a)(b), we study the effects of Lorentz force
on the momentum and heat transport distribution in
nanofluid and clear regions. It is perceived that the

Clear fluid region EG-CoFe,0, fluid region Clear fluid region
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7 SN 7 [ N
/ s\ 1.7 A
03 [\ e Y5 } W A
!/ RN Z ‘ K\
02 1/ e [ P\
i ¢ ! | [—maz] uY
I/ ¢ | [ |——=-M=14 B\
-1 s \ I === M-=16 B
3 \ e M=138
" ; \ ‘ | :
-1 -0.5 0 05 1 1.5 2
y 3
(a)

Figure 2

° SKkin friction
du du
(@), = (—‘] (), = —(—3j
), dy ),

momentum reaches a maximum in the clear fluid region
and temperature is observed to be at the peak in the
nanofluid region. It is observed from Figure 2(a)(b) that the
magnetic parameter degraders the velocity and enhances
the temperature profile. The observed phenomenon, known
as the Hartmann effect, occurs when the applied magnetic
field opposes the flow velocity. It is characterized by a ratio
of electromagnetic force to viscous force. Increasing the
magnetic field leads to an increase in viscosity, which in
turn dampens the flow velocity and raises the temperature
of the fluid.

The consequence of the electric field on the thermal
distribution and velocity of fluid can be investigated in
Figure 3(a)(b). Graphs are plotted for increasing values of
electric field parameters in both cases. But the outcome of
the variation is different in both. Velocity decreases and
temperature increases with increases in the electric field. It’s

Clear fluid region EG-CoFe,0, fluid region
T

Clear fluid region
T

1 :
3
09 - re
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0.1 == % 1 | M=6| |
__.}-:‘i" .......... M-=8
o =", w :
-1 0.5 0.5 1 15 2
b 4 >
(b)

(a) Velocity & (b) thermal distribution across the channel with different values of M.
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Clear fluid region
1 T

EG-CoFe,0, fluid region

Clear fluid region
T T

0.7

0.4

037 [1/

02 Fij &

0.1 {fiF

0.5 1 1:5 2
y—>

(@
Figure 3

due to the development of the resistance in the fluid flow
which clusters the molecules reduces the velocity of the
fluid and increases the temperature.

Diverse values of thermal radiation on the momentum
and heat transport behaviours can be seen in Figure 4(a)(b).
It is observed that an increment in &, a decrease in the
momentum and heat transport equations within the bound-
ary. It follows from the reason that as the radiation param-
eter increases thermal conductivity decreases for all the
combinations of nanofluids.

From 5(a) the effect of variation in Gr over velocity can
be observed. Gr values can be increased to increase the fluid
flow’s momentum. The least momentum is observed in re-
gion 2 due to the porous medium and nanofluid, whereas
regions 1 & 3 consist of clear fluid in the absence of a
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(a) Velocity & (b) thermal distribution across the channel with various values of E.

permeable medium. Thus, the distinction between the re-
gions is apparent. Figure 5(b) shows similar results for
temperature. The variation of momentum for several values
of Br is shown in Figure 6(a). From the figure, it is clear that
the momentum of the fluid flow increases with the incre-
ment of the Br values. The higher value is observed in re-
gion 3 followed by regions 1 & 2. The same effect is
observed when temperature graphs are plotted by varying Br
in Figure 6(b). The cause of this phenomenon is due to the
improvement of heat produced to dissipation -effects.
Buoyancy force increases due to the increment of viscous
dissipation, which leads to an increase in buoyancy force,
hence the increment in momentum can be seen.

Figure 7(a)(b) gives a clear picture of how affects the
temperature and velocity of flow. The decrease in velocity
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(a) Velocity & (b) thermal distribution across the channel with various values of N.
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can be observed with an increase in inclination, which is
due to the upsurge of magnification of the drag force acting
on the momentum. The consequence of temperature and
momentum is visible in Figure 8(a)(b). Figure 8(b) shows a
decrease in temperature for an increase in the values of a
porous medium. The friction induced by the momentum
and permeable medium causes a reduction in thermal con-
duction which is reflected in the decrement in the temper-
ature of the flow. On the other hand, Figure 8(a) shows the
velocity profile, with an increment in the permeability
parameter, and the momentum drops in both regions.
However, velocity is predominantly less in region 2 as it
consists of a nanofluid with a porous medium. However, the
enhancement temperature is high for water in the clear fluid
region.

Figure 9(a)(b)(c)(d) displays the 3D plot of Nu and for
various values of Gr & E at both the plates. Figure 9(a)(c) is
plotted for y = —1 and Figure 9(b)(d) is obtained for y = 2.
For linear increments in the values of Gr and E, an upsurge
in Nu can be noticed. Consider Figure 9(a) & assume the Gr
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Figure 10

to be constant for incrementing the values of E, the heat
transfer rate reaches maximum linearly with a positive
slope, whereas at y = 2 decreases with incrementing the
values of E. By altering the value of Gr while keeping E
constant, the outcomes can be evaluated.

The variation of thermal radiation & magnetic field on
Nusselt number and skin friction is shown in Figure
10(a)(b)(c)(d). From Figure 10(a)(b) it can be observed that
Nu increases gradually by incrementing the values of M & N.
As Nu increases, heat dissipation is from the fluid to the wall.
Figure 10(c)(d) also gives similar results for 7. Figure 11, is a
plot of Br & E for various values of Nu and 7 at the plates.
Figure 11(a) conspires for the nusselt number at y = —1 and
Figure 11(b) at y = 2. It is observed that as Br & E increases,
Nu increases exponentially. It can be inferred from this that
the increase of Nu, transfers the heat is fluid to the wall. In
Figure 11(c)(d) by keeping Br as a constant and incrementing
the values of £ we can notice that skin friction decreases at
the right plate, whereas at y = 2 an increase can be noticed
from negative values to positive values.

(d) Taty=2

Graphs for variation of N and M.
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Figure 11  Graphs for variation in Br and E.

Table 3  Comparison table to the previous studies by considering M = E = N = 0.

¥y Velocity Temperature

Vajravelu et al. [41] Umavathi et al. [34] Present study Vajravelu et al. [41] Umavathi et al. [34] Present study

=Il 0 0 0 0 0 0

—0.8 4.6835 4.6835 4.6833 1.0418 1.0418 1.0417
—0.6 8.964 8.9641 8.9646 1.7608 1.7608 1.7608
—-0.4 12.6966 12.6966 12.6966 2.231 2.231 22312
—0.2 15.7859 15.7859 15.7859 2.5206 2.5206 2.5207
0 18.1731 18.1731 18.1731 2.6897 2.6897 2.6897
0.2 19.7438 19.7438 19.7437 2.784 2.784 2.784
0.4 20.5982 20.5982 20.5982 2.8493 2.8493 2.8493
0.6 20.7236 20.7236 20.7236 2.9067 2.9067 2.9067
0.8 20.1091 20.1091 20.1090 2.9627 2.9627 2.9627
1 18.7442 18.7442 18.7442 3.0067 3.0067 3.0068
1.2 16.5095 16.5095 16.5095 3.008 3.008 3.008
1.4 13.4749 13.4749 13.4749 2.9064 2.9064 2.9064
1.6 9.6621 9.6621 9.6621 2.6186 2.6186 2.6187
1.8 5.1305 5.1305 5.1305 2.0316 2.0316 2.0316

2 0 0 0 1 1 1
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Figure 12 (a) Velocity & (b) temperature profiles for different nanoparticles.

a. Validation study

Authentication of the current study is carried out by
comparing our results with two studies available in the
literature (Table 3). Vajravelu et al. considered a vertical
channel with three regions with finite lengths where the
middle region is nanofluid and is bounded by the clear
viscous fluid. Umavathi & Hemavathi studied the thermal
distribution of nano-sized particles drenched with permeable
medium flanked by the clear fluid in a perpendicular chan-
nel. They have considered the solid volume fraction to
determine the behaviour of nanofluids. From Table 3 we
conclude that our results are in good agreement with the
literature, confirming the precision of the current method.

b. Comparison with different nanoparticles

Figure 12(a)(b) is the momentum and heat distribution
profiles for different nanoparticles considering ethylene
glycol as a solvent. The set of nanoparticles considered are
used for drug delivery, these particles have a different effect
which is noted from the graphs. Momentum is observed to
be optimal for silver and least for Alumina nanoparticles as
seen in Figure 12(a). Heat distribution is also observed to be
at most for silver and minimal for carbon nanotubes (CNT)
can be seen in Figure 12(b). A similar study was conducted
by Umavathi and Shekhar [42], they recorded the utmost for
SiO, and the least for Ag nanoparticles.

5. Conclusions

This study investigates the effects of radiation, magnetic,
and electric fields on an incompressible steady flow of clear
viscous and nanofluids in an inclined channel. The analysis

focuses on understanding the impact of these fields on
momentum and heat distribution. Several conclusions were
drawn from this study, shedding light on the complex in-
teractions and behaviours within the system.

e The electric & magnetic field decelerates the momentum
of the flow due to the Lorentz force (electrophoretic
force).

e Nusselt number and skin friction can be enhanced using
the magnetic field.

e With an increase in the permeability parameter, the flow
gets stronger and more symmetrical throughout the
channel.

e In the clear layer, the electric field increases shear stress
while decreasing it in the porous layer.

e From graphs, it is noticed that the thermal Grashof
number, the angle of inclination and the Brinkman
number enhance the flow and temperature of the fluids.

e The distribution of heat flux is only marginally influ-
enced by the electric, magnetic fields and thermal
radiation.

e Due to viscous dissipation, a decrease in heat transfer
rate at the hot plate and an increase at the cold plot are seen.
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