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Researchers have become attracted with ternary hybrid nanoparticles because of its ef-
fectiveness in enhancing heat transfer and have gone on to further analyze the working
fluid. This study is focusing on magneto-ternary nanofluid flow in a porous medium over
a moving plate with Joule heating. The combination of TiOs, SiO2, and Al;O3 with wa-
ter, HoO, as the based fluid is used for the analysis. Using similarity transformation, the
complexity of partial differential equations (PDEs) is reduced into ordinary differential
equation (ODE) systems, which are then numerically solved in MATLAB using the bvp4c
function for various values of the governing parameters. The impacts of different dimen-
sionless physical parameters on velocity, temperature as well as skin friction coefficient
and local Nusselt number are reported in the form of graphs. Two solutions are achieved
when the plate and free-stream are moving along mutually opposite directions. Further,
local Nusselt number increases with permeability parameter and suction parameter. Also,
increments in permeability parameter and the suction parameter lead to the delay in the
boundary layer separation. Furthermore, by combining TiO5 with a volume percentage of
Si02-Aly05/H20, the heat transfer is enhanced. With an increase in nanoparticle volume
fraction, the similarity solutions to exist decrease.

Keywords: ternary nanofluid; boundary layer flow; heat transfer; porous medium; mov-
ing plate.
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1. Introduction

In the past few years, the use of nanofluids as a conventional fluid that can enhance heat transfer
has attracted considerable attention among engineers around the world. ‘Nanofluid’ term was first
proposed by Choi [1]| that includes an explanation of how the dispersion of nanoparticles in based fluids
like water, ethylene glycol, and propylene glycol happens. Subsequently, Suresh et al. [2| conducted
experimental work on improving the thermal conductivity of a based fluid by mixing two different types
of nanofluids into the based fluid. They discussed the advantages of using the hybrid nanofluid and
led Devi and Devi [3] to analyze the boundary layer flow problem in hybrid nanofluid. Huminic and
Huminic [4] demonstrated through both experimental and numerical investigations that the utilization
of hybrid nanofluids leads to an increase in thermal conductivity. Their findings suggest that this
enhancement in heat transfer performance could have practical applications in improving the efficiency
of heat exchangers.

However, in recent years, researchers have been focusing on a newly categorized class of functional
fluids known as ternary nanofluids. These fluids consist of a conventional fluid infused with three

This work was supported by MyRA Research Grant (600-RMC 5/3/GPM (035/2022)) and School of Mathematical
Sciences, College of Computing, Informatics and Mathematics, University Technology MARA.
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distinct solid nanoparticles. These nanoparticles can encompass a variety of materials, ranging from
metals, non-metals, metal oxides, carbon nanotubes, to various combinations thereof. Due to the fact
that the trihybrid nanofluid combines various chemical bonds to enhance heat transfer and since each
nanoparticle has a chemical bond with its own unique features, it has greater heat transfer capabilities
than the other. Manjunatha et al. [5] then discovered a ternary nanofluid in order to improve thermal
conductivity by adding another nanoparticle into a hybrid nanofluid. They analyzed the heat transfer
characteristics and flow behavior of the combination of titanium dioxide TiOq, silicon dioxide SiOa,
and aluminum oxide Al»Os as the nanoparticles and water HoO. It was proven that it has better
heat transfer properties than base fluid, nanofluid, and hybrid nanofluid. Using the Laplace transform
technique, Shah et al. [6] examined the flow behavior of the second-grade fluid containing a ternary
nanoparticle suspension in a vertical plate. Because of its significant features, ternary nanofluid is
well-known and valuable among researchers [7,8| and [9].

Boundary layer flow across porous media is harnessed for a diverse range of purposes in chemical,
civil, and mechanical engineering. Characterized by properties such as porosity and permeability, a
porous medium is a material containing fluid-filled pores. Porosity quantifies the material’s fluid re-
tention capacity, and these applications encompass tasks like controlling the temperature of electronic
devices through heating and cooling, generating renewable energy, providing insulation for buildings
against external elements, and studying geological systems. Kameswaran et al. [10] and Eid and
Mahny [11] elucidated that an increase in the permeability parameter of the porous material, in which
the flow over an expanding surface occurs, leads to a reduction in momentum thickness while caus-
ing the thermal boundary layer to expand. Kausar et al. [12] numerically investigated the laminar
two-dimensional heat transfer flow of micropolar nanofluid through a porous medium with viscous
dissipation and thermal radiation that contains copper over a stretching sheet. The study proved that
using nanofluid through a porous medium grew the width of the thermal boundary layer. Zeeshan
et al. [13| investigated the electro-magnetized suspensions in engine-oil and water-based Newtonian
liquids flowing through the porous space.

Since the ground-breaking Blasius research, numerous studies were published on the boundary
layer problem. The Blasius flow was then explored by Abu-Sitta [14], who discovered the existence of
a solution. Later on, the method of Adomian decomposition was applied by Wang [15] to the classical
Blasius equation, followed by Cortell [16], who looked numerically at the Blasius equation. Unlike
Blasius, Sakiadis considered boundary layer flow towards a moving flat surface, claiming that there
were similar ordinary differential equations (ODEs) to Blasius, with different boundary conditions.
Since then, several studies (including Idris et al. [17], Samat et al. [18] and Aminuddin et al. [19])
scrutinized the fluid flowing on a moving plate and stated that duality existed when the plate and free
stream traveled oppositely.

In all the studies cited above, it is discovered that the behavior of boundary layer flow of a ternary
nanofluid past a moving surface in a porous medium has yet to be investigated. Thus, a numerical
study inspired by Khashi’ie et al. [20] is presented by broadening their knowledge by including new
control parameter such as porous medium in ternary nanofluid. The boundary layer partial differential
equations are converted into a system of ordinary differential equations using the proper similarity
transformation. MATLAB is utilized to create numerical outcomes, which are then depicted using a
variety of charts and diagrams. The key findings are visually presented and organized in tables before
undergoing thorough analysis. The outcomes of the current study on the flow behavior of ternary
nanofluid in moving surfaces are anticipated to provide valuable insights for academics, engineers, and
researchers. This knowledge will enable them to better understand the characteristics of this fluid and
make predictions about its properties, thereby exploring potential applications in diverse industrial
and engineering processes.
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2. Mathematical formulation

Consider the boundary layer flow of an incompressible ternary TiO2-SiO2-AlyO3/H2O nanofluid past
a permeable flat plate as shown in Figure 1. The Cartesian coordinates are labeled as x and y, where

[TTTT s

®

—| Movable Plate |

the z-axis measured along the plate

Y, v and y—axis is normal to it and the
S : S 0.
U, oy : | Ternary Nanofluid | flow is being in t.h? region y > 0. The
S NI SEAR ternary nanofluid’s free stream has
LI

a constant velocity U. An uniform

[ 0% oo e o, 0 o, _| Porous Medium | magnetic field of strength 8 = fyx!/?
WP A § ... > ¥, A is imposed normal to a moving plate
At gipe .: The - % . embedded in a porous medium where

[ is the magnetic field. The plate is
moving with the velocity U\, where

A indicates the moving parameters,
which A > 0 means that the same
path between the moving plate and free stream and A < 0 indicates different orientation, respectively.
The moving plate temperature is T,,, while the temperature of the far field is T.

Under these assumptions, the governing boundary layer equations consist of continuity, momentum,
and energy ternary nanofluids can be written as (see [3,20,21]):

Fig. 1. Physical illustrations with coordinates system.

ou Ou
22 I 1
Ou ou  funng U Owanf o Kthnf
U +Vv— = — — u—U)— —"(u—-"U), 2
ox Oy pihns OY? Pthnfﬁ ( ) Kﬂthnf( ) @
k n 2 n
oT orT . thnf o°T Othnf 52 (’LL o U)2 ) (3)

Yoz "0y T (0Cy)ymy 0P
The associate boundary conditions are:
u=\U, v=wv,, T=1T, at y=0,
u—U, T—-Ty as y— oo. (4)

(pCP)thnf

Here, u and v are the velocity components along the x and y axes, respectively. The subscript thn f
is ternary hybrid nanofluid. o is electrical conductivity of the fluid, 7" is the temperature, C) is
the specific heat at constant pressure, p is the density, u is the dynamic viscosity, K = Kyx is the

permeability of porous medium and k is the thermal conductivity. The mass fluid velocity is assumed

to be v, = — %S , where S is the initial strength of suction, v,, < 0 for suction and wv,, > 0 for

injection, respectively.

This study considers the laminar flow of an incompressible ternary nanofluid created by suspending
TiO9, Al;Og, and SiOs in water. The reaction between alumina and sulphuric acid results in acid sites
that are weaker in strength. The nanoparticle composition will become stable and chemically inert
due to these newly created acid sites. The goal of this research is to create a coolant that uses TiO to
cool the device. To improve the rate of heat transmission, additional experimental research on ternary
nanofluid needs to be carried out. In this present work, the combination of TiOs, AloOg3, and SiOq
with water-based forms of ternary nanofluid. Here, ¢ indicates TiO9 nanoparticle, ¢2 and ¢3 denote
SiO5 and Al,Og nanoparticles, respectively. The range value for ¢, ¢po and ¢3 were set up between 0
and 0.01, in which ¢; = 2 = b3 = 0 implies regular base fluid (H20), ¢3 = 0.01 and ¢y = ¢p3 = 0.01
implies nanofluid and hybrid nanofluid, whereas ¢y = do = ¢z = 0.01 signifies ternary nanofluid. The
thermophysical properties of TiO2-SiO2-Alo03/H20 ternary nanofluid (see [5]) are given in Table 1.
The thermophysical constants of the nanoparticles and base fluid (see [5,20,22]) are given in Table 2.
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Table 1. Correlation on thermophysical properties of ternary nanofluid.

Properties Ternary nanofluid
Density prhng = (1 — &1) {(1 — d2) [(1 — d3)py + d3ps] + bapa} + d1p1
Heat capacity | (pCy)yp,p = (1= 1) {(1 = d2) [(1 = 45) (6Cp) s + b3 (6Cy)g] + b2 (6Cp), | + b1 (6Cy),
. i
Viscosity Wihnf =
(1 _ ¢1)2.5 (1 _ d)2)2.5 (1 _ ¢3§2.5

Thermal Kinng _ k1 + 2knny — 2¢1 (knns — k1 ’

k by A gt Bhns b b1t ) ety — b
conductivity where —22f — 2+ 2kny = 262 (kns — F2) and ~2 — 3+ 2ky — 205(ky — ks)

kg kz-l—?knf-l—(bg(knf—kg) ky k3+2kf+¢3(kf—k3)
Electrical Tihnf _ (1 +2d1)or + (1 — 2¢1)0h"-f,

) Thnf (12— d1)or + (1 + d1)onnyg ) )

conductivity where 20— (1+263) 05 + (1 = 2¢2) ony and 2L = (1+2da) o3 + (1 = 2a) oy

onr (1= da)os+ (14 d2) ony o (1—d3)os+ (1 +d3)oy

Table 2. Thermophysical properties of the nanoparticles and the base fluid.

plkgm ™ | C[I(kgK)~ T [ o[Sm~"] [ A[W(mK)~']
H,0 997.1 4179 0.05 0.613
TiOs 4250 686.2 2.4 x 108 8.9538
SiOq 2270 730 3.5 x 106 1.4013
Al,O3 3970 765 1x 10710 40
Cu 8933 385 5.96 x 107 401

The following similarity transformation is introduced as below [20]:

=), ) = )
w — +too

where 7 is the independent similarity variable, 1 is the stream function, f and 6 are the dimensionless

velocity and temperature, respectively. Using the Equation (5), Equations (1)—(3) together with the

boundary conditions (4) are transformed as below:

=y 2xvy

Nthnf/ﬂf) " ne <Uthnf/0'f> Iy <,Uthnf/,uf> r _

<Pthnf//)f i1y Pihnt/ Py M=) Pihnt /Py (-1 =0, (6)
kthnf/kf )iel/ 0+ F M< Uthnf/o'f ) 12— 7

<<p0p>thnf/<p0p>f Bl I B M O s 0Ty ) Y ™

along with the boundary conditions:

f0)=5, f0)=xr 000)=1,

f'm) =1, 6(n)—0 as n— oo. (8)
Here, M denoted as magnetic field, « is permeability and Ec is Eckert number given as
232 2 U?
M= 5007, k= , Ec= . (9)
Upy UKopy (Cp)(Tw — Teo)
The attentiveness study for this problem is skin friction Cf, and Nusselt number Nu,. Both can be
represented as 5 ) 5
_ Mihng [ “] _ thnf [ T}
Cf, = — , Nuyy=—-20————|— . (10)
’ psU? |0y y=0 ’ k(Tw = Too) [ Oy y=0
By using Equation (5), Equation (10) are transformed into
1 _1 k
V2ReZ Cf, = 2L £7(0)  \/2Re, ? Nu, = —%9'(0), (11)
H f

where Re; = g—;” is the local Reynold number.
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3. Validation test

Table 3. Comparison values of f”(0) and —6'(0) for ¢ =0 Before generating the solutions, a few

(pure fluid) with various values of A and Pr = 6.2. validation tests were needed and con-
ducted with previous similar studies from

A fﬁg(;sent Reilél/t(o) ?S ?0131 q aig[?(?())]) Khashi’ie et al. [20] and Rohni et al. [23] to
2010 | 0461049 | 0701102 | 04611 | 0.7012 verify the accuracy of the present results as
[0.001924] | [0.000000] | [0.0019] | [0.0000] shown in Tables 3 and 4, respectively. Us-

-0.15 | 0.449074 | 0.602170 | 0.4491 | 0.6023 ing bvp4c solver built-in MATLAB, Equa-
[0.008657] | [0.000000] | [0.0087] | [0.0000] tions (6)—(8) are computed. Table 3 shows

-0.20 | 0.430151 | 0.493436 | 0.4302 | 0.4935 the comparison values of f”(0) and —8’(0)

[0.022185] | [0.000000] | [0.0222] | [0.0000]
-0.25 | 0.401524 | 0.372005 | 0.4015 | 0.3721
[0.045390] | [0.000004] | [0.0454] | [0.0000]

for various values of A when ¢ = ¢p2 =
®3 = 0, while Table 4 shows the values of

030 | 0.356638 | 0.233101 | 0.3567 | 0.2332 f"(0) when Cu = 0.1 and M = S = 0.
[0.084871] | [0.000170] | [0.0849] | [0.0002] The validation test was perfect since the
-0.35 | 0.257581 | 0.058647 | 0.2578 | 0.0588 present results compared are all within the
[0.178558] | [0.009877] | [0.1785] | [0.0099] acceptable range. Hence, it is satisfactory

| ‘[ T’ Second solution | to assume that the results are reliable.

Table 4. Comparison values of f”(0) when Cu = 0.1 and M =S = 0 with various values of .

A Present Result | Khashi’ie et al. [20] | Rohni et al. [23]

-0.10 0.541615 0.541615 0.5416

[0.002274] [0.002274] [0.0023]

-0.15 0.527547 0.527547 0.5276

[0.010169] [0.010169] [0.0102]

-0.20 0.505318 0.505318 0.5053

[0.026061] [0.026061] [0.0261]

-0.25 0.471688 0.471688 0.4717

0.053322] [0.053322] [0.0533]

-0.30 0.418959 0.418959 0.4190

[0.099702] [0.099702] [0.0997]

-0.35 0.302592 0.302592 0.3028

0.209761] 0.209761] [0.2008]

-0.3541 0.257961 0.257961 0.2623
[0.253877] [0.253877] -]

| ‘[ I Second solution |

4. Analysis of result

The discussion on the results of physical interest towards the governing parameters examined for this
study is elaborated in this section. The sequel to the graphical results is obtained by computing
Equations (6)—(8) into the bvp4dc, MATLAB. Figures 2 and 3 highlight the distribution of skin friction

coefficient \/§Reglc/ ZCf and local Nusselt number v/2Rey 1 ZNux towards a moving parameter A\ for
various values of S when ¢; = bo = 3 = 0.01. For § = 0, 0.2, 0.4, the range wherein the various
arrangements exists (or possible) is specified by A\, = —0.38674 < A < 1.5, A, = —0.51759 < A < 1.5
and A\, = —0.66759 < A < 1.5, i.e., these multiple solutions illustrate an expanding conduct with
inspiring the estimations of S. Here, A, denotes the critical value for A where there is no solutions for
A < Ac. The solid lines exhibit upper branch (first) solution, whereas dotted lines demonstrate lower
branch (second) solution. The connection between the dual-type solutions is established through the
critical value A., which becomes the point of separation of the solutions as well as the boundary layer.
It is found that by the increment value of S, the range of solutions widens. The first solution exhibits

Mathematical Modeling and Computing, Vol. 10, No. 4, pp. 1250-1259 (2023)



Heat transfer analysis on magneto—ternary nanofluid flow in a porous medium over . .. 1255

a significant variation, whereas the second one shows a minimal difference. At A = 1, the skin friction
is not produced because both the plate and the free stream of the ternary nanofluid move at an equal
velocity. The skin friction coefficient values demonstrate an increase for A < 1 up to a certain value
and then begin to decrease after this value. Suction removes fluid near the surface, creating a region
of lower pressure. This pressure gradient can accelerate the main flow towards the surface, which, in
turn, can increase the momentum of the fluid particles in the boundary layer, leading to higher skin
friction. The effect of suction S increases fluid velocity near the surface. This enhanced fluid motion
results in a higher rate of heat exchange between the surface and the fluid as portrayed in Figure 3.
As fluid particles move more vigorously, they carry away heat from the surface more effectively.

1

— First Solution 4+

w8 /N AN Second Solution 4 §=0,02,04
351 b
06 ¢ 3+ 4
04r 251 4
8
= 5=10,02,04 R ]
5\'? 0.2 E\\‘Z 2
}; Ts 15F .
~ or oo
< G
02r A = —0.38674 05 f
M =Ec=x=0.01
04l Ae = —0.51759 . of . TiO, = Si0, = Al,O5 = 0.01]
A = —0.66759 M =Ec=#x=0.01 \ 05 .= —0. ]
06 TiO; = SiOy = Al,O3 = 0.01 A = —0.51759 First Solution
-l A= 70 66759 === Second Solution -
08 ‘ ‘ ‘ ‘ ‘ ‘ ‘
-0.5 0 0.5 1 1.5 0 0.5 1 1.5
A A
Fig. 2. Skin friction coeflicient with various S. Fig. 3. Local Nusselt number with various S.
0.8 T T T T T T
S =102 Si0, = Al,Oy = 0.01
X M = Ec=x=0.01 31 Al,O3 = 0.01
06 ] - ] TiO, = SiO, = Al,O3 = 0.01
'Al,O3 = 0.01 First Solution
Si0y = ALO; =0.01 N\ " Second Solution 25 S =02 1
041 NTiO, = Si0, = Al,Oy = 0.01 1 M =Ec = x =0.01
[} ,
- \ 527 First Solution
TD 0z :.\Z ----- Second Solution
Hg To 15t
SO &
\ 1 [
-02F : J s
05+
ol i/ . = —0.51731(Si0, — Al, 03 /H,0) Ae = —0.51731(Si0Oy — Al O3 /H,0)
: A = —0.51759(TiO, — SiO, — A1203/H 0) A = —0.51759(TiO, — SiO, — Al O3 /H,0)
Ae = —0.51774(Al,05/H,0) 0F =TT A= —0.51774(AL03/H,0) |
06 -0.5 0 0.5 1 1.5 -0.5 0 0.5 1 1.5
A A
Fig. 4. Skin friction coefficient with various ¢. Fig. 5. Local Nusselt number with various ¢.

Figures 4 and 5 show the variations of skin friction coefficient V2 Re;lc/ 20 + and local Nusselt number

ﬂRe;%Num with different types of nanofluids, i.e., 3 = 0.01 (AloO3/H20), ¢p2 = ¢3 = 0.01 (SiO2-
Al,O3/H20) and ¢ = do = 3 = 0.01 (TiO2-SiO2-AlsO3/H20). According to these figures, the upper
branch of the results increases as nanoparticle volume fraction ¢ increases. These graphs demonstrated
the existence of dual solutions for A, < A < 0, such that the corresponding critical points of 3 = 0.01,
$2 = ¢P3 = 0.01 and ¢ = Py = Pp3 = 0.01 are A\, = —0.51774, A, = —0.51731 and A, = —0.51759.
These graphical results describe that boosting the nanoparticle volume fraction parameter fastens the
separation of the boundary layer. Moreover, it is found that with an increment in the nanoparticle
volume fraction, skin friction enhances when A < 1 for the upper branch. Physically, the elevated
viscosity due to more nanoparticles leads to increased skin friction by creating higher shear stress and
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drag. Figures 5 displayed that ternary nanofluid has a better heat transfer rate compared to the hybrid

nanofluid and mono nanofluid due to a higher value in v/2 Re; v 2Nux. This indicates ternary nanofluid

has a thinner thermal boundary layer thickness, which may produce a larger heat flux and enhance the
heat transfer rate. The enhanced convective heat transfer resulting from improved effective thermal
conductivity and heat capacity leads to higher heat transfer coefficients and local Nusselt numbers.

1 = T T T T
1fpmmmmmmmmm e S=02,A=-04 |1
.' ) ) A1203 =0.01 ’0 ]\/[ — EC =k =0.01
08 * First Solution 0.9 -\ TiO, = SiOy = Al,O3 = 0.01 A . o ]
----- Second Solution ‘A, _ * irst Solution
0gl | SiO2=ALO; =001 ". - - - - Second Solution {
06 - §=02,A=-04 'g‘
M =Ec=x=0.01 0.7 Y
)
. 0.4 06 F A
= = a,
=~ s I 05 .
02+ S %
G 04 4
THA i
S ) )
0r oy 03 Y
% r L)
0 L+*"ALO; = 0.01 02 /®
-02 e b}
’," T102 = SlO‘Z = A1203 =0.01 01 \\\‘
,¢" 5102 = Aleg =0.01 \\\\*
L L L L 0 Il L L >
0 2 4 6 8 10 0 1 2 3

n

Fig. 6. Velocity profile with various ¢. Fig.7. Temperature profile with various ¢.

Figures 6 and 7 then show the velocity f'(n) and temperature 6(n) profile with various nanoparticles
volume fraction when S = 0.2, A = —0.4, M = 0.01, Ec = 0.01 and x = 0.01. Interestingly, SiOo-
Al,03/H50 has a slightly thicker momentum and thermal boundary layer thickness than AloO3/H50.
A higher-viscosity nanofluid experiences reduced momentum diffusion, resulting in a thicker momentum
boundary layer. While, the temperature gradient within the boundary layer is influenced by the thermal

conductivity of the nanofluid, leading to a broader thermal boundary layer. This result is consistent
with those in Figures 4 and 5 when A = —0.4 (opposing flow region).

0.8

S=02 5=02
M = Ec =0.01 31| M = Ec =001
06 TiO, = SiOy = Al,Oy = 0.01 || TiO; = Si0; = A0z = 0.01
% =0,0.01,0.02

First Solution 251 First Solution o
Second Solution | | 7777 Second Solution
9L

0.4

5
D z
=5 L K = 0,0.01,0.02
m (1,0) &
N
< A = —0.50139 ]
L
sl A= 051759
Ae = —0.53407 05 // Ae = —0.50139
041 Ao = —0.51759
01 &L
Ae = —0.53407
~0.6 — ! ! ! . . . .
-0.5 0 A 0.5 1 1.5 -0.5 0 0.5 1 15

A
Fig. 8. Skin friction coefficient with various .

Fig. 9. Local Nusselt number with various k.
Figures 8 and 9 show the variations of skin friction coefficient V2 Re;lc/ 20 + and local Nusselt number
V2Re, 1/ 2Nux with different permeability of porous medium, which is x = 0, 0.01, 0.02 when S = 0.2
for ternary nanofluid. Figures 10 and 11 then show the velocity f’(n) and temperature 6(n) profile
with various k when S = 0.2, A = —0.4, M = 0.01, Ec = 0.01 and ¢1 = ¢3 = ¢p3 = 0.01. The obtained
critical values of A are A\, = —0.50139, —0.51759 and —0.53407 when « = 0, 0.01, 0.02. Hence, larger
k delays the boundary layer separation to happen. Physically, this happens because with increasing
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K, the porous medium becomes less permeable and due to this, the resistance force to the transport
phenomenon becomes larger, which dominates the generated vorticity and maintains boundary layer
for larger value of |A.|. Furthermore, the figure illustrates that the skin-friction coefficient, representing
the surface drag force, escalates as x increases for the upper branch solution when A, < A < 1, whereas
opposite outcome is found when 1 < A < 1.5. Increasing permeability allows fluid to flow more easily
through the porous medium. With higher permeability, fluid flows faster through the porous medium.
This increased flow velocity can result in higher shear stresses along the solid surface, leading to an
increase in skin friction. In addition, it is seen from the figure that for the upper branch solution,
heat transfer rate (local Nusselt number) increases with k. As permeability increases, the fluid flows
more rapidly through the porous medium. This enhanced fluid motion contributes to more efficient
heat transfer through convective processes. It can be seen from Figures 10 and 11 that for upper
solution branches, the momentum boundary layer becomes thinner with s, while an opposite behavior
is observed for lower branch solution. It is witnessed from the figure that for upper solution branches,
the thermal boundary layer thickness shows decrement as x grows. Also, it is fascinating to note that
momentum and thermal boundary layer thickness for the lower branch solution is larger than that for
the upper branch.

1

o N T 5=02, A= 05 |
8 NN M = Ec =0.01
08 \\\ Y ‘\‘ TiO; = SiOy = Al,O3 = 0.01 | |
) 0.7 ‘\ \ 1
05 1 T K = 0,0.01,0.02
06 1
E =05 1
S— ’ >
x =10,0.01,0.02 \ Vo
04 Voo i
O |- 7 ° L 4
$=02, A= 05 03 \
M = Ec = 0.01 ozl : 1
TiO, = SiO, = Al,O5 = 0.01 ' \
i First Solution 0L First Solution
I Second Solution | | RN\ M S Tt Second Solution
-0.5 . : 0 = L
0 2 4 6 8 10 0 2 4 6 8 10
n n

Fig. 10. Velocity profile with various k. Fig.11. Temperature profile with various .

5. Conclusion

The steady magneto-ternary nanofluid, TiO2-SiO2-AlsO3/H20 flow in a porous medium over a moving
plate with Joule heating is analyzed. The main findings of the current study are as follows:

— Dual solutions exist when the plate moves along a direction opposite to free-stream.

— Boundary layer separation from the plate is delayed with higher values of the permeability param-
eter k and suction S(> 0).

— The presence of nanoparticle volume fraction parameter shortens the range of solutions and fastens
the boundary layer separation.

— Local skin-friction coefficient and local Nusselt number increases with increasing values of param-
eters S, k and nanoparticle volume fraction.
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AHani3 TennoobmMiHy Npu NoToui MarHiTHOI NOTPIVHOI HAHOPIAVUHN

B NOPUCTOMY CEPEAOBULLI NO PyXOMili NMOBEPXHI

Anyap H. C.', Xycceitn B. H.', Acyki H. A. M.!, Bagok H.?3

Vuisepcumem mexnonoeitt MARA, 40450 Illax Anam, Cenanzop, Manratisis
2 Incmumym mamemamunnug docaidoceny, Yrisepcumem Ilympa Manatisia,
48400 Cepdane, Cenarzop, Manratizis
3 Kaedpa mamemamury ma cCmamucmury, Gaxyibmem npupoorusus Hayk,
Vuisepcumem Ilympa Manaiizis, 43400 Cepdane, Cenanzop, Manratizis

HocutinankiB mpuBabuin mOTPiitHI ribpuiHi HAHOYACTUHKY Yepe3 X e(eKTUBHICTD y TOCHU-
JIEHHI TemIo00MiHy 1 BOHU IPOJIOBXKYIOTH aHai3 pobodol pimuuu. e mociimkenus mpu-
CBsiYeHe IOTOKY MAarHITHOI IOTPIHOI HAHOPIAMHU y TOPUCTOMY CEPEJIOBUIII 10 PYXOMIiit
[JIACTHUHI 3 JPKOYJIeBUM HarpiBanasam. J[jisi aHaji3y BUKOPUCTOBY€eThCst KoMmbiHatis TiOs,
SiOs i AlyO3 3 Bogoro, Ho O, sik 6a30B010 piguHO0. BUKOPUCTOBYIOYN IIepETBOPEHHS HOII0-
HOCT], cKJIaHicTh qudepeHiagbHuX piBHAHb y YacTuHHuX noxigaux (PDE) 3sogurbes 10
cucreM 3Buvaitnux audepeniianapaux pisagab (ODE), gaki noTivM 9ucesibHO pO3B A3y I0ThCs
B MATLAB 3a gonomoroio ¢yHKIl bvpdc st pisHUX 3HAYEHb BU3HAYAJbHUX [apaMer-
piB. BrutuBu pizuux 6e3po3MipHux PismIHUX TapaMeTpiB Ha MBUIKICTH, TEMIIEPATYPY, a
TaKOXK Ha KoediIlieHT II0BEPXHEBOT'O TEPTH Ta JIOKaJIbHe uncsio HyccesbTa nIpescTaBieHo y
Buritsial rpadikis. OTpuMaHo 1Ba PO3B’sI3KU, KOJIU IJIACTUHA Ta BIIBHUI TOTIK PYXaOThCS
B3/I0BK MPOTWJIEXKHUX HAPsIMKiB. KpiM Toro, jokasbae uncio Hyccenpra 30imbmryerbes
3 IIapaMeTpPOM ITPOHMKHOCTI Ta IapaMeTPOM BCMOKTYBaHHs; 301/IbIIEHHS TapaMeTpa po-
HUKHOCTI Ta I1apaMeTpa BCMOKTYBaHHS IIPU3BOIUTH JI0 3ATPUMKH BiIPUBY IIPUKOPIOHHOTO
mapy; 3aBagku noeaaanuo Ti0s 3 06’emunM Bincorkom SiOg-AlyO3/HoO nokpaiyerses
mepesiada Terra. 3i 30iabnreHHSM 06’€MHOT 9aCTKH HAHOYACTUHOK IMOMIOHICTD iCHYIOUMX
DPO3B’SI3KiB 3MEHIITYETHCS.

Kntouosi cnosa: nompitina Hanopiouha; mewia epanushozo wapy; menioobmin; nopu-
cme cepedosuule; PYTOMA NAGCTNUHG.

Mathematical Modeling and Computing, Vol. 10, No. 4, pp. 12501259 (2023)

ITkona mamemamunnux nayk, Konedsc 064uca06a1vmoi mexiny, ingopmamury ma Mamemamuxy,





