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In this paper, the magnetohydrodynamic (MHD) flow of a ternary hybrid ferrofluid over a stretching/shrinking porous sheet in the
presence of radiation and mass transpiration is studied. The ternary hybrid ferrofluid is formed by suspending three types of
nanoparticles for enhancing heat transfer. The nanoparticles of copper (Cu) , iron oxide ( Fe;0, ), and cobalt ferrite ( CoFe,0, ) are

suspended in water in this study, producing in the combination Cu — Fe,0, — CoFe,0, — H,O . Brownian motion and thermophoresis

are integrated into the ternary hybrid ferrofluid model. Similarity transformations convert the governing partial differential equations
into ordinary differential equations. The boundary value problem (bvp) is used in the Maple computer software to solve transformed
equations numerically. The computed results for relevant parameters such as velocity profile, temperature profile, skin friction
coefficient, local Nusselt and Sherwood numbers are visually shown and explained in detail.

Keywords: ternary hybrid ferrofluid; stretching/shrinking; heat and mass transfer; mass transpiration; magnetic field
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1. INTRODUCTION

For several decades, interest in studying the flow and heat transfer of the boundary layer on a stretching/shrinking
sheet has not waned due to a wide range of technical applications such as medical, industrial, and mechanical
engineering applications. Maxwell [1] was the first to try to improve the heat transfer rate of ordinary fluids by
suspending micro-sized particles, but his experiment failed due to sedimentation and blocking of the flow patterns.
Choi [2], Sakiadis [3]-[4], and Crane [5] initially researched nanofluids and stretching sheets. Following this, many
researchers were interested in the topic and performed significant research in it. Nanofluids have a greater thermal
conductivity than regular fluids, which is needed for the efficient transfer of thermal energy. According to studies, the
thermal conductivity coefficient of nanofluids rises dramatically when compared to ordinary base fluids, even at
extremely low nanoparticle concentrations [2]. Existing refrigerants in several industries, including energy, electronics,
transportation, and manufacturing, can be replaced by nanofluids. In relation to this, researchers have been very
interested in the applications of nanofluid since the discovery of this innovative idea.

Recently, a new type of nanofluid known as hybrid nanofluid has been created, which is formed by the suspension
of several nanoparticles in the base fluid. MHD flow of hybrid nanofluid and heat transfer over a stretching/shrinking
sheet was introduced by Aly and Pop [6]. Khan et al. [7] and Jamaludin et al. [8] examined hybrid nanofluids in
different flow scenarios. Mahabaleshwar et al. [9] developed a hybrid nanofluid algebraically decaying approach.
Mahabaleshwar et al. recently researched couple stress hybrid nanofluid [10], MHD flow micro polar fluid [11], and an
MHD nanofluid through a penetrable and also stretching/shrinking surface, a horizontal surface with a radiated effect,
and mass transpiration [12]. Heat transmission is enhanced by increasing the volume fraction of nanoparticles,
according to the researchers.

Among the various hybrid nanofluids, we focus on hybrid ferrofluids. The study of ferrofluids is of great interest
due to its wide application in biomedicine and technology, namely for drug delivery, real-time chemical monitoring of
human brain activity, destruction of tumors, etc. Ferrofluids are colloidal liquids made of magnetic nanoparticles like
cobalt ferrite CoFe,O,, hematite Fe,O, , magnetite Fe,O, , and many other nanometersized particles containing iron in
the base fluid [13].

Chu et al. [14] investigated the thermal performance and flow properties of a hybridized nanofluid ( MWCNT -
Fe,O, -water) in a cavity. Kumar et al. [15] studied the flow characteristics of hybrid ferrofluids ( Fe,O, - CoFe,O,)
using water-ethylene glycol combination (50 % -50 % ) as a basis fluid in thin film flow and found that hybrid ferrofluid
enhances rate of heat transfer than ferrofluid. Tlili et al. [16] studied the stream and energy transport in
magnetohydrodynamic dissipative ferro and hybrid ferrofluids by considering an uneven heat rise/fall and radiation
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effects. They found that the magnetic oxide and cobalt iron oxide suspended in H,O-EG (ethylene glycol)

(50 % -50 % ) mixture effectively reduces the heat transfer rate under specific conditions. Anuar et al. [17] investigated
MHD hybrid ferrofluid flow on exponentially stretching/shrinking surfaces with heat source/sink effects under
stagnation point region. They found that hybrid ferrofluid increases the rate of heat transfer compared to ferrofluid and
for a stronger heat source, heat absorption is more likely to occur in the sheet. The effects of MHD and viscous
dissipation have been studied by Lund et al, [18] considering (Cu—Fe,O, —H,0O) hybrid nanofluid in a porous

medium.

In recent years, a new class of nanofluids has emerged, consisting of three solid nanoparticles distributed in an
ordinary liquid. The term ternary hybrid nanofluid is commonly used to describe these liquids [19]. Khan and
Mahmood [20] presented a study of MHD ternary hybrid nanofluid flow into a stretching/shrinking cylinder with mass
suction and either Joule heating. The combination of copper nanoparticles (Cu ), iron oxide ( Fe,0,), and silicon

dioxide (Si0,) with polymer as the base fluid has been chosen as an example of a ternary hybrid nanofluid. They

showed that the heat transfer rate could be increased. Ramesh et al. [21] studied the increase of heat transfer in ternary
nanofluid flows caused by stretched convergent or divergent channels. Temperature was reduced when the solid
volume-fraction of both stretched and shrunk channels increased. It has also been found that ternary nanofluids have a
stronger influence than hybrid and mono-nanofluids. Animasaun et al. [22] investigated the dynamics of stagnant
ternary-hybrid nanofluid (i. e. water conveying spherical silver nanoparticles, cylindrical aluminum oxide nanoparticles,
and platelet aluminum nanoparticles) when induced magnetic field and convective heating surface are significant. In
[22], it was concluded that the increase in convective heating of the wall is a factor that can accelerate temperature
dispersion in both the case of a heat source and a heat sink. It was shown that the growing effects of an inclined
magnetic field can cause the distance between the shear stress turning points and the gradient of magnetic flux density
to be placed near the domain's centre. Manjunatha et al. [23] presented a new theoretical ternary nanofluid model for
enhancing heat transfer. The ternary hybrid nanofluid was formed by suspending the nanoparticles 7i0,, A/,0,, and

Si0, in water thus forming the combination 7iO, —SiO, — Al,0, — H,O . They showed that the ternary nanofluid

flowing past a stretching sheet has better thermal conductivity than the hybrid nanofluid.
In the current study, we propose a new kind of ternary hybrid ferrofluid formed by suspending metallic
nanoparticles of copper (Cu) , iron oxide ( Fe;0, ), and cobalt ferrite (CoFe,O, ) in water ( H,0 ). Copper nanoparticles

have rather high values of thermal and electrical conductivity coefficients; therefore, their use in ternary hybrid
ferrofluids will enhance heat transfer, which is very important for solving some medical problems.

The purpose of the present investigation is to study the boundary layer flow and heat transfer past a
stretching/shrinking sheet in a porous medium saturated by a ternary hybrid ferrofluid. The governing partial
differential equations are transformed into a set of ordinary differential equations using a similarity transformation,
before being solved numerically by the bvp method. The results obtained are presented graphically and discussed. This
theoretical study will be useful to engineers conducting experiments with ternary hybrid ferrofluid.

2. STATEMENT OF THE PROBLEM AND MATHEMATICAL MODEL
We consider the two-dimensional steady flow and heat transfer of MHD ternary hybrid ferrofluid past a permeable
stretching/shrinking sheet of a porous medium. The X -axis is chosen to run parallel to the horizontal surface, whereas

the y -axis is chosen to run perpendicular to it. The surface velocity is assumed to be u, (x), and the mass flux velocity
is v,, with v, <0 for suction and v, >0 for fluid injection. The applied magnetic field B, is determined along the

sheet's normal. It is also assumed that the constant temperature and constant nanofluid volume fraction of the sheet's
surface are 7, and C,, respectively, whereas the ambient fluid's are 7, and C_ . This physical model is shown in

Fig.1.

T @ . € o
;i B0 B, = ® Fe.O,
® CoFe,
Ternary Hybrid Ferrofluid

~4——————— Shrinking sheer, 11, < 0 U, = 0. swetching sheet———

Figure 1. Coordinate system and physical model: stretching and shrinking shee.
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The investigating physical model's basic equations can be written as

6_u+@20 1)
ox oy

0 0 Hyy 07 yz (o
u—u+v—u=—”/ gu__"w u——1 B(fu 2)

oT oT kth/ 62_T

U—+v—=—-——17+ 3)
Oox oy (pCp )th/ oy
2
D o
+0 DB a_Ca_T+_T[a_TJ _;i
o oy I, % (PC, )y O
2 D 2
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The following are the boundary conditions for the investigated model:
u=u,=U XA, v=v,, T=T,C=C, ,at y=0 ®)
u—>0,T=7T ,C=C, ,at y > (6)

Here K is the permeability of a porous medium, 7 denotes the temperature of the ternary hybrid nanofluid, C
the concentration of nanoparticles, D, the Brownian diffusion coefficient, D, the thermophoretic diffusion coefficient,
and 6 =(pC,),/(pC,), the ratio of nanoparticle heat capacity to base fluid heat capacity. Further, g, is the
dynamic viscosity of the ternary hybrid nanofluids, p,, is the density of the ternary hybrid nanofluids, and £, is the
ternary hybrid nanofluid's thermal conductivity, o,
nanofluid's heat capacity, A is the constant stretching/shrinking parameter, with 4 >0 for a stretching sheet, 4 <0 for
a shrinking sheet, and 4 =0 for a static sheet. Furthermore, we assume that U (x)=ax, where a is a positive

the electrical conductivity, (oC,),, is the ternary hybrid

constant.
In this study, the physical quantities of interest are the local skin friction coefficient C

£
Nu_, and the local Sherwood number Sh_, which are defined as follows [24]:

Hy, 0
Cp= Ié/ 2 [_uj ’
prax \ ),

the local Nusselt number

Nu = _Xk—””(a_TJ 7
T o
o - _L[aﬁj _
' DB (Cw - Cw) ay y=0

Let the ternary hybrid ferrofluid be composed of three sorts of nanoparticles, denoted by indices 1,2, and 3. The
nanofluid is formed by first adding copper nanoparticles (Cu) to water-based base fluid. Then a hybrid nanofluid is

prepared by adding iron oxide (Fe,0,) nanoparticles to the nanofluid. Finally, a ternary hybrid nanofluid is formed by
adding cobalt iron oxide (CoFe,O,) nanoparticles to the hybrid nanofluid. The overall volume fraction is the
summation of the volume concentration of two dissimilar kinds of nanoparticles: ¢ =¢, +¢, + ¢, .

The thermophysical properties of the Cu— H,O nanofluid have been studied in many works. For example, Raza
et al. [25] obtained several solutions for the rheology of the Cu— H,O nanofluid in a porous heat transfer channel.
Lund et al. [18] identified the thermophysical properties of hybrid ferrofluid (Fe,O, —CoFe,O, — H,O) . Takabi and
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Salehi [26], Gorla et al. [27], and Anuar et al. [17] describe the thermophysical properties of hybrid ferrofluid
(Fe,0, —CoFe,0, — H,0) . The thermophysical properties of Cu—Fe,0O, —CoFe,O, —H,O ternary hybrid nanofluid
are
* Density
Puor = (l_¢3){(1_¢2)[(1_¢1 )pf +¢1psl]+¢2ps2}+¢3p33 (8)

* Thermal conductivity
kt/;f‘ _ ks} + 2/%/ - 2¢3 (khnf‘ - k.s'3)

— , where )
Ky kg + 2k, +@i(k,, — k)

T kSZ +2knf _2¢2 (knf _kx2) an
k“ ks2 +2k;1/‘ +¢2 (k;z/ _ksz) ’

k, _ ky +2k, =2¢,(k, — k)
k, ko 2k (K, k)
* Heat capacity
(PC,, )thf = (1 - ¢3 ) {(1 - ¢2 )[(1 - ¢1 )(PC,, )f + ¢1 (PCP )51 ] + ¢2 (PCp )sz } + ¢3 (PCP )53 (10)
* Dynamic viscosity
Huy 1
- (11)
Ho (1=¢)7(1=¢)"(1-¢)"
* Electrical conductivity
o 1+2¢,)o., +(1-2¢,)0
ﬂ: ( ¢3) s3 ( ¢3) hnf , where (12)

O (1-¢)o, +(1+¢3)O-hnf

Oy _ (1+ 2¢2 )O-sZ +(1- 2¢2 )Un/'
nf (I1-¢,)o, +(1+¢)o,,

o

oy _(+24)0, +(1-24)0,

o, (1-¢)o, +(1+4)o;

Here, p, is the density of the base fluid, o,k is the electrical and thermal conductivity of the base fluid. (pC,), is
the heat capacity of the base fluid, and C, is the heat capacity at the constant pressure of the base fluid. The subscripts
sl,s2, and s3 denote the characteristics of nanoparticles Cu, Fe,O,, and CoFe,O,, respectively. Table 1 shows the
thermophysical constants for nanoparticles and base fluid.

Tablel. Thermophysical properties of the nanoparticles and base fluid [18],[27]

plkg - m™] ClJ- kg?' - K7 | AW - mT - KT o[S- m™]

H,0 997.1 4179 0.613 0.05
Cu 8933 385 401 5.96- 107
Fe,0, 5180 670 9.7 74 10°
CoFe,0, 4907 700 3.7 1.1- 107

3. SIMILARITY TRANSFORMATION AND PHYSICAL QUANTITIES
The partial differential equations (1)-(4) are transformed into ordinary differential equations through similarity
transformation (see, for example, [28]):

XV, o) Yy y r-T, o
= ,V=— ,n==,0(n)= , = , 13
u o T S Gn)n ==, 001) T T (1) C_c. (13)
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where v, is the kinematic viscosity of the base fluid, f,6,¢ are the dimensionless functions. L is a reference length

that will be found further below. Furthermore, the radiant heat flow ¢, is given by using the Rosseland approximation
for radiation (see [29]):

| dg, _ 16xT) T

— : (14)
(pcp )l;f oy 3(pCp )hf k oy

where o' ,k" is the Stefan-Boltzmann constant and the mean absorption coefficient, respectively. It is interesting to
note that, according to the definitions of # and v, equation (1) is automatically satisfied. Equations (2)-(4), as well as
the boundary conditions (5)-(6), are transformed into the ordinary (similarity) differential equations shown below:

Af + 0 - =(4,+4,-M)f =0 (15)
4,0 +N,90 +N,0>+ £60 =0 (16)

! ! NT o
0 +Lef o +N—Be =0 (17)
f(0)=s,/(0)=2,000)=1,00)=1,at n=0 (18)
£ ()= 0,0(m)—>0,0(17) >0, at n —>o0 (19)

Primes denote differentiation with regard to 7 in this context. Using the boundary conditions (18)-(19), we find

\F ~Jav,s (20)

The following ratios are used in Equations (15)-(16):

expressions for L and v,

lu, v, o, /o,
A _ Hw TH A, =4 -1, 4, = 7 1)
Py | Py ak Pug 1 Py
1 kg Tk, (PC,), Nr
4 = + - —_—

Pr (pC,), /(pC,),  (C,), Pr

Where M, Pr,Nr,Le, N, and N, denote the magnetic parameter, Prandtl number, radiation parameter, Lewis number,
Brownian motion parameter and thermophoresis parameter, respectively, where

Bjo v, (pC 165°T? v

y =20 PGy 10T (22)
ap, k, 3k, k D,

oD, (C, -C oD, (T, -T
NB: B( w w)’NT: T(w w)
Vv, v, T,
Using the similarity variables (13), one can easily obtain the expressions for physical quantities (7):
C,\[Re el f "(0), Nu_(\[Re, )" = ’hf e 0), (23)

Sh,(\J[Re, )" = -'(0),

where Re, =U, x/v, is the local Reynolds number.

4. MODIFIED SYSTEM OF EQUATIONS
The exact analytical solution to the equation for the dimensionless stream function is represented as (see, for
example, [5])

S () =, +a, exp(=pn) 24
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Applying boundary conditions (18) to the solution (24), we find expressions for the constants ¢, and «, . As a result,

solution (24) takes the following form

£ =s +%<1 —exp(—fn))

Clearly, f may be found by substituting the relation (25) in Eq. (15):

6
M=0.1,08,1.5

S

dual
solution 4

no
solution

no
solution 2

(25)

Figure 2. Regions of solutions of s as a function of A for stretching/shrinking sheet when ¢ =0.1, ¢, =0.01 and ¢, =0.02.

S

2 4 6
M=0.1,0.8,1.5

dual
solution

no no
solution _g solution

Figure 3. Regions of solutions of A as a function of s for stretching/shrinking sheet when ¢ =0.1, ¢, =0.01 and ¢, =0.02.

,Z_AI_

s . 52 +A2+A3-M+ﬂ
4A12 4

(26)

It's obvious that physical solution correspond to a positive value of 4, when 4> 0 (stretched sheet) for any value
of s . Fig. 2 depicts the influence of the external magnetic field on the region of no, unique and dual solutions s
depending on A for a stretching/shrinking sheet. With an increase in the magnetic field, the curve of critical values s
shifts towards negative parameters A . Similarly, in Fig. 3, curves are plotted for the critical A depending on the
magnitude of the magnetic field. We see that as the magnetic field increases, the regions of no, unique, and dual

solutions shift towards negative 4.

After calculating £, we find an analytical solution for f(77) (25). Then the skin friction coefficient (Sr) is given

by:

By substituting this solution into equations (16)-(17), we obtain the modified system of equations shown below:

A,0"+ N,p'0'+ NT9‘2+[S+%(1—exp(—ﬂn)))6‘ =0

M
Sr=C\[Re, =ﬂ’—"/1ﬁ
,

27

(28)
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N,
(p"+Le(s+£(1—exp(—ﬁn))](p'+—rt9”=0 29)
B Ny

Equations (28)-(29) are supplemented by boundary conditions (18)-(19).

5. RESULTS AND DISCUSSIONS
The bvp method in Maple computer software is used to solve dimensionless ordinary differential equations (28)-(29)
with boundary conditions (18)-(19). The results for the velocity profile are found analytically from expression (25), and as
can be seen from expression (26), two analytical solutions are possible corresponding to the values of £ . Similarity

solutions exist when the mass suction parameter s > 0 and the parameter A <0 (shrinking sheet) (see Figs. 2 and 3).

a
o ) 0 L)
0.5 $,=0.01.005. 0.1
0.5
-1 M= 0.1,08,15 .
~_~ =
G S
z._‘-IS G 03
2 15 o4
-2.5 05
i 08 1o 12 14 16 18 20
2
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
n n

Figure 4. a) Effect of magnetic field on velocity profiles for ¢, = 0.13 ; b) effect of volume fraction on velocity profiles for M =0.8.

a b
10 ) Lo )
0.9 0.9
0.8 08
0.7 0.7
= 0.6 M-=035,0.82,0.85 = 06 M=03.0.82,0.85
S S~
D 05 == 05
0.4 0.4
03 03
0.21 0.21
0.1 0.1
0 0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
n n

Figure 5. a) Effect of magnetic field on temperature for ¢, = 0.13 ; b) effect of magnetic field on concentration profile for ¢, =0.13.

Figs. 4a and 4b show the influence of a magnetic field and a volume fraction on the velocity profile of a ternary
hybrid nanofluid for shrinking case A =-2 when the suction is presented as s =2 . Due to the very small difference
between the solutions of the upper and lower branches for the velocity profile, Figs. 4a and 4b show graphs for the
upper branch solutions. It can be seen from these figures that the boundary conditions at 7 — o0 (19) are achieved

asymptotically. The calculations are performed out with an accuracy of 10~ by setting 7, =10 for the far field

boundary conditions. The presence of a magnetic field produces a force known as the Lorentz force, which resists fluid
flow. This force's magnitude is directly proportional to M value. As a result, increasing M increases the Lorentz
force. As seen in Fig. 4a, the thickness of the boundary layer grows as M increases. From Fig. 4b, we observe that the
fluid flow rate increases with an increase in the volume fraction of Cu -nanoparticles (¢, ).

The decrease in flow rate due to the increase in the magnetic field M allows the nanoparticles to conduct more
heat, and hence an increase in temperature is observed as shown in Fig. 5a. Due to the effect of thermophoresis, an
increase in the temperature profile also causes an increase in the concentration profile, as seen in Fig. 5b.

Figs. 6a and 6b show the effect of volume fraction on temperature and concentration profiles. As a result, with an
increase in the volume fraction of Cu nanoparticles, new possibilities for increasing thermal conductivity appear, as
shown in Fig. 6a. In addition, with an increase in the volume fraction of Cu nanoparticles, the concentration profile of
the nanofluid increases (see Fig. 6b). This effect has applications in medicine when it is necessary to heat up soft tissues
with the help of hybrid ferrofluids in the treatment of cancer. The results shown in Figs. 4-6 are in good agreement with
the conclusions of the paper [23].
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1.0 a) 1.0 b)
0.9 0.9
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5’:; (:)'Z $,= 005,007, 01 _g: (:)'Z $,= 005,007, 01
04 0.4
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0.2 0.2
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Figure 6. a) Effect of volume fraction ¢, on temperature profile for M = 0.8 ; b) effect of volume fraction ¢ on concentration
profile for M =0.8.

Fig. 7a and Fig. 7b show the temperature and concentration profiles for various N, values. As shown in Fig. 7a,
any small increase in the thermophoresis force (N,) effectively increases the temperature profile. Due to the

dependency of the concentration on the temperature field, we observe that higher thermophoresis parameters increase
the concentration profile sharply (see Fig. 7b).

Adding more nanoparticles to the base fluid changed the behavior of the temperature and concentration profiles, as
shown in Figs. 8a and 8b. The Brownian motion of nanoparticles plays a significant role in the distribution of heat,
which is noticeable in the graph in Fig. 8a, where we observe an increase in the temperature profile with N, . The

concentration profile decreases as the Brownian motion parameter N, increases, as shown in Fig. 8b.

a b
1.0 ) 2.5 )
0.9
0.8 2.0
0.7
e 0.6 — 1.5 NT=0.1,0.4,0.7
— =
D os N, =0.1,04,07 =
0504, =
0.44 1.0
0.3
0.2 0.59
0.1
0 0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
n n

Figure 7. a) Temperature profiles for different values of N, ; b) concentration profiles for different values of N, .

1.0 a) 1.0 b)
0.9 0.9
0.81 0.8
0.7 0.7
= 0.61 = 06
EI% 0.5 Ny=o01,04,08 ,.g 05 N, =01.04,08
0.4 0.4
03 03
0.2 0.24
0.1 0.1
0 0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
n n

Figure 8. a) Temperature profiles for different values of N, ; b) concentration profiles for different values of N, .

Figs. 9a and 9b show that both temperature and concentration profiles decrease with increasing Le. For analysis,
we chose small values of Le, which correspond to the slightly viscous base fluid. The results shown in Figs. 7-9 are in
good agreement with the conclusions of the paper [30].
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Figure 9. a) Effect of Le number on temperature distribution; b) effect of Le number on concentration distribution.

Fig. 10a depicts the variation of the skin friction coefficient Sr with the stretching/shrinking parameter A for
several values of the suction parameter s . When the shrinking parameter is changed from -2.046 to -6.090, the value of
the suction parameter increases from s =2 to s =4. The double solution regions also expand with an increase in the
suction parameter s at fixed values parameters of magnetic field M = 0.8 and volume fraction ¢, =0.13. Increasing
the magnetic field parameter increases the coefficient of skin friction Sr, as shown in Fig. 10b. However, with an
increase in ¢, the coefficient of surface friction Sr decreases because thermal conductivity increases at a higher

concentration of nanoparticles. Due to the fact that thermal conductivity is enhanced by increasing the concentration of
copper particles, the Nusselt number (heat transfer rate) decreases (see Fig. 11a). As the magnetic field M increases,
the rate of heat transfer and concentration decreases, but the rate of concentration increases with increasing ¢, as

shown in Fig. 11b.
a) b)

20

lower solution branch

upper solution branch

M=0385,0.9,0.95

'
(¥}

Sr

-30 -5
-6 -4 -2 0 2 4 0 0.02 0.04 0.06 0.08 0.1

A b,
Figure 10. a) Variation of Sr as a function of A for several values of s (s=2,4,=-2.046,5s=3,4,=-3.731,

s=4,2,=-6.090) for ¢, =0.13;b) effect of magnetic field and volume fraction on skin friction coefficient Sr .

a b
0.70 ) 0.20 )
0:60 0.19
0.50 M=080,0.85, 0.87 M=0.85,0.90, 0.92
o 2018
GO ] ‘o
2 040 I~
< »
= =017
Z 030 »n
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0 0.1
0.03 0.04 005 006 007 008 0.09 0.10 0.03 004 005 006 007 008 009 0.10

1 1

Figure 11. a) The influence of the magnetic field and volume fraction ¢ on the local Nusselt number; b) the influence of the

magnetic field and volume fraction ¢ on the local Sherwood number.
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Fig. 12a displayed the impact of Prandtl number Pr on the rate of heat transfer. An increase in the Prandtl number
is associated with a decrease in the thermal conductivity of the base fluid k,, which leads to an increase in heat
transfer. Figure 12b depicts the influences of Nu_ as a function of M for various Nr . This graphic shows that Nu_
decreases as the examined two parameters (M and Nr ) increase.

The change in the local heat and concentration transfer rates depending on the parameter N, is shown in Figs. 13

and 14.
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Figure 12. a) Effect of Prandtl number Pr and magnetic field on the local Nusselt number; b) effect of the radiation parameter Nr
and magnetic field on the local Nusselt number.
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Figure 13. a) Effects of N, and Pr numbers are seen on heat transfer rates; b) effects of N, and Pr numbers are seen on

dimensionless concentration rates.
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Figure 14. a) Effects of Le and Pr numbers are seen on heat transfer rates; b) effects of Le and Pr numbers are seen on
dimensionless concentration rates.

Graphs in Fig. 13 show the effect of the /N, parameters and Pr Prandtl number on the local heat and

concentration transfer rate for a fixed Le number. As can be seen from Fig. 13, the dimensionless heat transfer rate
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decreases with increasing parameters N, and N, but increases with increasing Pr . The local Sherwood number S#_,
on the other hand, increases as the Brownian motion parameter N, increases but decreases as the Prandtl number

increases. However, with an increase in the Le number, a decrease in the local heat transfer rates was observed. As
shown in Fig. 14a, the change in local heat transfer rates increases with an increase in the Prandtl number. In contrast,
the local Sherwood number increases with the Lewis parameter Le, but decreases with the Pr number, as shown in
Fig. 14b. These results are in good agreement with the conclusions of the papers[24],[30].

6. CONCLUSIONS
An analysis was made of the diffusion characteristics of heat and nanoparticles in a ternary hybrid ferrofluid flow
over a linearly stretching/shrinking porous sheet under conditions of mass transpiration and radiation heating. Using the
similarity transformation, a system of nonlinearly coupled ODEs was obtained, which was numerically solved in the
Maple software application using the bvp technique. Numerical results are interpreted using graphs. We have found the
boundaries of the existence of unique and double solutions depending on the magnitude of the magnetic field for the
shrinking case (A4 < 0). The main research results are:

* An increase in the magnetic field resists the flow of the trihybrid ferrofluid, while an increase in the volume
fraction of nanoparticles increases the momentum of the flow.

* The skin friction coefficient increases with an increase in the suction rate s > 0 and the magnitude of the
Lorentz force.

* The rates of heat and mass transfer decrease as the Lorentz force increases.

» The local Nusselt number (rate of heat transfer) decreases when the values of the parameters Pr, Le, N,,

Nr and N, are increased.

* The local Sherwood number (rate of mass transfer) increases as the Brownian motion parameter increases
and decreases as the thermophoresis parameter increases.
The results obtained can be generalized to other types of ternary hybrid nanofluids that are used in various
practical problems.
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MIJI TEYIS I TEIVIONEPEJAYA OTPIAHOI INEPUIHOI ®EPOPIJIMHA HAJI TIOPUCTHUM JIMCTOM,
1[0 PO3TAT'YETbhCSI/CTUCKAETHCS, 3 EPEKTAMM BPOYHIBCHKOI IM®Y3Ii TA TEPMO®OPE3Y
Muxaiino M. Konn®, Bonogumup B. STnoBcbkuii*?, Tinceami Anyma®, Yaasari C. Maxa6anemsap®
“ucmumym monoxkpucmanie, Hayionanvna Axademin Hayx Yxpainu
np. Hayxu 60, 61001 Xapxis, Yxpaina
bXapxiscoruii nayionanvnuil ynisepcumem imeni B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
c@arxynomem mamemamuxu, Illisacancompi, Ynisepcumem Jlasanzcepe, /lasanecepe, Inois 577 007

B nawiit poborti mocnimxyerbes Maraitoriapoannamiuna (MI'J]) Teuist motpiitnoi ribpuaHoi GpepopiauHu HaJ HOPUCTHM JIUCTOM, LIO
PO3TSTYETHCSI/CTUCKYETHCS, B IPUCYTHOCTI BUITPOMIHIOBaHHS i MacoBoi Tpancmipauii. [ToTpiiina ribpuaHa HaHOPiAHHA YTBOPIOETHCS
LIUIIXOM CYCIICHAYBaHHS TPHOX THUIIB HAaHOYACTHHOK JUIS MOKpAlleHHs Terutonepenaui. Hanouactunku mini (Cu), oxcupy 3aniza
(Fe,0,) ta depury kobanery (CoFe,O,) cycneHnoBaHi y BOmi Ta yTBOpIOTh KoMOiHauito Cu— Fe,O,—CoFe,0,—H,0.
BpoyHniBchkuii pyx Ta TepMmodope3 IHTErpoBaHI B MOZENb MOTpiHOI TiOpumnHoi Qepopimuau. I[lepeTBopeHHs MOMIOHOCTI
KOHBEPTYIOTh OCHOBHI JAu(epeHLianbHi piBHSAHHSA B MPHUBATHUX MOXITHUX Yy 3BHYAiHI IudepeHmianpHi piBHSHHSA. Meron
PO3B'si3aHHS KpaloBOi 3a7a4i BUKOPHCTOBYETHCS B IpOrpaMHOMY 3abe3rnedeHHi Maple urst 4iCeNIbHOTO PO3B'sI3aHHS IepPEeTBOPEHUX
piBHSHB. Pe3ynbTaT 00UMCIeHb U1 BiITOBIHNX ITapaMeTpiB, TaKUX K Npo(UIs MBHUIKOCTI, TEMIIepaTypHUH Npodik, KoedirieHT
HOBEPXHEBOTO TepTsl, JIoKaybHi uncia Hyccenbra ta lllepByna, HaouHO Moka3aHi i JOKJIAJHO MOSCHEH.

KurouoBi ciioBa: nompiiina 2ibpuona ¢epopiouna,; po3smseHeHHs/CmucK, menio- ma mMacoooMin, Macoea mMpancnipayis, MacHimue
nozne



