DE GRUYTER

Nanotechnology Reviews 2024; 13: 20240024

Research Article

Dezhi Yang, Sohail Ahmad, Kashif Ali, Salem Algarni, Talal Algahtani, Wasim Jamshed*,

Syed M. Hussain, Kashif Irshad, and Hijaz Ahmad

CFD analysis of paraffin-based hybrid (Co-Au) and
trihybrid (Co-Au-Zr0,) nanofluid flow through a

porous medium

https://doi.org/10.1515/ntrev-2024-0024
received October 2, 2023; accepted April 8, 2024

Abstract: Ternary hybrid nanofluids possess improved
thermal characteristics, enhanced stability, better physical
strength, and multi-functionality as compared to hybrid or
usual nanofluids. The aim of the ongoing study is to
explore the novel thermal attributes of hybrid and trihy-
brid nanofluids through a porous medium. Whereas the
nano-composition of cobalt (Co), gold (Au), and zirconium
oxide (ZrO,) make amalgamation in the paraffin (Pfin)
which is a base fluid. This nano-composition of the pro-
posed nanoparticles, specifically, subject to the base fluid
Pfin has not been interpreted before. The analysis not only
covers the features of trihybrid nanofluids (Co-Au—ZrO,—Pfin)
but it also describes the characteristics of hybrid (Co—Au-Pfin)
as well as pure nanofluids (Co—Pfin). An efficient numerical
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algorithm is developed for which the numerical simula-
tions are carried out. The approximations are performed
in MATLAB software using “Successive under Relaxation
(SUR)” technique. A comparison, under certain limiting
conditions, with the established results appraises the effi-
ciency of the numerical code. The outcomes evidently des-
ignate that temperature raises with the change in thermal
radiation and volume fraction of gold and zirconium oxide
in either case of pure, hybrid, or ternary nanofluids. The
concentration ¢, of ZrO, has a significant impact on Nusselt
number rather than the concentration ¢, of cobalt and ¢, of
gold. It has been comparatively noticed that the ternary
nanofluids (Co-Au-ZrO,-Pfin) portray embellished and
improvised thermal characteristics as compared to the
other two cases.

Keywords: zirconium oxide, cobalt, gold, ternary hybrid
nanofluids, paraffin, porous medium, SUR technique

1 Introduction

The fluids that are engineered in such a way that the solid
fragments of metallic or non-metallic materials are dis-
persed in the base fluids can be referred to as the nano-
fluids. These fluids have the capacity to embellish the
thermal conductivity of host liquids, and this particular
property makes them considerable in several scientific
zones. An enhancement in the thermal and physical prop-
erties of base fluids are due to the nanofluids [1-5]. The
amalgamation of three distinct nanoparticles into the base
liquids gives rise to the ternary case of nanofluids and this
mixture is called trihybrid or ternary hybrid nanofluids.
Using several kinds of nanoparticles, ternary hybrid nano-
fluids offer a framework for designing nanofluid proper-
ties, opening new opportunities for improved thermal,
mechanical, and electrical capabilities in a variety of appli-
cations. Some potential utilizations of ternary, mono, and
hybrid nanofluids are as follows: electronics cooling to
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reduce the risk of overheating [6]; solar thermal collectors
by enhancing the absorption of solar radiation [7,8]; heat
transfer enhancement in cooling systems, electronic devices,
and heat exchangers (Panduro and Finotti [9]); and use in
biomedical sciences like cancer therapy, tissue engineering
and drug delivery [10,11]. The further prominent applica-
tions involve lubricants, engine cooling, oil recovery, and
nuclear reactor cooling.

The current work reveals the novel features of three
distinct nanoparticles, e.g., cobalt, gold, and zirconium
oxide which combined make ternary hybrid nanofluids
Co—Au-ZrO,/Pfin. Cobalt is a silvery-blue lustrous metal.
It exhibits magnetic features, and is widely used in the
preparation of magnets. Cobalt can produce power mag-
nets when alloyed with nickel and aluminum. The recent
uses of radioactive cobalt involve cancer treatment and
food preservation. The other uses of cobalt alloys are jet
and gas turbine generators, electroplating, and resistance
to corrosion, and cobalt salt produces blue colors in pot-
tery, glass, and paint. The cobalt, subject to different per-
spectives, has been investigated by several researchers.
Rahman Salari [12] synthesized the tin dioxide (Sn0O,) and
cobalt oxide (CO3) in the preparation of water-based nano-
fluid. They characterized the structural mechanism of
nanoparticles by scanning, X-Ray diffraction, and Fourier
transformation infrared spectroscopy. An investigation
into the cobalt-based nanofluid with a concentration of
0.1-0.41% was presented by Sekhar et al. [13]. The major
aim, of their research, was to measure the conductivity of
fluid as well as relative viscosity over a 30—60°C tempera-
ture range limit. Farooq et al. [14] comparatively analyzed
the hybrid nanofluids Ag-COFe,0, composed of silver and
cobalt ferrite in the coexistence of magnetic field. Mathe-
matical investigations were performed by Murtaza et al
[15] which incorporates the cobalt particles to synthesize
the nanofluid with the impact of second-order slip and
variable viscosity. Santhosh and Sivaraj [16] anticipated a
hydro-magnetic flow inside a porous enclosure with mixed
convective heat transfer. The enclosure contained base
fluid (kerosene oil) and the ferromagnetic cobalt particles.
Their results spotted that the blade-shaped cobalt nanopar-
ticles had better effect on the heat transfer rather than the
spherical-shaped cobalt nanoparticles. Mandal et al. [17]
and Biswas et al. [18,19] examined the bio-convective flows
through porous medium.

Gold is a chemical element and a precious metal
having the symbol Au. In pure or natural form, it is a
malleable, soft, dense, bright, ductile, and yellow-colored
metal. In ancient times, gold was used as currency in the
form of coins. Most of the gold in the world (78%) is used
in jewelry. It is also used in electronics, medicine, and
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dentistry. Gold is most dense than all metals and good
conductor of electricity as well as heat. The use of gold,
in the thermal analysis, is found in many studies. Tsai et al.
[20] analyzed various sized gold nanoparticles in an aqu-
eous solution inside a circular heat pipe. The thermal resis-
tance was noted to vary in the pipe with the change in the
gold size of nanomaterial. The blood-based heat transfer
micropolar nanofluid flow involving gold as nanoparticles
was speculated by Khan et al [21]. Several effects like
microorganisms, Brownian motion, and chemically reactive
activation energy were taken into consideration. Numerical
studies of gold/water nanofluid and gold/blood nanofluid
flow over a disk and within a permeable channel were
studied by Magodora et al. [22] and Srinivas et al [23],
respectively. The work of Burgos et al. [24] described a sta-
tistical and experimental analysis of the gold nanoparticles
on nanofluids stability and photothermal properties of the
solar nanofluids.

The fusion-reduction process of zircon sand (zirco-
nium silicate) gives rise to zirconia which is also recog-
nized as zirconium di-oxide ZrO,. The ceramic industry
encompasses the potential employments of ZrO,. This metal
is inorganic in nature with better thermal and corrosion
resistance, high refractory, and strong chemical inertness
but low solubility and biocompatibility. Some recent inves-
tigations based on ZrO, nanoparticles can be studied in var-
ious research works [25-29].

The ternary hybrid nanofluids subject to different
physical conditions have been examined recently by the
research community. Shao et al. [30] investigated the nat-
ural convection phenomenon inside a prismatic porous
enclosure filled with ternary hybrid nanofluid having
two hot movable baffles. The simulations were performed
to look into the effects of length between baffles and
Darcy number on the thermal characteristics of trihybrid
nanofluids. Some limitations in the mono nanofluids and
advantages of the ternary hybrid nanofluids were pointed
out by Adun et al [31] in a review analysis of ternary
hybrid nanofluids. In their analysis, they discussed the
heat transfer characteristics, thermophysical properties,
stability, and synthesis of ternary hybrid nanofluids. Alge-
hyne et al. [32] used the non-Fourier’s concept and variable
diffusion to numerically elaborate the trihybrid nanofluids
involving nanoparticles of magnesium oxide (MgO), cobalt
ferrite (CoFe,0,), and titanium dioxide (TiO,). Their results
spotted that hybrid and trihybrid case of nanofluids had a
better efficiency for velocity propagation rate and fluid
energy. The usages of three different types of nanoparticles
(trihybrid case) and their importance in heat transport rate
subject to dynamics of coolant in automobiles and fuel were
prescribed by Elnageeb et al [33]. The ternary nanofluid
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Table 1: Some recent studies consisting of several trihybrid nanoparticles
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References Nanoparticles Base fluid Prominent effects

Abeer et al. [46] TiO,-CuO-Al,03 Blood Ohmic heat, energy emission/absorption, nonlinear thermal radiation
Yaseen et al. [47] CNT-Cu-Al,03 Water Second-degree thermal radiation, magnetic field

Cao et al. [48] CNTs-Go-Al Ethylene glycol Mixed convection, partial slip

Noreen et al. [49] SiO,-Fe30,4-Cu Kerosene oil Magnetohydrodynamics

Nabwey et al. [50] Ag-TiO,-Al,05 Water Magnetic field, radiative heat flux

was prepared using the nano-composition of Ag-TiO,—Cu/
water (Li et al [34]). Some prominent effects like tempera-
ture jump and Troian and Thomson slip conditions were
considered in the model problem. The RKF-45 methodology
was incorporated to determine the approximate solution of
the problems. It was examined (in this research) that the
flow speed got reduced by the slip in the velocity. The recent
works [35-45] further interpret the relevant studies. Some
recent studies consisting of several trihybrid nanoparticles
are portrayed in Table 1.

A survey of the existing literature portrays the fact that
the nano-composition of trihybrid nanoparticles (as in the
present study) is not interpreted yet. The proposed nano-
particles such as cobalt, gold, and zirconium oxide have
special characteristics owing to their thermo-physical
properties. Paraffin (Pfin) which is the base fluid, in the
present case, often exists in both solid and liquid form, and
involves a wide range of industrial and commercial appli-
cations like beauty products, heating oil, medicines, and
candles. The aim of this study is to explore the new feature
of Pfin-based ternary hybrid nanofluids Co—Au-ZrO,/Pfin
incorporating the cobalt, gold, and zirconium oxide parti-
cles. The analysis is further extended to investigate the
pure and hybrid case of nanofluids using Co/Pfin nanofluid
and Co—Au/Pfin hybrid nanofluid.

2 Mathematical and physical
aspects of the problem

A trihybrid nano-composition of zirconium oxide, cobalt,
and gold nanoparticles is amalgamated in a host fluid to
prepare the ternary hybrid nanofluids Co—Au-ZrO,—Pfin.
The liquid form of Pfin, in the present case, is assumed to
be the base fluid. Three cases of nanofluids such as:

i) Pure nanofluid which comprises of Cobalt-Pfin,

ii) Hybrid nanofluid which comprises of Cobalt—Gold
—Pfin, and

iii) Trihybrid nanofluid which comprises of Cobalt—Gold
—Zirconium oxide—Pfin

are incorporated to analyze their thermal perfor-
mance. The y-axis and x-axis are, respectively, taken
across and along the flow over a surface. The force By is
applied in the same direction for which the y-axis is taken
(Figure 1).

Flow is occurring through a porous medium. The velo-
city Uy (x) represents the rate at which the surface is being
stretched. The vector form of the general nanofluid flow
model involving heat and mass transfer characteristics is
given below:

ou
oo

o T @ ~V)‘7] = ~Up + uv + pg,

()]

T
oGl o + @) =Tk + g,

p[% (@ -V)C] - V-(DVC),

where I is the velocity vector field of the fluid, p is the fluid
density, T is the temperature, C, is the specific heat capa-
city at constant pressure, ¢ represents any volumetric heat
sources, t is the time, D is the mass diffusivity, u is the
dynamic viscosity of the fluid, g is the gravitational accel-
eration vector, k is the thermal conductivity, p is the pres-
sure, and C is the concentration of the species.

u=U,=cx,T=T,, C=C,,v=-v, |

Figure 1: The problem structure.
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The governing equations are followed by the recently
established models [51-53] that describe the hybrid and
trihybrid cases of nanofluids.

2.1 Momentum equation

The momentum equation of the problem can be given as

ol
= UTan -

ou ou

Hrpt
— + — —
. ox v oy

anfk*

O
- LB, @

Png

Equation (2) is the derived or modified form of the
Navier-Stokes momentum equation which is interlinked
with the Darcy’s law. This law basically governs the fluid’s
movement through any porous material or media. The
inter-connectivity of pores in a medium is recognized as
permeability. The second last term in the above equation
illustrates the Darcy’s law whereas the last term designates
the applied magnetic field effect. The terms on the left-
hand side of equation (2) represent the inertia forces.
The basic task of these forces is to keep particles away

2
from the layer. On the other hand, the first term anf%

on the right side of the same equation represents the vis-
cous force that causes the smooth movement of the layers
over one another. The terms in equation (2) can be com-
municated as follows:

P expresses the trihybrid nanofluid’s density

u symbolizes the horizontal velocity component

Urne  Shows the viscosity of the trihybrid nanofluid

By  defines the magnetic field strength

k*  demonstrates the permeability of the porous
medium

v signifies the vertical component of velocity

omr expresses the electrical conductivity of the trihy-
brid nanofluid
vrpe  describes the trihybrid nanofluid’s kinematic

viscosity

2.2 Energy equation

The thermal radiation effect is assumed in the energy
equation that is given below:

oT  oT _ Ky 0T 1

90y
U— +Vv— = >
ox 9y  (pCp)mns Oy

(0C)tns 3y’

6)

where the trihybrid nanofluid’s thermal diffusivity is
denoted by any, and the temperature of the fluid is
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represented by T. The first derivative terms like g and %
of equation (3) describe the thermal convection whereas the
term % portrays the thermal diffusion. The diffusion occurs

because of the differences in the surface temperature and
the fluid's temperature. The terms (pCp)rys and Kyt are
used, respectively, for the heat capacity and thermal
conductivity.

The term Qg expresses the radiation heat flux which is
often known as thermal radiation (in the dynamical pro-
blems). On the other side, thermal radiation is followed by
the Rosseland’s approximation (Sheikholeslami et al. [54,55]).
By incorporating this approximation to simplify Q, we have

_ 4o 7"

_ 4
= "3, oy @

where the mean absorption coefficient as well as the
Stefan—Boltzmann constant is, respectively, represented
by ko and o. In order to linearize T* given in equation
(4), we use the following relation:

T4 = AT3T - 3T, (5)

Using relations (3) and (4), equation (3) attains the
form

2 3 2
or O _ K 0T  16aTs T o

u +v = -— -,
ox ay (pCp)Tnf ayz 3k0(pcp)Tnf ayz

2.3 Concentration equation

The species that are assumed to be chemically reactive are
also involved in the mixture of Pfin-based trihybrid nano-
fluids. Due to the involvement of species, the flow will
definitely contain the mass transfer phenomenon. The con-
centration C having unit mol/m?, in this way, comprises of
the homogeneous mixture. However, an irreversible and
homogeneous reaction occurs in the flow because of the
species involvement. Using these premises, the concentra-
tion equation is given by

a*C

ocC oC
+ R—
ay?

V—=DB

i - - C.), 7
uax 3y K(C-Cy) ™)

where Dy and K; depict the mass diffusivity and chemical
reaction rate constant. The term K; basically determines
the rate at which the chemical reaction occurs. It can be
concluded from the last term (with negative sign) in the
above equation that the chemical reaction tends to deterio-
rate the species in the flow.
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2.4 Boundary conditions

The proposed boundary constraints at y =0 and y — o
have the form [56]

T(x,0) =Ty, Vv(x,0)=-vy,

uix,0) =Uy(x)=cx, Cx,00=¢, aty=0 L ®
T(x,o) =T, u(x,) =0,

C(x,o) =C, aty— o

whereas the suction having velocity v, occurs at vy > 0. The
temperatures T., and T,y are specified at y —» o and y = 0,
respectively. In the same manners, C,, and C. are the concen-
trations at the surface and apart from the surface. The velocity
for which the surface stretches is U(x, 0) = Uy(x) = cx.

2.5 Thermo-physical characteristics of pure,
hybrid, and trihybrid nanofluids

The combination of Co, Ag, and ZrO, nanoparticles is taken
with 0.1 volume fraction each. The ternary nanofluid
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the nanofluids in pure, hybrid, and trihybrid cases (engaged
from the standard literature [57,58]) are portrayed in Tables
2 and 3.

The subscripts in the above Tables like Tnf, hnf, nf, f,
S1, g, and sg illustrate the ternary nanofluid, hybrid nano-
fluid, pure nanofluid, base fluid, solid nanoparticles of
cobalt, gold, and zirconium oxide, respectively. Heat capa-
city in ternary case of nanofluids can be given as

(ECp)me = A = @) = ¢ I = ¢)(PCo) + 1(pCp)s, ]
+ 9,(pCp)s,} + P3(PCp)s,

9

2.6 Non-dimensional variables and
equations

Following non-dimensional variables have been taken into

consideration to change the governing equations into ordinary
ones [59]:

u=of (@), &= \/sz Ly = S,

. . 10
(Co—Au-ZrO,-Pfin) is prepared by the addition of Co (¢,), o T-T, C-Cy (10)
Ag (¢,), and ZrO; (¢) nanoparticles in the host liquid which @ = Ty - T’ $&) = Cow — Co’
is Pfin in the present case. The basic physical properties of
Table 2: Mathematical relations for electrical and thermal conductivities of nanofluids
Nanofluids Electrical conductivity Thermal conductivity
Pure nanofluid Onf _ 3(0-D¢ _ 0 knt _ ks* (n-Dke - ¢(kp — ks)

o = 1% Gip-ong Whereo =, ke~ s+ (n-Dke+ o(ke—ks)
Hybrid nanofluid Ohnf _ sy 20D~ 20(0bf - Osp) Kin _ Ksp* (1= Dkt - ¢a(n-Dlkni - ksp)
Opf | Osy+ 20t + G(0pf - Osy) kpf ksp + (n=Dkpf + ¢po(knf—Kksp)
apf _ Tsi* 201 - 265(0f - Osy) kpf _ Ksp+ (n—DKg - ¢q(Ke —ksy)
where = = = 20r 6y0r-os) Where 5™ = ke ol ks
Trihybrid nanofluid orn _ (1+203)055+ (1-2¢3)0hnt krnf _ Ks3* 2Knnf —2¢3(Knnf - Ksg),
Ohnt  (1-¢3)053+ (1 + $3)0hnf Khnf ~ Ksg* 2Knn + @3(Knnf —Ksy)
Ohnf _ (1+2¢7)0sy + (1-2¢7)0nt Khnf _ ksy + 2knt — 20 5(knf ~ Ks,) ,
Onf - (1-¢2)asy + (1 + @2)ont ’ knf - ksy + 2knt + @o(knf — Ksy)
onf _ (1+2¢1)05; + (1-2¢1)0¢ Knp _ Koy * 2Kkt -20(ke —ksy),
of - (1-¢1)os; + A+ ¢p)ot * ke - ks1+ 2k + @1 (kg — Ksy)
Table 3: Mathematical relations for viscosity and density of nanofluids
Nanofluids Viscosity Density
Pure nanofluid iy = 7(1_“;)25 Poe = A=9)ps + 9P,

Hybrid nanofluid [ S
uhnf (1- ¢1)2.5(1 _ ¢,2)2.5

Trihybrid nanofluid L = I
Tf ~ (1-¢1)25(1 - 9y)25(1 - §5)25

Prnt = {(1=0)[(A=G1)p; + G151} + 9255,

(1= )[A-p)p; + B1p 1+
poay = (1-6) 2 1Pt 1Ps

+
3 ¢2 psz ¢3psg
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Employing the above relations in equations (2)-(4),
we get

7 =080+ L(f* = ff") + Pof” + MoMof”, 1)
1 (Kms 4 . ,

El?f + ng]O + A f0 = (12)

1 ” ’_ —
§¢ +fo' - K¢ =0, 13)

where
Ay =(1- ¢3)(1 - ¢2)(1 + 2¢3)053 +(1- 2¢3)O-Sf + ¢2(1

Al (14)

= §3)05, + (1 + @3)0; + ¢y _3] )

Ps
M=(1- ¢1)2'5(1 - ¢2)2'5(1 - ¢3)2'5 @
15)
p51 p52 p53
- ¢z)‘(l - ¢1) + ¢1p_f’ + ¢2p_f + ¢3p_f:
B = (- 6P~ - 9957 )
Ag = % + %Rd, (17)
(pcp)s,
A4 = (1 - ¢2)(1 - ¢3)‘(1 - ¢1 ¢1 (pC};) ’

(18)

(pcp)s, (pCp)ss

e | T P e

Boundary conditions (5), in the light of (6), take new
form as follows:
1, =1,
¢ ] (19

¢=0 f=§ f'=
oo f'>0, -0, ¢—0.

0

where Sy = T

Table 4: Thermal properties of Pfin, cobalt, gold, and zirconium oxide
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2.7 Problem parameters

The preeminent parameters can be specified as follows:

o, is the nanoparticles volume concentration
of cobalt
M= oB¢  is the magnetic interaction parameter
07 "oy
Chg = Kx  is the chemical reaction parameter
Uy
Por = U_kf is the porosity parameter
e
®, is the nanoparticles volume concentration
of gold
pr = M@ is the Prandtl number
ke
Tt = 40o7% 1S the thermal radiation parameter
Rad — Kokt
Sco = % is the Schmidt number
B
o, is the nanoparticles volume concentration

of zirconium oxide

The prime quantities of the engineering applications
may be described as

1 v
1 £7(0)
R )%CX = )
exCr (1 _ ¢1)2.5(1 _ ¢2)2.5(1 _ ¢3)2.5 (20)
1 1
Nu, Re? = - ““mm ShyRe = -¢/(0).

The Reynolds number in the above equation is

described by the relation Re, = UUL: The properties of
the base fluid as well as three different nanoparticles
are specified in Table 4.

The local thermo-fluid flow behavior (in terms of

streamline and isotherms) is portrayed in Figures 2 and 3.

Properties Paraffin (Pfin) (f) Cobalt (Co) (s1) Gold (Au) (s2) Zirconium oxide (Zr0,) (s3)
o(s/m) 1.6 x 107 1.602 x 107 4.5 x10’ 24x107°

k(W/mK) 0.23 100 320 17

p(kg/m3) 802 8,900 19,300 5,680

C,(J/kg K) 2,320 420 129.1 502
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Figure 3: Isotherm for the temperature distribution when Pr = 6.2,
Sc=15,and M = 5.

3 Solution methodology

The analytical solution of equations (11)-(13) might be so
much complicated as these equations are not only coupled
but also highly nonlinear. A suitable numerical technique
may be the better choice to find the approximate solutions
of the problem. However, Successive over Relaxation Method
which is based on Gauss-Seidel iteration method is incor-
porated for the purpose of simulation analysis. This tech-
nique involves a relaxation factor for which the required
convergence can be attained. This factor accelerates the
convergence, and takes the value which is (in general)
less than 1. The smaller steps or step sizes, in this method,

Dynamics of Pfin-based hybrid (Co-Au) and trihybrid nanofluids (Co-Au-Zr0O,)
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Table 5: A heat transfer rate comparison when Prandtl number changes
and ¢, = ¢, =¢;=0

Pr Devi and Ahmad Khan and Present
Devi [60] et al. [61] Pop [62] results
2 0.91135 0.91045 0.9113 0.91045
7 1.89540 1.89083 1.8954 1.89083
20 3.35390 3.35271 3.3539 3.35271

leads toward the final solution. To initiate the iterative
procedure, we set the equations (11)-(13) as follows:

f@ = (W/A*(A*p(i + 1) + Ap*p(i = 1) + Ag)
+ (1= W) (@),

6(1) = (W/Bo)*x(Bi*0(i + 1) + Bp*0(i ~ 1) + Bs) @1
+ (1 - W)=6(D),

¢@D) = (W/C)Cx¢(i + 1) + Gx¢(i = 1) + C3)
+ (1 - W) (D).

where W is the relaxation factor such that W < 1. Table 5
provides a comparison which validates the results and
assures the accuracy of the numerical procedure. The
main steps of the adopted methodology are mentioned in
the flow chart diagram (Figure 4). The numerical uncer-
tainty analysis is presented in Table 6. Numerical values of
f(n) corresponding to the step size h can be analyzed from
this table.

4 Results and discussion

In this section, the numerical consequences of the preeminent
parameters are discussed by the physical interpretations of the
graphs and tables. The flow and thermal characteristics of the
pure nanofluid Co-Pfin, hybrid nanofluid Co-Au-Pfin, and
trihybrid nanofluid Co-Au-ZrO,-Pfin are elaborated in
this study. An asymptotic behavior (in graphical profiles)
is achieved by appropriately choosing the step sizes.
Assigning the suitable dimensionless values to the para-
meters might provide better consequences in factual
employments of the work rather than proposing the fluid
characteristics and particular domains [63,64]. According
to these lines, the simulation process is carried out using
Traa = 0.2, Scp = 1.5, My = 2, Chg = 4, Por = 2, Pr = 6.135, and
¢, = ¢, = @5 = 0.1 unless otherwise apportioned.

Figures 5 and 6 are depicted to elucidate the velocity
F’(n) and temperature 6(n) for three cases of nanofluids
with change in magnetic interaction parameter M,. The
first case indicates the pure nanofluids Co-Pfin
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Figure 4: Flow chart diagram for numerical scheme.

Table 6: Numerical values of f(n) corresponding to the step size h

Formation of the Assemble the Functions Execution of
Differential Equations by Central Differences Simpson’s rule
Finite difference Solve Eqn. (11) & (12) Solve Eqn. (10) for f _
approximation for O and ¢ and f'
BCs are Satisfied Successive under Approximate Results
Relaxation Method
Stop H Yes ﬂ Convergence
No

n fn) Change in error in f(n)
h = 0.05 2 =0.025 = 0.0125 From h to & From > to &

05 0.34974940 0.34889300 0.34867867 0.000856788 21433085 x 107
1.0 0.43469733 0.43345392 0.43314171 0.001243410 3.1220685 x 107
15 0.46581887 0.46441823 0.46406630 0.001400644 3.5192816 x 107*
2.0 0.47945838 0.47798565 0.47761552 0.001472729 37012717 x 107
25 0.48610751 0.48459873 0.48421951 0.001508775 3.7922471 x 107*
3.0 0.48958050 0.48805259 0.48766854 0.001527911 3.8405277 x 107
35 0.49146811 0.48992968 0.48954298 0.001538424 3.8670473 x 10
4.0 0.49249417 0.49094998 0.49056183 0.001544180 3.8815634 x 10
45 0.49300307 0.49145602 0.49106714 0.001547047 3.8887926 x 107
5.0 0.49315526 0.49160735 0.49121825 0.001547906 3.8909581 x 107*

(¢, = 0.1 and ¢, = ¢, = 0.1), the second one represents the
hybrid nanofluid Co-Au-Pfin (¢, = ¢, = 0.1 and ¢, = 0), and
the third one is for the ternary case of nanofluids Co—Au-
ZrO,~Pfin (@, = ¢, = ¢ = 0.1). The velocity is decreased and
the temperature is increased by the magnetic field. The
applied magnetic field is one of the factors which originates
the Lorentz force. When the magnetic and electric field
interact during the motion of an electrically conducting fluid,
then it gives rise to the Lorentz force. The retarding force, in
the present case, increases when the levels (values) of mag-
netic field parameter are increased. Subsequently, the fluid
velocity decreases and the temperature of fluid increases
with the magnetic field.

The dimensionless velocity as well as temperature pro-
file is appeared in Figures 7 and 8. In either case of nano-
fluids, velocity is reduced by the porosity of the medium but
the temperature of fluid tends to increase with this para-
meter. A declination in the velocity is associated with the
pores size within the permeable media. In this case, fluid
faces resistance when it passes through the pores. An impor-
tant fact noted is that the smaller values of porosity para-
meter interrupt the solution. This fact may be attributed
because of the involvement of three distinct types of nano-
particles which require large pore size to pass through them.
However, we assigned large values to the porosity parameter
unless otherwise optimal state of solution does not achieve.
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Figure 6: Temperature 6(n) for three cases of nanofluids with change
in M.

It is noted from Tables 7 and 8 that the porosity para-
meter has dominant effect on the skin friction as compared
to the magnetic parameter. Both these parameters tend to
upsurge the shear stress but deteriorate the heat transfer
rate in either case of nanofluids (usual, hybrid, and ternary
nanofluid). It is better to mention that material porosity
has higher influence on the skin friction as compared to
the magnetic field parameter. On the other hand, both
these parameters insert low effect on the Nusselt number.

The consequences of Figure 9 articulate that the tem-
perature decreases with an increase in the dimensionless
values of Prandtl number. It may have happened due to the

-_ 9
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Figure 8: Temperature 6(n) for three cases of nanofluids with change
in Por.

Table 7: Skin frictions for three cases of nanofluids with change in Por
and M,

Parameters Skin frictions

Por M, Pure nano Hybrid nano  Trihybrid nano

20 —6.8745974 -9.4005197 -11.9779623

40 -9.0386709 -12.1977051 -15.6280456

60 -10.7246677  -14.3779038 -18.4707024
-3.9669009  -5.3127986 -6.2827091
-4.2398968  -6.2006625 -8.3972919
-5.2138095 -8.3124442 -12.6196198
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Table 8: Nusselt numbers for three cases of nanofluids with change in
Por and M,

Parameters Nusselt numbers
Por M, Pure nano Hybrid nano  Trihybrid nano
20 3.4789813 3.7523867 4.0469349
40 3.3750103 3.6295708 3.9041364
60 3.3118644 3.5568421 3.8212620
0 3.6586039 4.0123214 4.4044729
1 3.6336487 3.9515072 4.2484228
2 3.5794819 3.8121882 4.01805868
09} k Pure Nano --—------ E
08 Hybrid Nano - - - - - - B
07 Tri-hybrid Nano .......... B
06 B
Eos} g
<
04t .
03} E
02t .
01} E
n -t ey 2
0 16 18 2

Figure 9: Temperature 6(n) for three cases of nanofluids with change
in Pr.

relatively high thermal diffusivity of fluid as equated to
kinematic viscosity. Variation in the temperature 6(n) for
three (usual, hybrid, and ternary) cases of nanofluids with
change in thermal radiation Traq, volume fraction ¢, of
gold, and volume fraction ¢, of zirconium oxide is por-
trayed in Figures 10-12. The temperature profiles seem to
be increasing with these three parameters in all cases of
nanofluids. Out of three heat transfer modes, thermal
radiation is one of them whereas the other two are con-
vection and conduction. When the thermal radiation
emitted from the source is absorbed by the fluid, then it
would definitely elevate the temperature. The trihybrid
nano case is more prominent in order to enhance the tem-
perature throughout the flow regime. The amalgamation of
three distinct nanoparticles in base fluid exhibits improved
overall thermal characteristics as related to the single or
binary components nanofluids. This is the reason that we
have noticed high temperature in ternary nanofluid case
other than the mono or hybrid case.

DE GRUYTER
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Figure 10: Temperature 6(n) for three cases of nanofluids with change
in TRad'

1 . . , . .
09 Pure Nano --—----- b
08} Hybrid Nano - - - - - - E
ozt \ Tri-hybrid Nano ......... .

04r
03+
02r

Figure 11: Temperature 8(n) for three cases of nanofluids with change

in ¢,.

Heat transfer rate is increased by the volume fraction of
gold (Au), Prandtl number (Pr), and volume fraction of zir-
conium oxide (ZrO,) (Table 9). However, a decrease in the
Nusselt number is observed when the thermal radiation
parameter Ty,q iS increased. It is noticeable that trihybrid
nanofluids (Co-Au-ZrO,-Pfin) have marginally increased
heat transmission rate as compared to the other two cases. If
we comparatively analyze the impact of ¢, and ¢, which are,
respectively, nanoparticles volume fractions of gold and zirco-
nium oxide on the Nusselt number, then we conclude that the
volume fraction of ZrO, has a significant impact on Nu.

Figures 13 and 14 portray the concentration profiles
¢(n) against the parameter of chemical reaction Chg and
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Figure 12: Temperature 6(n) for three cases of nanofluids with change

in ¢,.

Table 9: Nusselt numbers for three cases of nanofluids with change in
Pr, Traq, ¢, and ¢

Parameters Nusselt numbers
Pr Traa ¢, ¢, Purenano Hybrid nano Trihybrid nano
3.5503990  3.9176022 4.2716610
7 41056182  4.5105642 4.9120449
4.6482035  5.0936047 5.5424835
0.2 3.6261513  3.9982474 4.3586809
0.4 3.1291554  3.5723390 3.9657133
0.6 2.7500112 3.2314996 3.6414327
0.1 3.4390635  3.9982474 4.3586809
0.2 3.7764852  4.3068073 4.6556849
0.3 4.1151896 4.6151008 4.9393795

the Schmidt number Sc,. Both the profiles are noticed to be
decelerating with the prominent effects of Chy and the
Schmidt number Scq. This fact may be attributed to the
reason that the mass diffusivity is reduced by the Schmidt
number as well as chemical reaction parameter. Hence,
concentration is decreased in the flow regime. One of the
other reasons is the viscous diffusion which increases
when Scy increases and, consequently, concentration is
declined. It can be revealed from Table 10 that the mass
transfer rate is significantly increased in all (pure, hybrid,
and trihybrid) cases of nanofluids with the effects of che-
mical reaction parameter and Schmidt number. Effects of
different prime parameters on the flow dynamics can be
studied from previous literature [65-76].

Dynamics of Pfin-based hybrid (Co-Au) and trihybrid nanofluids (Co-Au-ZrO,)

-—_ 1"

Pure Nano --—------- i
Hybrid Nano - - - - - - _

Tri-hybrid Nano .......... B

Figure 13: Concentration ¢(n) for three cases of nanofluids with change
in ChR.

09 Pure Nano ---------- 4
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Figure 14: Concentration ¢(n) for three cases of nanofluids with change
in Scg.

Table 10: Sherwood numbers for three cases of nanofluids with change
in Chg and Scg

Parameters Sherwood numbers

Chg Scy Pure nano Hybrid nano Trihybrid nano

1 4.4429811 4.7350108 4.8865235

8.3545029 8.6694166 8.8258259

6 12.0034633  12.3101431 12.4624268

0.3 3.4616350 3.7456153 3.8991065

0.6 5.5712367 5.8910443 6.0536072

0.9 7.2066153 7.5271109 7.6868220
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5 Conclusion

The appropriate combination of nanoparticles in trihybrid
nanofluids is mainly based on the specific properties and
desired applications. For instance, some of the nanoparti-
cles enhance the heat transfer characteristics and some
types of nano-sized particles might deliver improved
thermal conductivity. An effort is taken out to examine
the change in flow and thermal features of the problem
for three cases of nanofluids: (i) pure nanofluids, (i) hybrid
nanofluids, and (iii) ternary hybrid nanofluids. The nano-
composition of three distinct particles (ternary case of
nanofluids) can lead toward the higher thermal conduc-
tivity, embellished heat transfer efficiency and the other
required features. The current work aims to investigate the
features of Pfin-based trihybrid nanofluids which consist
of cobalt, gold, and zirconium oxide nanoparticles. The
main consequences of the present work are enlisted below
a) The trihybrid nanofluids (Co-Au-ZrO,-Pfin) have mar-

ginally increased the heat transfer rate as compared to

the other two cases, e.g., pure and hybrid nanofluid case.

b) The porosity as well as magnetic interaction parameter
tends to upsurge the shear stress but deteriorate the
heat transfer rate in usual, hybrid, and ternary case
of nanofluids.

¢) In either case of nanofluids, velocity is reduced by the
porosity of the medium but the temperature of fluid
tends to increase with this parameter.

d) The temperature profiles seem to be increasing with the
change (increase) in thermal radiation Tr,q, volume
fraction ¢, of gold, and volume fraction ¢, of zirconium
oxide.

e) The velocity of fluid decreases whereas the temperature
increases due to the magnetic field in all cases.

f) The volume fraction ¢, of ZrO, has a significant impact
on Nusselt number rather than ¢, which is volume frac-
tion of gold (Au).

g) The prominent effects of chemical reaction Chg and the
Schmidt number Sc, cause a deceleration in the concen-
tration of hybrid and ternary hybrid nanofluids.
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