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Abstract

The significance of the thermophysical properties of Tetra hybrid nanofluid
in enhancing heat transmission in various applications like heat exchangers,
automobiles, and solar storage cannot be overstated. These features can be
tampered with when nanoparticles are been introduced into the base fluid to
produce an improved heat carrier fluid for the system. This study investi-
gates the impact of temperature-dependent properties on the movement of
Ti0,-Si0,-Zn0O-Fe,0s/PAO Tetra hybrid nanofluid along a vertical porous
surface with suction. The system of governing Partial Differential Equations
(PDEs) was formulated and transformed into the system of coupled nonlinear
third-order Ordinary Differential Equations (ODEs) by similarity techniques.
The resulting ODEs were solved numerically using the shooting method and
fourth order Runge-Kutta method with the aid of Maple 18.0 software. Using
numerical and statistical methods, the study analyzes velocity, temperature
profiles, skin friction coefficient, and Nusselt number. It was found that as the
varjable thermal conductivity parameter upsurges both the skin friction coeffi-
cient and Nusselt number intensify at the rate of 0.011697519 and 8.043581616
respectively. This study underscores the vital role of Tetra hybrid nanofluid’s
thermophysical properties in improving heat transmission for diverse appli-
cations. By manipulating nanoparticles within the base fluid, the heat carrier
fluid’s efficiency can be enhanced, critical for industries like automotive and
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renewable energy. These insights inform the design of more efficient heat ex-
change systems, advancing sustainability and performance in real-world sce-
narios.

Keywords

Tetra Hybrid Nanofluid, Shooting Technique, Numerical Method, Skin
Friction, Nusselt Number, Thermophysical Properties

1. Introduction

The investigation of nanofluids and their thermal physical characteristics has
gained the attention of researchers in recent times due to their ability to enhance
and improve the rate of heat transfer in manufacturing, heat exchangers, auto-
mobiles, and solar energy systems. Heat moves from the region of high temper-
ature to the region of low temperature in a system with the aid of heat carrier
fluid. The traditional heat carrier fluids are water, oils, salt water, and ethyl gly-
col. However, these fluids meant to carrier heat possess low thermal conductivity
[1]. The implication of this challenge is the short life span of the system due to
overheating or destruction of the engines. Researchers and scientists have solved
this issue by introducing extremely tiny particles called nanoparticles (NPs) like
metals (Copper (Cu), Aluminum (Al), Silver (Ag)), metal oxides (Copper oxide,
(CuO), Aluminum oxide (Al,O;), carbon nanotubes (Diamond, Graphene), or-
ganic materials (Titanium oxide (TiO>), Silicon oxide (SiO,), Iron oxide (Fe;O3))
that have high thermal conductivity into the convectional base fluid to improve
its rate of heat transfer. The resulting fluid is called Nanofluid (NF) [2]. This
upgraded heat carrier fluid serves better as a lubricant, coolant agent and pro-
longation of the systems in industries, automobiles, heat exchangers and more.
Researchers like [3]-[6] have thoroughly studied NF.

Nanofluid, as it is full of potential, its steadiness depends on the size of the
particles, thermophysical properties, temperature, and other dimensionless pa-
rameters [3]. The thermophysical properties of NF need to be focused on to
meet the worldwide demand for smaller sizes and yet highly effective heat ex-
changer systems in the industry [6]. Because the addition of appropriate NPs
into the base fluid usually increases its thermophysical properties. However, the
focus of many researchers is thermal conductivity because it is the main target of
any improved heat carrier fluids [7]. The study of thermal conductivity is widely
done by [8]-[14]. As mentioned earlier, other properties along with thermal
conductivity also increased as NPs are included in the traditional heat carrier
fluids. For example, viscosity is a feature of fluid that causes a restriction on the
fluid to move easily and quickly to the vital parts of the system [15]. It is im-
portant to focus on this characteristic as it can damage the engine entirely due to
friction and wear [16]. A series of research has been made on the viscosity of

nanofluid in aiding the improvement of heat transfer efficiency [17]-[22] and
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many more.

Another crucial property of improved fluid is density. It is being affected by
the inclusion of the NPs by upsurging the mass per volume of fluid [23]. This
property is as important as other properties because changes in mass per volume
of fluid influence so many aspects of fluid compartments within the engines and
machines [24] [25]. It could affect buoyancy which is the measure of upward
forces exerted by the fluid on an object immersed in a fluid which can influence
the stability of the systems [26].

Similarly, the compactness of the heat exchanger systems can be influenced by
the specific heat capacity of the fluid used within them [27]. This is another
characteristic of fluid that is meant to be carefully considered in the process of
improving the rate of heat transfer of the improved fluid [28]. Changes in spe-
cific heat capacity can alter the overall thermal performance of the fluid. This
characteristic of NF can influence the effectiveness of heat transfer in the system,
its changes due to the inclusion of NPs can affect the heat exchanger unit, sizes,
and designs of the system [29]. Thus, nanofluids with boosted thermophysical
features are seen as a significant potential resolution to augmentation of heat
transmission performance in heat exchanger systems [6].

The issues of sedimentation, aggregation, and instability of nanofluid led to
the existence of Hybrid Nanofluid (HNF). This fluid exhibits outstanding heat
transfer improvement than NF [30]. It involves the dispersion of more than one
NP in the base fluid, and it has gained the attention of researchers [31]. The
challenge of hybrid nanofluid is the high viscosity causing an increased drag
leading to more power for fluid movement leading to less effective and efficient
systems [32]. Researchers have done numerous works on Hybrid nanofluids [33]
[34] and Trihybrid Nanofluids [35]-[39].

Tetra-hybrid nanofluid which comprises four different NPs being introduced
into the base fluid to improve the rate of heat transfer of heat carrier fluid is an-
other interesting fluid [40] [41] [42]. It can be broadly used in heat exchangers,
automobiles, and biotechnology [43] [44]. In literature, the tetra-hybrid nanofluid
started gaining popularity among researchers because of its outstanding im-
provement in the realm of transmission of heat from the region with higher
temperature to the region with lower temperature.

Polyalphaolefin (PAO) is widely recognized for its outstanding thermal stabil-
ity and is extensively used as a synthetic oil in industrial applications [45]. It
does not contain nitrogen components and possesses high viscosity which makes
it excellently applicable where thick and durable lubricant oil is required. The
incorporation of NPs such as TiO,, SiO;, ZnO and Fe,O; has shown a potential
to enhance engine efficiency. [46]-[49] concluded that the rate of heat transfer of
fluid is enhanced with the addition of hybrid nanoparticles in the base fluid.
However, careful formulation is crucial to prevent issues related to excessive
viscosity that could impede lubricant movement and potentially damage the en-

gine. Therefore, achieving proper thermophysical properties in nano lubricants
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across a range of temperatures is essential for optimal performance.

While previous research has extensively studied nanofluids and hybrid nanoflu-
ids, the specific composition and thermal behaviour of Tetra hybrid nanofluids
remain relatively unexplored. This research therefore aims to bridge the gap by
numerically investigating the temperature-dependent thermophysical properties
of Ti0,-5i0,-ZnO-Fe,03/PAO tetra hybrid nanofluid in the presence of suction
along a vertical porous surface. Understanding these properties is crucial for op-
timizing heat transfer processes in various applications, including heat exchang-
ers, automobiles, and solar energy systems. The objectives of this study are two-
fold: 1) to determine the effects of Tetra hybrid nanofluid’s changeable temper-
ature-dependent thermophysical parameters, including thermal conductivity,
viscosity, density, and specific heat capacity, on the system’s heat transmission
rate, and 2) to analyze the rate of change of dependent variables—skin friction
and Nusselt number—in relation to the independent variables (thermophysical
parameters). By systematically examining these aspects, the research seeks to
provide valuable insights into the behaviour and performance of characteristics
of Tetra hybrid nanofluid, thus contributing to the advancement of nanofluid

technology.

2. Mathematical Model Formulation

A two-dimensional steady incompressible flow of viscous and dielectric TiO,-
Si02-ZnO-Fe,0;5 Tetra hybrid nanofluid moving through a porous vertical sur-
face with suction, variable thermal conductivity, variable density, variable vis-
cosity parameter, and variable specific heat capacity of tetra hybrid nanofluid
was considered. The x-axis and y-axis are taken along the direction of the plate
and normal respectively as shown in Figure 1. The left surface of the plate is
heated by convection from a hot temperature, T, which provides a heat trans-
mission coefficient h; while a flow of TiO,-Si0,-ZnO-Fe,Os/PAO tetra hybrid
nanofluid at the free stream temperature T moves along the right surface of
the plate with a uniform free stream velocity U . Equations (1)-(3) are continu-
ity, momentum, and energy equations respectively.

" oV

x o

(1

* ou” " ﬁu* 0 | Mretranr (T*) au* HretranF (T*) « « «
- - a T T
S S Tt (1) | e (1 e (T

AT, 0T 0 Krawane (T7) 0T | Hrewane (T7) (a_u*Jz )

T (08, (T) | (08, ) (T

On the right surface of the plate, the boundary condition is as follows:

u*(x*,o)zo,v*(x*,o):—v;,—k%:(x*,o):h;[TW*—T*(x*,o)} at y =0 (4)
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Figure 1. Geometry of the flow.

At the surface of the porous vertical plate, fluid temperature and velocity are
specified, while suction influences fluid flow.
At the far right of the surface of the plate, the boundary condition of Tet-
ra-PAO nanofluid is:
u (X 00) UL T (X ,00) 5T at y' o (5)

At the far right of the plate, the fluid temperature remains constant, and a

no-slip boundary condition is enforced for fluid velocity (Table 1).

Table 1. The shapes of the four nanoparticles.

Nanoparticles Titanium oxide, (TiO2) Silicon oxide (SiO>) Zinc oxide (ZnO) Iron oxide (Fe2Os)

Shapes

3. The Thermophysical Properties of Tetra Hybrid
Nanofluid with Spherical NPs

Thermal Conductivity:
KTetraNF _ (ksa + ZkTriNF ) - 2¢4 (kTriNF - kSA)

K  (Ksa + 2Kprine )+ 6 (Krrine —Ksa)

where
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KTriNF _ (ksa + 2khNFF ) B 2¢3 (khNF B kss)

- >

KhNF (kss +2khNF)+¢3(khNF _kss)
KhNF _ (ksz + 2kNF )_ 2¢3 (khNF - ksz)

- >

KNF (k52+2kNF)+¢3(kNF _ksz)

KNF _ (ks1 + 2kBF)_ 2¢1(kBF B k51)

KBF (k51+2kBF)+¢1(kBF _k51)

Density:

Pa— pBF)[(1_¢51){(1—¢52)(1—¢53){(1—¢s4)+¢54[ps4 H

PrF
+ ¢ss[ = ] s> ( = j} ¢51[ > H
Prr Per Prr

Specific Heat Capacity:

(pCP )BF
(pCP )33 + (pCP )sz + (pCP )51
+¢53[(pcl—" )BF j ¢SZ{(IOCP )BF ]} ¢Sl[(pCP )BF ]]

Hretrane _ 1
Her (1 s )2'5 (1_ #s2 )2'5 (1_ P53 )2'5 (1_ P54 )2'5

(pCF’ )TelraNF = (pCPBF )(l_ ¢51)[{(1_ s, )(1_ ¢s3)[(1— s ) + g, [ (pCP )54 ]]

Viscosity:

Thermal expansion:

- )(1_¢51){(1_¢82)(1_¢53){(1_¢54)+¢S4[&ﬂ

Per
+ s [ﬂﬂ_:,ij +ds, [Ig_;j} + ¢ (,Bﬂ_:iﬂ

According to [2], the temperature-dependent thermal conductivity and temper-
ature-dependent viscosity of fluid are given, similarly, the temperature-dependent

specific heat capacity and temperature density following [3] are written as:

T
To-To

Mgy (T*)zﬂsf e

ke (T7) = ey (H)GI :E JJ (6)

©

pu (7) = pu (77

(pC,),, (T7)=(rCy), [1+c(T* —T;)J
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Hretrane (T ’ ) =

Kretrane (T ’ ) =

('OCP )TetraNF (T*) - [(1_ ¢Sl){(1_ s> )(1_ ¢53){(1_ P4 ) + sy [ (pCP )S4

;@deﬁ=kv%ﬂﬁh@ﬁ@—%ﬂﬂ“%”+%{ﬁiﬂ

Following [1] and [2] the temperature-dependent thermophysical properties
of Tetra-PAO nanofluid can be written as follows:

Hee (T)
(1_ ¢51)2'5 (1_ #s2 )2'5 (1_ Pss )2'5 (1— b5, )2'5
Kss)

Hretrane (T ’ ) =

K ( ) _ TTINF (T ) kS4 + 2kTriNF ) 2¢4( TriNF —
TetraNF (kS4 + ZanNF ) + ¢4 ( TriNF k54)

(PCs ),

(PCs )BF

(PCP )TetraN,: (T*) = (pCPBF )(T* )(1_ ¢51)|:{(1_ ¢sz )(1_ ¢33){(1_ ¢s4 ) + ¢s4 [

(pCP )53 + (pCP )52 " (pCP )51
+¢ss{(pcp )BF j P52 [(pCP )BF J} ¢31((pCP)BF ﬂ
(pBF)(T*){(l_%l){(l_%z)(1_¢s3){(1_¢54)+¢s4[ﬁﬂ
Pss Ps2

alalzelz)

Equation (6) into Equation (7) gives:

Her (fég(”*))
a—@o“a—@n“a—@o“u—@n”

Krrine (ks3 + 2Kyne ) 2¢3( hNE ) .
koe (1—Q0
(kss + 2Kyne )+¢3( hNF ks3) o ( (77 ))

)

pTetraNF (T )

BF BF BF

)

=S
(PCo ) ” (PCp )er

|1 1500

14, ( (PCo )sz

(PCp )er

(PCs)s,
j} o [(pCP )BF

(pCP)

j*"’“((pcpi.f

Ps3

+¢ss(
0

4. Similarity Performances

Ps1

]}“”“[7

BF

Hp” (1+a0(r")

BF

8)

In this section, the similarity technique was used to transform the governing
PDEs into ODEs. A similarity solution of the equation is usually obtained by de-
fining an independent variable 7 and a dependent variable fin terms of the
Stream function, ¥".

The continuity Equation (1) is satisfied by defining the stream function:
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oy LYl
n=y :
Ve X
T =(T,-T.)0(n")+T, 9)
oy’
*: :U*f; *
u=g =Y (")

After differentiating Equations (2)-(4) with Equation (5) by the quotient,
product, and chain rules, the following equations were obtained:
(1+a0) "~ (¢ (1+ad)+al ™) {0’
A'B* (1+ab)’
K

+lﬁ”+C*Gr*¢9——* ——{'=0
2 T A'B(L+ab)

(10)

D' | ((1+@0)(1-Q6))6" - (Q(1+ @) +@
E’ (1+@0)’

_ Br/¢
+1Prf6?’+—* B*rz (f") =0
2 B'E’(1+@0)

(1-00))6"

(11)

The boundary conditions are:
f'(0)=0,(0)=5"6'(0)=-Bi(1-6(0)) at " =0

f'(oo)—)lﬂ(oo)—)o as n' > (12)
:(1_¢51){(1_¢sz)(1_¢sa){(1_¢s4)+¢54 (%H
+¢s3(p53 ]+¢sz(psz ]}"‘%1[&}
Per Pre Psr

B* :(1_¢51)2A5 (1_¢52)2.5(1_¢83)2.5(1_¢84)2A5

C* :(:I'_qésl){(l_%z)(:I-_¢53)|:(]-_¢s4)+¢s4(§S4 jj|
Pss Bs» &
+¢ss[ﬂBFj ¢Sz[ﬁap J}+¢Sl[ﬂBF]

D* I(TrlNF (kS4 + 2|(TrlNF ) 2¢S4 ( TriNF kS4)
(kS4 + 2kTr|NF ) + ¢54 ( TriNF — kSA)
(

o ) ) N pCP)s4
-1 ¢51){(1 ¢s2)(1 ¢ss)[(1 1) ¢S4((pCP)BF H
(

(pCP)53 + (pC ) 4 pCP)Sl
+¢53[(pCP )BF j ¢SZ((:OCP )BF J} ¢Sl[(pcp )BF j
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#

T, -T. T, -T.
{=a| *—=| is variable viscosity, Q=b| *—=| is the variable thermal
Ty -T, To —T

0 s
conductivity, @ = C(T\; —T;) is the variable specific heat capacity,
_ L LAY : : B _ MerCree
a=d (TW -T, ) is the variable density, Pr=B-——"8F js Prandtl number,

BF
*2 *

_ U X
Br = % is the Brinkmann number, K, = _’uB—F* is the permeabil-
kBF (TW _Too) kpBFUw
Pocd(T =T )x
ity parameter, Gr, = BF(U—*Z) is the Grashof number,
oV Ulvge . . X
S'=H —— is the suction, Re= is the Reynolds number,
2 X Ugr
. h, Jogext . e : ~
Bi, U is the Biot number. The skin friction coefficient, (C; ), and

Nusselt number, ( Nu ) are the imperative parameters which are defined as;

*

X Qw

- —
C, = —W* and Nu= — . -\ (13)
! pBFU i kBF (TW _Too)
The shear stress, 7, and wall heat flux, @, are given as:
ou” o’
Tw = Hretrank W and Ow = _kTetraNF W (14)
* *3 * *
M- (), and Zo- U;”*(TV;‘ -T.)o'(0) (15)
oy Uge X oy Ugr X

Substituting Equation (15) into Equation (14) and the resulting Equation into
Equation (13) gives Equation (16)

C = = o 5T = 1"(0), and NU = ——TeraNE_ /Rag’(0) (16)
JRe(1-¢)" (1-4,)" (1-4)" (1) © Koe (©)

1 L,
where; — = f BF_ |
VRe u:x'

5. Numerical Method

Equations (10) and (11) are coupled nonlinear third-order boundary value
problems (BVPs), which cannot be easily solved analytically. Hence, the shoot-
ing technique is used to convert the governing BVPs into corresponding IVPs
with specified initial value conditions. The unknown initial value conditions are
guessed continuously until the boundary condition is satisfied in other to solve
the IVPs.

The coupled nonlinear BVP ODEs, ie Equations (10) and (11) with the
boundary conditions Equation (12) were reformed into the system of first-order

ODE:s as shown in the following:
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f=m,f'=m=m,,f"=m,=m,, f"=m, =m,,
Let 1 ) ’1 2 ., ,2 3 3 4 (17)
0=m,,0'=m;,=m,0"=mg=m,

Putting Equation (17) into Equations (10)-(11) yields:

A'B"(1+ am
f7=m;=m, =(¢(1+amy)+a)mm, —%mlm2
A'B'C'Gr. (1+am;)
- - m, + K, m,
Y gmg
glr_mr_m _[Q(1+wm5)+w(l_gm5)]mé E*(1+wm5)ﬁmm
e (1+a@mg)(1-Qm,) 2D"(1-omg) *°
ﬁg*ims

“BD(-om) "
subject to: m,(0)=S",m,(0)=0,m,(0)= p,m;(0)=q,m;(0)=-Bi(1-q) (18)

where p and ¢ are the unknown values of f”(0) and @(0) which are related
to the wall shear stress and the temperature of the surface. These unknowns were
chosen by guessing repeatedly until the boundary conditions f’(«0)—>1 and
0(0)—> 0 were satisfied. Taking 7, ~5 arbitrarily, where
p=f"=0.350914274724478 and q= 49(0) =1.40636461202945 were later
gotten. The Runge-Kutta method of 4™ order computations was done by substi-
tuting the values of the thermo-physical properties of TiO,, SiO, ZnO, Fe,0;
and PAO with the aid of the Maple 18.0 software bundle.

6. Statistical Approach

Linear regression estimation analysis for Nusselt number as well as skin friction
coefficient was done in this segment. The mathematical formula of linear regres-
sion was adopted from [20] as shown below. It describes the line of best fit for
the relationship between ¥ (dependent variable) and X (independent varia-
ble)

=bX+a (19)

7. Results and Discussion

The thermophysical parameters of TiO,-Si02-ZnO-Fe,Os/PAO tetra hybrid
nanofluid taken into consideration here are suction, S”, permeability parameter,
K,. Grashof number, GrT,, , Prandtl number, ﬁ, Brinkmann number, §,
Biot number, Bj, thermal conductivity constraint, Q) variable viscosity parameter,
¢, variable density parameter, ¢« , and variable specific heat capacity parameter,
@ . The exploration of their effects on the velocity and temperature profiles as
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well as on the drag friction f”(0) and the rate of heat transfer, ¢'(0) was
considered. The volume fraction of the four NPs is in the range 0<¢<0.2. Ta-
ble 2 represents the values of the thermophysical properties of PAO and the four
NPs.

Table 2. Thermo-physical properties of Polyalphaolefins, PAO and the four NPs [46].

. Thermal Specific-heat . Thermal
Thermo-physical proper- . . Density .
; conductivity Capacity s expansion
ties p (kg/m?)

k (W/mK) Gy (J/kgK) (per K)

Titanium oxide, (TiO2) 8.9538 686.2 4250 8.5x107°
Silicon dioxide (SiO2) 1.5 703 2200 5.6 x 1077
Zinc oxide (ZnO) 13 459.2 5600 4.77 x 107>
Iron oxide (Fe,O3) 80.4 670 5180 8.4x10°
Polyalphaolefins (PAO) 0.143 2303 798 3.5x10™*

Comparison of this research with the work of [50] for the plate surface tem-
perature @(0) and the rate of heat transfer —¢'(0) varying Biot number, Bi
showed that the values agree up to the fourth place of decimal as shown in Table
3.

Table 3. Comparison with [50] varying Biot number, Bi for
Br=Gr.=5"=K, =(=0=Q=a=¢=0, Pr=072.

Ref. [50] This study Ref. [50] This study

Bi 0(0) 6(0) ~6'(0) ~0'(0)
0.05 0.1447 0.14468 0.0428 0.04277
0.10 0.2528 0.25281 0.0747 0.07472
0.20 0.4035 0.40351 0.1193 0.11930
0.40 0.5750 0.57502 0.1700 0.16999
0.60 0.6699 0.66990 0.1981 0.19806
0.80 0.7302 0.730231 0.2159 0.21582
1.00 0.7718 0.771807 0.2282 0.22819

7.1. Numerical Results on the Velocity and Temperature Profiles

The influence of the considered thermophysical parameters on the skin friction
and the Nusselt number at the outward of the plate are displayed in Tables 4-9.
Table 4 shows that as the variable thermal conductivity, Q increases, the skin
friction increases at the rate of 0.011697519. Also, the increase in the 2, makes
the rate of heat transfer of the TiO,-Si0,-ZnO-Fe;Os/PAO Tetra hybrid
nanofluid increased the rate of 8.043581616 which is so significant and in excel-
lent agreement with the result of [50]. The observed increase in heat transfer rate
with rising thermal conductivity underscores the potential for optimizing heat

exchanger efficiency in various industrial applications.
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Table 4. Impact variable thermal conductivity parameter, Q on the skin friction, f ”(0)

and Nusselt number 9'(0) .

Variable thermal conductivity, Q £(0) 0'(0)
0.03 0.351058776066758 4.16017800418291
0.05 0.351212157784214 4.26309162963490
0.10 0.351642224394989 4.55396319062010
0.20 0.352808472256885 5.35660041274862
0.25 0.353676054744617 5.96079246192667
Slope = rate of change 0.011697519 8.043581616

Table 5 reveals the influence of the variable viscosity parameter, ¢, on the
skin friction and Nusselt number. As £ rises the boundary layer of the surface
intensifies leading to an increase of the drag friction at the rate of 0.476069294.
Similarly, the Nusselt number also increases at the rate of 1.163082775. The in-
fluence of the variable viscosity parameter on both skin friction and Nusselt
number highlights its role in boundary layer dynamics, indicating potential

strategies for enhancing heat transfer efficiency in fluid systems.

Table 5. Impact variable viscosity parameter, ¢ , on the skin friction coefficient, f”"(0)

and Nusselt number 9'(0) .

Variable viscosity, ¢ £7(0) 6'(0)
0.03 0.359072226643466 4.08850922132622
0.05 0.367441096293778 4.11316825576169
0.10 0.389321737261669 4.17378800545484
0.20 0.437489195987124 4.28954930533805
0.25 0.463957035163817 4.34407496120683
Slope = rate of change 0.476069294 1.163082775

Table 6. Impact variable density parameter, a on the skin friction, f”(0) and Nusselt

number 6’ (0) .

Variable density, a f ”(0) 9'(0)
0.03 0.359333767147346 4.26053631364450
0.05 0.367943213282502 4.46669660698397
0.10 0.390399616622081 5.02680003854599
0.20 0.440316840342745 6.38032550083036
0.25 0.468531670432957 7.20560818614124
Slope = rate of change 0.494832 13.32044

In Table 6, as variable density, a rises, both the skin friction and the Nusselt

number increase at the rate of 0.494832 and 13.32044 respectively. These results
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indicate greater momentum transfer and enhance convective heat transfer, re-
spectively. This phenomenon is significant in industries like aerospace and
thermal power generation, where optimizing fluid density variations improves
heat transfer efficiency and system performance.

The skin friction of the surface declines as the variable specific heat capacity,
@ increases at the rate of —0.00871, and the Nusselt number represented as
0'(0) also decreases as @ at the rate of —2.50981 in Table 7. This signifies re-
duced surface friction and convective heat transfer rates. This has practical impli-
cations in industries like thermal engineering and aerospace, where optimizing

specific heat capacity variations improves system performance and efficiency.

Table 7. Impact variable specific heat capacity parameter, @ on the skin friction, f”"(0)

and Nusselt number.

Variable specific heat capacity, @ £7(0) 0'(0)
0.03 0.350670323204245 3.98986366311828
0.05 0.350442979279876 3.92185913613599
0.10 0.349933959818511 3.77214928355099
0.20 0.349099711652642 3.53378798681079
0.25 0.348747860939113 3.43552900302350
Slope = rate of change -0.00871 -2.50981

Influence of suction parameter, S° is shown in Table 8. As the suction pa-
rameter rises, the skin friction coefficient f”(0) increases but the Nusselt
number, 6'(0) decreases at the rate of 0.36583 and —11.2527 respectively. This
can be attributed to the stronger flow towards the surface, leading to increased
shear stress and reduced residence time for convective heat transfer. These
results are crucial for enhancing system performance in applications like

high-speed vehicle cooling systems and heat exchanger design.

Table 8. Impact Suction parameter, S° on the skin friction coefficient, f"(O) and

Nusselt number 6'(0) .

Suction, S° f "(0) 9’(0)
0.03 0.357819612576195 4.14844148977941
0.05 0.364724333829539 4.11117569509661
0.10 0.382260153968042 3.67581590991200
0.20 0.419106332804941 2.37907293307899
0.25 0.438345260564972 1.76832303332010
Slope = rate of change 0.36583 -11.2527

Table 9 shows that as the permeability parameter, K, increases, both the
skin friction coefficient and Nusselt number decrease at the rate of —3.04929

and —36.5618 respectively. Increasing permeability parameters in porous media
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reduces flow resistance which leads to enhancing fluid movement, and heat
transfer efficiency due to easier flow paths for the fluid, resulting in decreased

skin friction and increased convective heat transfer.

Table 9. Impact of permeability parameter, K. on the skin friction, f”(0) and Nusselt

number 6'(0).

Permeability parameter, K, £7(0) 0'(0)
0.02 0.322384401278756 3.53377502395164
0.03 0.293347465509687 3.02743490907725
0.04 0.263763079881543 2.54739284219257
0.06 0.233589257753860 2.09709600336063
0.1 0.0728610655102404 0.496352527920766
Slope = rate of change -3.04929 -36.5618

7.2. Graphical Presentation of Results on the Velocity and
Temperature Profiles
7.2.1. Impact of Thermophysical Parameters on the Velocity Profile
In this section, the thermophysical parameters considered are Q=0.01,
a=001, =001, $=001, K =001, $'=001, Gr.=001, Pr=120,
Br=100, Bi=10. Figures 2-5 show the influence of thermophysical parame-
ters on the velocity profile. Figure 2, Figure 3 and Figure 5 illustrate that the
velocity profiles increase as the variable viscosity, ¢, variable density parameter, q,
and suction parameter, S°, increase. The work of viscosity is to increase the drag
force. However, the presence of buoyancy force increases the rate of movement of
Ti0,-510,-ZnO-Fe,03/PAO tetra hybrid nanofluid. Suction filters dirt from the

1
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Figure 2. Velocity profile varying, ¢ .
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Ti0,-810,-Zn0O-Fe,0s/PAO tetra hybrid nanofluid by this means alleviates the
boundary layer and enhances the velocity profile. Conversely, due to sucking vis-
cous Ti0,-Si0-ZnO-Fe,O3/PAO tetra hybrid nanofluid, as a permeability param-

eter, K, rises, the velocity profile declines which was displayed in Figure 4.

7.2.2. Impact of Thermophysical Parameters on the Temperature Profile
Figures 6-12 represent the effect of thermophysical properties on the tempera-

ture profile. Figure 6 and Figure 12 reveal that the temperature profile escalates

Ceei Q=02
-1 Q=015
—_—0=01
— 0 =10.01

6(n)

— = 0.01
—_—=0.10
—_ =030
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Figure 7. Temperature profile varying, ¢ .

DOI: 10.4236/0jfd.2024.143006

138 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2024.143006

P.I. Farayola et al.

1.2
6 (m 17
0.8
0.6
0.4

0.24

0.5

s oy = 0.01
— e g=1.0
=g =3.0

s =350

Figure 9. Temperature profile varying @ .

DOI: 10.4236/0jfd.2024.143006

139

Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2024.143006

P.I. Farayola et al.

5" =0.01
—s=1.0
- =30
Prrist=5.0

o (m)
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Figure 12. Temperature profile varying a.

as thermal conductivity, Q and variable density parameters increase respectively.
Ti0,-510,-ZnO-Fe,05/PAO tetra hybrid nanofluid absorbs more heat leading to
an increase in the temperature of the fluid. Figures 7-11 show that the tempera-
ture profiles decline as variable viscosity parameter, ¢, permeability parameter,
K,, variable specific heat capacity parameter, @ , suction, S*, and volume
fraction ¢ respectively, as viscosity is inversely proportional to temperature.
Following the definition of specific heat capacity which is the quantity of heat
required to cause a unit of mass (gram or kilogram) to change its temperature.
Q=mC,AT, where C, is the specific heat capacity and it is inversely propor-
tional to temperature, which means that as specific heat capacity increases, the

temperature decreases.

8. Conclusions

The numerical and statistical techniques were explored to investigate the influ-
ence of the combined temperature thermophysical properties on the dissipative
movement of Ti0,-Si0,-ZnO-Fe,03/PAO tetra hybrid nanofluid in the presence
of suction along a vertical porous surface. The study demonstrates that the
thermophysical properties of TiO,-SiO,-ZnO-Fe,O3/PAO tetra hybrid nanofluid
are crucial in the enhancement of the rate of heat transfer in the system.

1) An increase in the variable thermal conductivity of TiO,-Si0,-ZnO-Fe,Os/
PAO tetra hybrid nanofluid increases the skin friction, Nusselt number, and
temperature profile.

2) The skin friction and the Nusselt number increase as the variable viscosity
increases, whereas the temperature profiles decrease.

3) As the variable density increases, the velocity profile increases, similarly,
both the skin friction and Nusselt number increase.

4) An increase in the variable specific heat capacity increases the temperature

profile and both the skin friction coefficient and Nusselt number.
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Compared to previous literature, this research provides deeper insights into
Tetra hybrid nanofluid behaviour, offering substantial advancements for heat
transfer optimization. Future research avenues may explore broader parameter
variations, experimental validation, and applications in diverse industrial con-
texts, further enhancing the field’s understanding and practical implementation.
It can also be concluded that linear regression is an excellent approach to give
more insights into the relationship between the dependent variables and the in-
dependent variables of the boundary layer flow of TiO,-Si0,-ZnO-Fe,Os/PAO
tetra hybrid nanofluid.
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us,v Velocity components

X,y Dimensional components

T Temperature

u; Stream velocity

g Gravitational acceleration

Hretranr (T) Temperature-dependent viscosity of tetra-PAO nanofluid

Temperature-dependent Thermal conductivity of tetra-PAO

nanofluid

Temperature-dependent Specific heat capacity of tetra-PAO
nanofluid

Temperature-dependent Density of tetra-PAO nanofluid

Hee Viscosity of base fluid
Kee Thermal conductivity of the base fluid
(PCs )ge Specific heat capacity of the base fluid
Pee Density of the base fluid
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