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available at the end of the article dioxide (TiO,) nanoparticles in blood, and its flow is model using non-Newtonian
Maxwell model. Furthermore, the combined effects of nonlinear thermal radiation
and space-based heat source are incorporated. The system of ordinary differential
equations (ODEs), which is obtained via the use of similarity transformations, is
solved numerically by the bvp4c technique in MATLAB. The impact of different
physical parameters are displayed through Figures and Tables. Results show that
amplifying the magnetic field, porosity, and Maxwell parameters diminishes the
velocity of ternary and hybrid nanofluid. The skin friction enhances 10% and 3.1% for
magnetic parameter and Maxwell fluid parameter respectively. The elevated numbers
of radiation, space-dependent heat source and thermal Biot number amplify the
temperature distribution. Nusselt number of ternary hybrid nanofluid improves 2.3%
for thermal radiation, 1% for heat source, 1.2% for temperature difference parameter
and 3% for Biot number.

Keywords Stretching surface, Ternary hybrid nanofluid, Space-based heat source,
Joule heating, bvp4c

1 Introduction

Nanofluids are sophisticated fluids formed by the incorporation of nanoparticles, which
are minuscule particles at the nanometer size, into a base fluid such as water, oil, or
ethylene glycol. These nanoparticles, composed of metals (e.g., copper or silver), metal
oxides (e.g., aluminium oxide or titanium dioxide), or carbon-based materials (e.g.,
carbon nanotubes or graphene), markedly enhance the thermal conductivity and heat
transfer efficiency of the base fluid. This breakthrough enhances performance across
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various applications, including cooling systems, energy systems, and medical technolo-
gies. Droplet trains cooling technology is used for increasing thermal management in
high heat flux electronic devices [1]. Nanofluids comprising two varieties of nanopar-
ticles are referred to as hybrid nanofluids. This hybridization leverages the augmenta-
tive characteristics of each nanoparticle type. Moghimi et al. [2] numerically studied
the nanofluid flow and found that temperature was enhanced by 540%, with Hartmann
number. The viscoelastic parameter influences the nanofluid velocity, by creating greater
resistance [3]. Fu et al. [4] theoretical study the application of the nanofluid in oil recov-
ery. Razzaq et al. [5] analyzed hybrid nanofluid flow with viscous and Joule dissipation.
It was examined that increasing the stretching parameter leads to an escalation in the
momentum profile. Panda et al. [6] focused at the role of Cattneo-Christov heat flux
model and thermal radiation in hybrid nanofluid flow. A nacre-inspired hybrid nano-
fluid composite, as reported by Hu et al. [7] delivers high passive radiative cooling power
with enhanced energy and reduce carbon emissions. Mahmood et al. [8] deliberated the
viscous dissipative hybrid nanofluid flow with MHD effects. Yasir et al. [9] studied the
hybrid nanofluid flow over a shrinking surface and found that thermal profiles enhances
with heat source. Urooj et al. [10] examined the thermal radiation effect on hybrid
nanofluid flow using the Cattaneo-Christov heat flux model. A surface area engineered
MWCNT + Al,O5 hybrid nanocomposite, reported by Ai et al. [11] enhance combus-
tion and thermal efficiency. Hybrid nanofluid containing Au and SiO, nanoparticles
has significant application in cooling and thermal management system [12]. Abas et al.
[13] discussed the hybrid nanofluid flow containing copper and silver nanoparticles past
between revolving disks. They found that growth in magnetic parameter decreases the
speed of the nanoparticles. A hybrid fluid flow coupled with Cattaneo-Christov model, a
complex heat transfer phenomenon with significant implification for industrial and engi-
neering applications [14]. Ternary hybrid nanofluids represent an advanced iteration of
this concept, incorporating the dispersion of three distinct types of nanoparticles in the
base fluid. This technology allows significant customization of the fluid’s properties by
integrating the unique advantages of each type of nanoparticle. Gangadhar and Dinar-
vand [15] examined a comparative analysis of nano, hybrid and ternary hybrid nanofluid
having nanoparticles Cu, Ag and CuO and deduced that heat transfer rate in more effec-
tive in ternary hybrid nanofluid. Heat transfer rate enhanced by 8.7% for ternary hybrid
nanofluid as compared to other fluids [16]. Varatharaj et al. [17] used three distinct sorts
of nanoparticles, including silver, titanium oxide and Alumina, to study ternary hybrid
nanofluid flow past a permeable enlarging surface. The decreasing performance in the
velocity distribution is noted for greater porosity parameter. Yasir et al. [18] explored
the MHD ternary hybrid nanofluid buoyancy driven flow under the velocity slip and
Melting boundary conditions. Thamizhselvi et al. [19] investigated the sodium alginate-
based ternary hybrid nanofluid flow containing MgO, MoS2 and SWCNT over an expo-
nential stretching porous surface. The addition of nanoparticles in base fluid improved
the thermal panel of the ternary hybrid nanofluid flow [20]. Yasir et al. [21] analyzed
the heat source effect of MHD flow of alumina and silica/Methanol hybrid nanofluid
Moltot et al.[22] discussed the role of variable thermal conductivity and nonlinear ther-
mal radiation on ethylene glycol-based ternary hybrid nanofluid containing silver, cop-
per, and alumina nanoparticles over a stretching surface. A comparative analysis made
by Mahboobtosi et al. [23] to inspect the ternary hybrid nanofluid flow. Ternary hybrid
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nanofluids have a lot of potential for a wide range in oil recovery and Biomedical thera-
pies [24] and technical and industrial uses that call for effective heat control due to their
flexibility [25-27].

An exponential space-based heat source exhibiting shear-thinning/thickening behav-
ior provides novel perspectives for optimizing thermal transport processes in intri-
cate systems, including the cooling of microelectronics, energy storage technologies,
and biomedical devices, where precise thermal regulation is essential. Shah et al. [28]
inspected the impact of an exponential space-based heat source for Carreau water-based
ternary hybrid nanofluid flow and found that the thermal profile significantly improved
for ternary hybrid nanofluid. Khan et al. [29] examined the impacts of nonlinear ther-
mal radiation as well as an exponential space-based heat source on ternary hybrid nano-
fluid flow over a stretching surface. Shamshuddin et al. [30] used Homotopy analysis
method to investigate the Non-Newtonian micropolar flow with heat generation and
slip effects. Lone et al. [31] examined an exponential space-based heat source in MHD
ternary hybrid nanofluid flow with slip effects. The existence of heat source and sink
increases the temperature of the ternary hybrid nanofluid by altering heat generation
[32]. Shamshuddin et al. [33] examined the consequences of heat source and thermal
radiation on MHD ternary hybrid nanofluid. Sarfraz and Muhammad [34] investigated
the MHD flow with the inclusion of heat source using Keller-Box method. Their conse-
quences showed that the skin friction coefficient has augmented with expansion in mag-
netic and porosity factors. Bilal and Yasir [35] conceded the formulation representing
thermophysical relation for ternary hybrid nanofluid past a stretching and shrinking sur-
face with variable heat source.

Joule heating, also known as Ohmic heating, is the phenomenon in which electrical
energy is converted into thermal energy as an electric current crosses a conductor. This
effect plays a pivotal role in numerous applications, including magnetic refrigeration
and electronic cooling, where it can substantially impact thermal regulation and energy
efficiency. Takreem et al. [36] examined the heat transfer of magnetohydrodynamic ter-
nary hybrid nanofluid flow with Joule heating. It was perceived that heat transfer rate is
more pronounced for ternary hybrid nanofluid. Hussain et al. [37] scrutinized the ter-
nary hybrid nanofluid flow with Joule heating, showing that higher suction parameter
boosts the heat transfer rate by 1%. Naveed et al. [38] inspected the outcome of Joule
heating and melting conditions on a hybrid nanofluid flow. Patel et al. [39] scrutinized
the Joule heating and thermal radiation under slip condition. Mumtaz et al. [40] stud-
ied the thermal behavior of tetra hybrid nanofluid with Joule heating. Ramesh et al. [41]
numerically investigated the slip flow over a stretching surface incorporating the effect
of Joule heating and thermal radiation. According to Yasir and Khan [42], the Joule heat-
ing phenomenon is used to raise the temperature of the hybrid nanofluid. Rasheed et
al. [43] investigated the effects of chemically reactive and Joule heating effects on MHD
flow. The outcomes show that as magnetic parameter grows, the velocity distribution
drops, while the thermal panel boosts.

The study of the fluid over an extended sheet holds significant industrial and engineer-
ing applications, particularly in polymer manufacturing and electrochemistry. In flow
dynamics, stretching sheet models are also applicable to processes such formation of
paper and glass production. A stretching sheet hybrid nanofluid flow was modeled by
Riaz et al. [44] using Williamson fluid model. Waqas et al. [45] deliberated the thermally
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radiative hybrid nanofluid flow past an enlarging surface and found that the velocity pro-
file declines with the increasing magnetic factor. Ziabakhsh et al. [46] probed to create
a chemically affected, and analytically solvable diffusion-type flow in which fluids may
move through a stretch sheet used in cutting-edge engineering and manufacturing. Kau-
sar et al. [47] numerically addressed the mixed convective flow over an extending sur-
face. Their finding reveals that velocity panel diminished with growth in porosity factor.
The collective impacts of heat source and magnetohydrodynamic on a hybrid nanofluid
flow across a dual directional stretching surface studied by Zangooee et al. [48]. The con-
vective and zero mass flux effects were studied by Abas et al. [49] to examine the blood-
based flow past a stretching sheet. The rate of the heat transmission over an exponential
stretching surface studied by Zainal et al. [50].

According to the reviewed literature, numerous studies have investigated hybrid nano-
fluid flow over a stretching surface. However, limited number addressed MHD ternary
hybrid nanofluid Maxwell flow in heat and mass transfer mechanism over a stretching
surface.

The following gaps are addressed:

1. The rheology of non-Newtonian Maxwell model is studied over a stretching porous
surface.

2. Three sorts of nanoparticles Al,O,, TiO, and SiO, are suspended in Blood serve as
base fluid.

3. Exponential heat source and non-linear thermal radiation are addressed.

4. Thermal and mass convective condition are incorporated at the surface of the sheet
for the characterization of heat and mass transfer.

5. A numerical technique bvp4c is utilized for complex model.

1.1 Objectives
The objectives of the current study are:

1. To examine the effect of ternary nanoparticles on different flow profiles.

2. To investigate how nanoparticles (hybrid and ternary) influence the skin friction, heat
and mass transfer rate.

3. Inthisanalysis examine the effect of thermal and mass convective boundary conditions
on the ternary hybrid nanofluid flow over a stretching surface.

4. In this analysis the exponential heat source is considered.

5. To examine the effect of thermal radiation and viscous dissipation on hybrid and
ternary hybrid nanofluid.

1.2 Research questions
The significant research questions arise regarding this study are:

1. Which nanofluids (hybrid or ternary hybrid) have more influenced the non-Newtonian
Maxwell flow?

2. How the heat source and nonlinear thermal radiation effects the thermal performance?

3. How the Maxwell parameter effects the velocity of hybrid and ternary hybrid
nanofluids?

4. Which type of nanolfuids has a higher skin friction, heat and mass transfer rate under
increasing values of used physical factors?
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2 Problem description

This section addresses steady, two-dimensional, incompressible ternary hybrid Maxwell
nanofluid flow over a stretching porous surface. The ternary hybrid nanofluid is com-
posed of (Al203), (T'i02) and (Si0O3) nanoparticles dispersed in blood which serve as
base fluid. The nanoparticles are assumed to be uniformly dispersed, spherical in shape,
and in thermal equilibrium with the base fluid. Agglomeration, sedimentation, and slip
between the nanoparticles and the base fluid are neglected. The thermophysical proper-
ties are assumed to be constant. The velocity components u and v aligned along z— and
y— axes, respectively. The flow is induced by the stretching of the porous sheet in the x—
direction with stretching velocity u,, = ax. A magnetic field of intensity By is applied
transversely to the flow direction. The induced magnetic field is neglected, which is jus-
tified by the assumption of a low magnetic Reynolds number. A schematic illustration
of the flow configuration is sketched in Fig. 1. A hot fluid with reference temperature
Tr and heat transfer coefficient hr convects heat towards the sheet surface. The tem-
perature and concentration of the surface is T, (T3, < Tr) and C,, respectively. The free
stream temperature and concentration are denoted by T, and Cu. Furthermore, the
effect of nonlinear thermal radiation, exponential heat source, and chemical reaction is
incorporated into the model. Thermal and, mass convective conditions are applied at the
sheet surface. Based on the above assumptions, the leading equations are expressed as
follows [51-53].

2.1 Continuity equation

% + aj =0

oxr Oy (1)
Here, (z—) and (y—) are coordinate axis along with their respective velocity u (x—) and
v(y—).

2.2 Momentum equation

HThnf 021; _ CTTimegu _
PThnf Jy PThnf

HThnf A ( 82’ 3 62 u )
- — 402 + 2uv———
PThnfk*  PThng Ox? ay? Oyox (2)

u—>0, T>T,. C->C,

(C’Cl

Fig. 1 Geometry of the model
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In the above Eq. (2), By is the magnetic field strength, pirp,r and prpny is the dynamic
viscosity and density of the ternary hybrid nanofluid, A is the Maxwell parameter.

2.3 Energy equation

T T krhn 2T 0Cp),, n
uiﬂ‘l— Thoy O (PCp)..yy  OThay

oz ay a (pcp)Thnf W (pcp)Thnf (pcp)Thnf
1 Jqy WThnf <8u > 2 Qs a
— + — ) +———— (Tr —T) Exp | —ny,/— |,
PCo) g 0y (PCp)pyny \ Oy (PCo)ppns I

Here T is the temperature of the fluid, Dp is the thermophoresis diffusion coefficient,
Q. heat source factor, krnyy is thermal conductivity (pCp) .. f is heat capacitance and

Biu?

oC 0T Dr (0T\>
o
0y 0y T \ Oy

(3)

ornnys electrical conductivity of the ternary hybrid nanofluid. ¢, is the radiative heat
flux, which is defined as [54]:

4o oT\? 2T
= — [ 37% | =— T3 —
" 3k, (3 <3y> " 6y2> @
2.4 Concentration equation
0 0 0 (0C DroT
— — =Dp— | —+——-—| - K, (C—-Cy),
(uax—i-vay)c Bay<8y+Tway) (C—Cu) 5)

In this equation C is the concentration of the fluid, Dp is the Brownian diffusion coef-
ficient and K, is reaction rate parameter.
Subject to the below boundary constraints [55, 56];

OT (y —o00)  hr
dy krhny

IC(y —-o0) _ hp ., ) (6)
a2 _ 28 - o),

u(ly > 00) =0, C(y— 00) = Co T(y —00) = T

u(y = 00) = Uyy (), v=0, (T -Tr),

In the boundary conditions, u,, is stretching velocity, i heat transfer coefficient, hp is
the mass transfer coefficient, Tr and Cr are reference temperature and concentration
while at far field is T, and C.

In Table 1, the thermophysical properties of the ternary and hybrid nanofluids are
labeled. Moreover, the nanoparticle volume fraction is denoted by (= ¢), where, the
subscript (s1) is first nanoparticle, (s2) is second nanoparticle and (s3) represent third
nanoparticle.

The numerical values of the nanoparticle as base fluid is shown in Table 2.

The set of suitable similarity variables is [55]:

a

1/2
n= (1%) y,u=azF' (), T —Tow = (Tr — Tx) 0 (1),

C = Coo = (Cr = Coa) 6 (n) ;v = — (a9p)""* F ()

(7)

After utilizing Eq. (7) in Egs. (1-6), the following non-dimensional form is obtained.
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UThnf F_ PThnf (F/2 + FF/,) _ OThnf MF — HThnf KpF, -8 (FQF/// - ZFF/F//) -0 (8)
By of of By '

’“];’7@ + (Rd(e (O — 1) +1)% (30 (0 — 1) + (0 (6 — 1) + 1) 9”)) + % Pr MECF?,
F F

(rCyp) Y
Sy F 4 Pr (NVE'Y + Nt9) + BT pr BeF"? 4 PrQu Eap (—nn) =0

(PCp) e
Nbo" + NbSe (F¢! — Q) + Nto" =0, (10)

Fl=0)=0, F'(n=0)=1, 20 g (= 0) = BT (1~ 0 (1 = 0))
F

¢ (n=0)=—Bc(l—¢(n=0)) (11)
F'(n=00)=0, (n=00)=0, ¢(n=00)=0)

The emerging parameters in dimensionless form are defined as follows:

2
Magnetic parameter is M = JPFFIZ‘), Schmidt number is
Cp),, DB(Cr—Coo .
Sc = —££—, Brownian motion parameter is Nb = w p)"”CB( - ), Concentration
prDB’ (PCp) pOF
Biot number is Bc = ]% =, Chemical reaction parameter is {) = %, Prandtl num-
. _ (pCy)p . _ u? .
ber is Pr = By Eckert number is Ec = o Tr=Ta)’ Thermophoresis param-
Cp) o DT (Tr—Too) . R / .

eter is Nt = (0 'Z;"C" )FquFFT ), Biot number is BiT = hl ﬁTF, porosity parameter
is Kp = ap k* , Temperature difference parameter is 6,, = TF Radiation parameter is
Rd = 1§Zek = Heat source @, = %,and Maxwell parameter is 8 = pF.

3 Quantity of interest

The engineering quantities like skin friction, Nusselt number and Sherwood number are

defined as:
<I~LThnf3$Z” B >
y=0
Cf:c = 2 5
pr (Uw (7))

x (—kThnf%z yO) + QT|y:0 (12)

NU:E - — )
kr (Tr — Teo)

X (DB %2 0)

Shy = =

After simplification the following reduce forms are obtained.

n hr
S, = Cpav/Rey = "L P (0), Sw = 2 =~/ ()
F

N’LLI kThnf Rex 3 y (13)
Ns:m: ( L RAO(0) (00— 1)+ 1) )9 (0)

where Re, = %;)x is the local Reynolds number.
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Table 2 Experimental values of nanoparticles and blood [31]

Properties Specific heat Density  Electrical conductivity Thermal conductivity
Blood 3594 1063 0.8 0492

Alumina (Al203) 765 3970 36.9x10° 40

Silicon dioxide (Si02) 754 2200 35x%10° 14013

Titanium oxide (TiO2) 686.2 4250 24x10° 8.9538

Code the problem
and set tolerance

N

Fig. 2 Sketch of the numerical scheme

4 Numerical solution

The bvp4c solver integrates features of both colocation technique and shooting method
using built in function to obtain solutions. It is widely used in different fields such as
engineering, economics and fluid dynamics. The advantages of the bvp4c approach is as
follows:

1. It provides reliable numerical solutions in situation where other methods are difficult

to apply.
2. Through adaptive mesh refinement, it improves solution accuracy.
3. Itis used for solving higher order linear and non-linear ordinary differential equations.

The following steps have been carried out to integrate the bvp4c technique in our model.
Each step of the solution is given in Fig. 2.

4.1 Step 1:
Solve Egs. (8—11). Let’s assume a new variable;

q1 :F7Q2 :F17q3:F”aq{/}:F”/a
44 = 97(15 = 0l7Qé = 9//) (14')
a6 =¢,qr =¢",q5=¢"
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4.2 Step 2:
Using the above Eq. (14) in Egs. (1-5), the following first order form of the ODEs by
using the new variable are obtained as follows:

1 PTh OTh HThnf
G =T { (a2 + 0ugs) + = Moo+ = Kpgs + (26010005) (15
(77,”" + /g%) s of 1if

—3Rd (04 — 1) (qa (0 — 1) +1)? g2 — 22 Py M Eeq?
oF

C,
7(0;& Prqigs + Pr (Nbgsqr + Ntq?) — BThnf b, Ecg2 —PrQ.Exp(—nn)| (16)
a = (Cp) UF
(B2r + R a1 (00 — 1) +1)°)
Nt
qr = —Sc(qrgr — Qqe) — mqé (17)
4.3 Step 3:

The subjected conditions at the boundary are:

kTh,n,f
kg

qr (initial) + Be (1 — gg (initial)) — 0

2 (final) = 0, g4 (final) =0, g (final) —0)

q1 (initial) = 0, g2 (initial) — 1, g5 (initial) + BiT (1 — qq (initial))

(18)

4.4 Step 4.
Apply the boundary condition in Eq. (18) and Eqs. (16—17) are coded in bvp4c solver.

4.5 Step 5.

While using bvp4c, two different set of initial guesses are applied to obtain the solution.
The relative tolerance and absolute tolerance are set to (= 10—6) for the outcome shows
the guarantee of precise numerical solution. If the results satisfy Eq. (11), the selected
initial guess is acceptable. Otherwise, the process is repeated using other set of initial
guesses.

5 Validation

This section presents the validity of the approach employed in the present study, the
value of ' (0) across a variation in values of Pr was compared to the published work
of Abas et al. [55] and Hamad et al. [57] the outcomes are shown in Table 3. The results
show smooth agreement and confirm the accuracy of the procedure.

Table 3 Comparison of Nusselt number with published work

Pr 0.2 2.0 7.0
6" (0) Abas et al. [55] —0.16913 —-091145 —1.89545
Hamad et al. [57] —-0.16910 -091142 —1.89537

Present —0.169100 -0.911436 —1.900210
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6 Discussion

This section presents a comprehensive analysis of the findings, emphasizing the influ-
ence of the different physical factors, which are, Porosity parameter (= Kp), magnetic
parameter is (= M), Maxwell parameter (= 3), thermal radiation (= Rd), heat source
(= Qu), Eckert number (= Ec¢), Schmidt number (= Sc¢), Biot number (= BiT),
chemical reaction parameter (= 2), and concentration Biot number (= Bc) on veloci-
ties (= F’ (n)), temperature (= 0 (1)), and concentration (= ¢ (n)) distributions. The
results are illustrated through graphical representations for ternary hybrid nanofluid
flow (AloO3 + SiO5 + TiO2/ Blood) and hybrid nanofluid flow (AloO3 + SiO2/ Blood)
profiles.

6.1 Velocity profile

Figure 3 illustrates the effects of M on F’(n) and temperature distribution for
(Al303 4+ Si0O2 + TiO5/Blood) and (AlsO3z + SiO3/Blood). The elevated M
parameter diminishes F’(n) profile for (Al2O3+ SiOs+ TiO2/Blood) and
(Al303 4+ Si0O2/Blood). Growth in M improves the interaction of the fluid particles
and magnetic field. This interaction generates a Lorentz force that acts to the opposite
to the flow direction. This resistive force impedes the migration of the nanoparticles and
reduces the thickness of the boundary layer. Consequently, the F’ (n) distribution for
(Al203 + SiO9 + Ti02/Blood) and (Al2O3 + SiO2/Blood) diminishes. This incre-
ment in F’ (n) is more significant for (Al,O3 + SiO9 + T'i02/Blood).The impact of
Kp on F’ (n) profile of (Al2O3 + SiO3 + Ti03/Blood) and (Al2Os + SiOz/Blood), is
seen in Fig. 4. As the porous factor Kp grows, F’ (n) distributions decreases for both
(Al203 + SiO5 + Ti0O3/Blood) and (AlyO3 + SiO2/Blood) because fluids encounter
more resistance while flowing through porous material. The density or limiting porosity

1 E T T L L
0.9 AL,O_+ Si0,+TiO, /blood; M =1.0| 7
sl AL, O+ 8i0,+TiO, /blood; M =20 |
AL,0_+ Si0,+TiO, /blood; M = 3.0
0.7 — — — AL O+ SiO,/blood; M = 1.0 .
0.6 — — — ALJO+SiO,/blood; M = 2.0 |
E A1203+ S102/blood; M=3.0
:./ 0 5 i
=
0.4 4

0.3

0.2

0.1

Fig. 3 Velocity profile for varying M
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1 L‘ L L L L
0.9 AL O, + 8i0,+TiO, /blood; Kp = 1.0| ]
0.8 A1203+ Si02+Ti02/b100d; Kp=2.0 i
AlZO3+ Si02+Ti02/blood; Kp=3.0
0.7 — — — Al,0,+8i0,/blood; Kp = 1.0 7
0.6 R — A1203+ SiOz/blood; Kp=2.0 |
":\ A1203+ SlOZ/blood; Kp=3.0
>~ 0.5 J
e

Fig. 4 Velocity profile for varying Kp

of a medium is indicated by its porosity factor, which in turn increases the frictional
resistance between the solid matrix and the fluid, resulting in a decrease in the fluid's
velocity. In comparison to (Al3O3 + Si0s 4+ Ti02/Blood) and (Al2O3 + Si02/Blood)
nanofluids, ternary hybrid nanofluid (Al2O3 + SiO3 + TiO3/Blood) shows a quicker
fall in F’ (n) profile as Kp increases, due to its larger nanoparticle content. Figure 5
demonstrates the impression of 5 on F’ (). Growth in 3 reduces the F’ (n) profiles for
(Al2O3 + Si0O4 + T'iOy/Blood) and (AlaO3 4+ SiOz/Blood). The increasing values of
[ amplify the stress relaxation phenomena, which resist deformation and slows momen-
tum transfer, therefore diminishing velocity F’ (), as shown in Fig. 5.

6.2 Temperature profile

The impression of M on 6 (n) is displayed in Fig. 6. Growth in M heightens the 6 (1)
distributions for (AloO3 + SiOy + TiOy/Blood) and (Al,Os + Si02/Blood). Actu-
ally, enhance the M parameter strengthens the applied magnetic field and increase
the interaction of the magnetic field and electrically conducting fluid. This interac-
tion produce additional Joule heating due to the electrical resistance in the fluid.
As a result, more energy is generated within the boundary layer, hence increasing
6 (n). Figure 7 depicts the influences of Ec on 6 (n) for (AloOs + SiOz + TiO2/ Blood)
and (Al,O3 + SiO3/Blood). Growth in Ec escalates the 6 (n) distribution of the
(Al2O3 + SiOy + TiO3/Blood) and (Al2O3 + Si04/ Blood). Eckert number is defined
as the ratio of kinetic energy to the change in enthalpy. Therefore, the kinetic energy
grows with the value of Ec. The nanofluid system's temperature rises due to the fric-
tion generates with the motion of the fluid as a result internal energy of the fluid ampli-
fied. Consequently, the thermal profile accelerates. Additionally, the higher result is
observed for (Al;O3 + Si02 + Ti02/Blood). Figure 8 portrays the influences of BiT
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on 0(n) of (AlsOs + SiOz + TiO3/Blood) and (AlaOs + SiO3/Blood) nanofluid.
Upsurge BiT boosts 6 (n). The thermal transfer of nanoparticles towards boundary
layers is facilitated by an increase in the thermal and heat transfer rate, which occurs
when hp increased. As a result the surface becomes more effective in transferring
heat, a larger amount of thermal energy enters the fluid. This escalates the 8 (7)) distri-
bution and thickens the thermal boundary layer. The impact of BiT on 6 (1) is slightly
greater for (AlyO3 + SiO2 + Ti0O3/Blood). Figure 9 shows the impression of Rd on
0 (n) profile of (AloO3 + SiOy + T'iO2/Blood) and (AlyOs + Si02/Blood). From this
Figure, it is found that growth in Rd boosts the temperature distribution. In a physi-
cal sense, a higher Rd increases the rate of heat transmission by widening the thermal
layer at the boundary, which in turn increases 0 (). Furthermore, the greatest increase
in found for (Al2O3 4+ SiOs 4+ T'iO2/ Blood) nanofluid flow profile. The influences of
Q. on 0 (n) is depicted in Fig. 10. The increasing @), escalates the 6 () distributions
of (AlO03 4 SiO2 + TiO5/ Blood) and (Al2O3 + SiOy/Blood). The space-dependent
heat source factor characterizes the special fluctuations in heat generation within the
fluid. As this factor escalates, the special distribution of the generation becomes more
prominent, which in turn improves the fluid flow over a stretching surface. This increas-
ing effect is higher for (AloO3 + Si0Oy + Ti02/Blood). The same increasing effects
are seen in Fig. 11 for 6 (n) via 6,,. The increasing 6,,, improves the heat of the fluid,
and consequently intensity the 6 (n) profile for (AloOs + Si02 + 102/ Blood) and
(Al303 4+ Si02/ Blood).

6.3 Concentration profile

Figure 12 illustrates the influence of Sc on ¢ (n) profile. An increasing Sc¢ diminishes
the ¢ (n) profile for (Al3O3 + SiO2 4+ Ti02/Blood) and (AlaO3 + Si02/Blood). The

Al O +Si0_+TiO_/ blood; Rd = 1.0
03 b 27371, 2 -
ALO +Si0 ,+TiO / blood; Rd = 2.0
AL O ,+8i0,+TiO,/ blood; Rd = 3.0
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— — — ALO,+SiO,/ blood; Rd = 2.0
0.2 B\ AL,O ,+Si0,/ blood; Rd = 3.0 1
_ |
=
Y
0.15 F 1
0.1F :
0.05 | :
0 : —
0 6 7 8 9

Fig. 9 Temperature profile for varying Rd
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Fig. 12 Concentration profile for varying Sc¢

Schmidt number is defined as the ratio of kinematic viscosity to mass diffusivity. A high
Schmidt number indicates that the mass diffusivity is low compared to the momen-
tum diffusivity, signifying slow particle dispersion within the fluid. As Sc increases,
the particles encounter greater difficulty in diffusing throughout the fluid, resulting
in a diminished concentration at the boundary layer. This decreasing effect is domi-
nant for (Al2O3 + SiOy + TiOy/Blood). Figure 13 illustrates the impression of
on ¢ (n) of both (Al303 4+ SiO2 + TiO5/Blood) and (AlsOs + SiO5/Blood) nano-
fluids. Growth in Q lessen ¢ (n) profiles for (AlsO3+ SiOs + TiO2/Blood) and
(Al303 4+ SiO2/Blood). Actually, increase in € parameter enhances the consumption
of species due to the stronger reaction effects. This phenomenon, reduces the concentra-
tion of the fluid particles within the boundary layer. Figure 14 illustrates the effect of Bc
on ¢ (n) of the (Al203 + SiO3 + T'i02/ Blood) and (Al2O3 + Si0O3/Blood). Upsurge in
Be amplifies ¢ (n). The bigger B is directly related to the mass transfer coefficient hp.
A higher Bc enhanced mass transfer efficiency between the surface and fluid, resulting
in a more substantial mass exchange. Consequently, the nanofluid adjacent to the sur-
face attains a higher concentration, thereby enhancing the overall ¢ (1) distribution for
(Al203 + SiOy + TiO3/Blood) and (AlsO3 4+ SiO2/Blood) inside the system. More-
over, impact of Be is slightly better for (AloO3 + SiOy + TiO2/ Blood).

6.4 Table discussion

Table 1 shows the theoretical models of the thermophysical properties of the nanopar-
ticles. Table 2 provides the numerical values of the nanoparticles and base fluid.
The validation of the code with published work is shown in Table 3. Table 4 shows
the consequences of varying values of,M,Kp and [ on skin friction coefficient of
(Al2O3 + Si0O2/Blood)(AlaO3 + Si0Os + Ti0O3/Blood). Increasing M, § and Kp

Page 17 of 24
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Table 4 Skin friction via M, Kp and 8

M Kp B Skin friction
Hybrid nanofluid Ternary hybrid nanofluid
15 0.6 1.2531 1.37841
2.0 1.2668 1.39348
2.5 1.2795 140105
1.0 1.0 1.1639 1.2221
13 1.1871 1.2464
16 1.2108 12713
1.5863 1.6354
16188 16189
1.6520 1.7032

Table 5 Nusselt number for varying values of Rd,Qq,0. and BiT

Rd?2 Qa1 0, 1.5 BiT 2.2 Nusselt number
Hybrid nanofluid Ternary hybrid nanofluid
1.0 06 1.2 0.8 24315 24801
20 24558 2.5049
30 24804 25300
0.8 2.1920 22139
0.9 22029 22249
1.0 22139 2.2350
1.5 1.3956 1.4165
20 14374 1.4589
25 1.4805 1.5027
1.0 1.8937 1.9353
1.1 1.9599 2.0030
12 2.0285 2.0731

values enhances the skin friction coefficient for both (Al2Os + SiOz/Blood) and
(Al2O03 + SiO5 + Ti0O3/Blood) nanofluid. Physically, magnetic filed enhances the
Lorentz force opposing the flow, which enhances the resistance near the surface and
hence increase skin friction. Furthermore, [ elastic effect which resist deformation Kp
increases drag force due to porous medium restrict the fluid on the surface, resulting
in higher skin friction. Table 5 portrays the influences of Rd,Q,,0.,, and BiT on Ns.
From this table it is noted that Ns intensified against all these parameters. A rise in Rd
enhances radiative heat energy within the fluid, intensifying heat transfer from the sur-
face. Heat source parameter (), supplies additional thermal energy to the fluid, which
strengthens the temperature gradient at the surface and improves Vs. Higher 6,, intensi-
fies the thermal driving force between the surface and the fluid, as a results Ns raise. An
increase in BiT shows convective heat exchange at the surface, allowing more heat to be
transferred to the fluid, which results in higher Ns. Additionally, the greatest growing
behavior is observed for (Al3O3 + SiO5 4+ T'iO5/ Blood) nanofluid. The computational
evaluations of Sw for different values of Sc,Q2 and Bc are presented in Table 6. This table
shows that Sw improves more for (Al2O3 + SiO3 + TiO2/Blood) against the growing
estimation of Bc whereas lessens for Sc and (). Actually, hp represents the mass trans-
fer coeflicient, which is directly linked with Bec. Larger number of Bc improve the mass
transfer rate by promoting greater diffusion of species into the fluid. A higher Sc values
reduces the mass diffusivity, which weakens the species diffusion and lowers the mass

transfer rate. Moreover, growing values of ) improves spcies consumption within the
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Table 6 Sherwood number for different values of S¢, Be and Q

Sc Bce Q Sherwood number
Hybrid nanofluid Ternary hybrid nanofluid

1.0 0.7 0.2 1.8543 1.8361
15 1.8581 1.8397
2.0 1.8618 1.8434
1.0 1.2934 13322
12 1.3063 1.3454
14 1.3193 1.3589
0.8 15762 1.5438
09 1.5951 1.5623
1.0 1.6142 1.5810

boundary layer, reducing concentration gradients at the wall and consequently diminish-
ing the Sw.

7 Conclusion

In this section investigate the blood-based ternary hybrid Maxwell nanofluid flow past
an enlarging porous sheet. The nanoparticle alumina, Titanium oxide and silicon dioxide
are mixed in blood to hybridize the fluid. It is also vital to note that the combined effects
of the nonlinear thermal radiation and an exponential space-based heat source are also
considered. The reduced form of the equations evaluated by bvp4c. The major discover-
ies of the present study are as follows:

+ The reducing trend has been noted in velocity distribution with larger values of
magnetic, porosity and Maxwell parameters.

+ Improving the concentration Biot number results in high concentration profile, while
a reducing impression is seen for mounting values of Schmidt number and chemical
reaction parameters.

+ Thermal distribution is enhanced with the growth in Eckert number, magnetic
parameter, Biot number, thermal radiation and heat source factors.

+ Using ternary hybrid nanofluid, the magnetic, porosity and Maxwell parameters
increased the skin friction coeflicient

+ Nusselt number of ternary hybrid and hybrid nanofluids improved for thermal
radiation, heat source, temperature difference parameter and Biot number.

+ To strengthen the values of concentration Biot number, the Sherwood number for
ternary hybrid nanofluid improves while decline against higher values of chemical
reaction and Schmidt number.

7.1 Future work

In future, this work can be extended by considering different kinds of nanoparticles,
different non-Newtonian model, and different base fluids like kerosene oil and sodium
alginate etc. to present industrial applications. Moreover, the velocity, thermal and con-
centration slip constraints can be adopted to study the slip flow by different kinds of

nanofluids.

7.2 Applications
This study offers significant applications in targeted drug delivery systems, bio medical
engineering, and blood flow analysis in medical devices. The findings are applicable to
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electromagnetic heating control, biochemical processing, advanced thermal manage-
ment in engineering processes involving non-Newtonian and electrically conducting

fluids.

List of symbols

By Magnetic field strength (N/Am)

a Positive constant (-)

Dr Thermophoresis diffusion coefficient (m?/s K)
M Magnetic field (-)

9 Kinematic viscosity (m?/s)
T—,Yy— Cartesian coordinates (m)

B Maxwell fluid parameter (-)

Qa Heat source (-)

0. Temperature difference parameter (-)
DB Brownian diffusion coefficient (m?/s)
T Temperature (K)

U,V Velocity components (m/s)

qr Radiative heat flux (W/m?)

SE, Skin fraction coefficient (-)

Rd Thermal radiation (<)

Pr Prandtl number (=)

Kp Porosity parameter (-)

o Electrical conductivity (s/m)

hgp Heat transfer coefficient (W/m? K)
TF Reference temperature (K)

Sw Sherwood number (-)

Nt Thermophoresis parameter (-)
hp Mass transfer coefficient
Ps(1,2,3) Nanoparticle volume fractions (-)
P Density (kg/m?)

C Heat capacitance (j/kg K)

pr Brownian parameter (-)

Ns Nusselt number ()

N Dynamic viscosity (kg/m s)

Q Chemical reaction parameter (-)
C Concentration of the fluid (kg/m?)
Ty Ambient temperature (K)

Cw Surface concentration (kg/m3)
o Electrical conductivity (1/Q m)
O¢ Stefan—Boltzmann constant (W/m? K%
k Thermal conductivity (W/m K)
ke Mean absorption coefficient (1/m)
n Similarity variable (-)
Subscripts
Base fluid (=)
nf Nanofluid (-)
hnf Hybrid nanofluid (-)
s1,s2,83  First, second and third nanoparticle (-)
Thnf Ternary hybrid nanofluid (-)
o0 Situation in free stream (-)

Abbreviations

MHD  Magnetohydrodynamic

ODE Ordinary differential equation
PDE Partial differential equation
BVP Boundary value problem

VP Initial value problem
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