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ABSTRACT: This study aims to elucidate the connection between the shape factor of GO (graphene oxide) nanopar-
ticles and the behavior of blood-based non-aligned, 2-dimensional, incompressible nanofluid flow near stagnation
point, under the influence of temperature-dependent viscosity. Appropriate similarity transformations are employed
to transform the non-linear partial differential equations (PDEs) into ordinary differential equations (ODEs). The
governing equations are subsequently resolved by utilizing the shooting method. The modified Maxwell model is used
to estimate the thermal efficiency of the nanofluid affected by different nanoparticle shapes. The impact of various shapes
of GO nanoparticles on the velocity and temperature profiles, along with drag forces and heat flux at the stretching
boundary, are examined with particular attention to factors such as viscosity changes. Numerical findings are based
on the constant concentration of ϕ = 5% with nanoparticles measuring 25 nm in size. The influence of different shapes
of GO nanoparticles is analyzed for velocity, temperature distributions, as well as drag forces, and heat transfer at
the stretching boundary. The velocity profile is highest for spherical-shaped nanoparticles, whereas the blade-shaped
particles produced the greatest temperature distribution. Additionally, it was observed that enhancing the nanoparticles’
volume fraction from 1% to 9% significantly improved the temperature profile. Streamline trends are more inclined to
the left when the stretching ratio parameter B = 0.7 is applied, and a similar pattern is noted for the variable viscosity
case with m = 0.5. Furthermore, the blade-shaped nanoparticles exhibit the highest thermal conductivity, while the
spherical-shaped nanoparticles display the lowest.

KEYWORDS: Heat transfer; nanofluids; oblique flows; variable viscosity; Runge-Kutta-Fehlberg scheme

1 Introduction
Nanofluids are fluids that contain nanoparticles, which are particles at the nanometer scale. These

fluids are colloidal suspensions of nanoparticles, typically composed of oxides, metals, and carbides.
Nanofluids possess unique properties that make them valuable in various heat transfer applications, such
as in microelectronics, fuel cells, pharmaceutical processes, hybrid engines, engine cooling/vehicle thermal
management, household refrigerators, radiators, and more. Some key research areas involving nanofluids
include studies on the impact of physical parameters on their thermal conductivity. For example, Jang et al. [1]
focused on how these parameters affect nanofluid conductivity and were the first to model the Brownian
motion-induced nano convection, highlighting its significance as a crucial mechanism at the nanoscale. Li
et al. [2] concentrated on the advancement of nanofluids, exploring their synthesis and characterization in
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stationary conditions. Aybar et al. [3] examined the thermal conductivity of nanofluids, highlighting the
influence of factors like temperature, and explored mechanisms that enhance thermal conductivity, such as
Brownian motion. Tabassum et al. [4] investigated the impact of variable viscosity on the flow characteristics
of inclined nanofluid flows containing copper nanoparticles. It was found that the viscosity parameter leads to
a decrease in the surface friction coefficient. Arshad et al. [5] conducted a comprehensive study of graphene-
based nanofluids: synthesis, analysis, and various applications. They also studied the changes in the behavior
of nano-sized graphene particles in different carrier fluids. Hatami et al. [6] discussed the theories of various
suspension nanoparticles. Various researchers observed an increase in thermal conductivity after adding
nanoparticles. Hatami et al. [7] analyzed the practical applications of nanofluids through experimental and
numerical analysis. They focused on cooling and heating applications, i.e., micro-ducts and heating and
air conditioning models. Li et al. [8] conducted a comprehensive study from three aspects, i.e., influencing
factors, prediction models, and practical applications.

In fluid mechanics, a stagnation point refers to a point on a surface where the velocity is zero. The flow
around this point is known as stagnation flow. Oblique stagnation flow occurs when the fluid approaches
the surface at an acute angle. Flow over an expanding surface refers to the flow exiting a slot, which can
be modeled as a boundary layer emerging from the slot. Viscosity, which depends on temperature, has
different relationships for different substances: for liquids, viscosity decreases as temperature increases, while
for solids, it increases with temperature. The skin friction coefficient represents the resistance an object
experiences from a surface it contacts, defined as the ratio of the frictional force to the normal force. Heat
flux is the rate at which heat is transferred from a hotter area to a cooler one through a material over a given
time. Researchers have studied stagnation points in various contexts, such as Reza et al. [9], who investigated
the oblique stagnation point flow of a two-dimensional stationary incompressible viscous fluid towards a
slender boundary, noting that the distance from the stagnation point is directly influenced by velocity, and
shear force is inversely proportional to the zero velocity point. Mahapatra et al. [10] also studied the two-
dimensional stationary oblique stagnation point flow of an incompressible viscous fluid towards a slender
surface. The extended studies on stagnation point flow can be assessed in Refs. [11–13]. Ghaffar [14] discussed
the stagnation flow in the oblique geometry of a Newtonian suspension on various boundaries, including
stretching sheet, vertical surface, and shrinking sheet. Special effects of germane parameters are noticed
and the results of the transformed equations are compared with exact solutions. Lok et al. [15] investigated
the magneto-hydrodynamic flow impinging on an extensible surface, the impression of MHD upon flow is
noted by a displacement in the stagnation line. Specifically, when dealing with a shrinking surface, there’s
an observation of a reversed flow region close to the wall. This suggests that MHD influences not only the
stagnation line but also induces a distinct reversed flow zone near the wall when the surface is shrinking.
Ghaffari et al. [16] researched the effects of non-linear radiation on the slanting stagnation flow of Maxwell
fluid. The study elucidates a notable correlation between temperature and thermal transport rate. Moreover,
it demonstrates the direct relationship between a physical parameter, i.e., Prandtl number and heat transfer
rate Bano et al. [17] discussed the slanted stagnation flow of a dense fluid with thermal transfer towards
an extended cylinder. It explains how the fluid influences obliquely upon the surface of the cylinder. The
graphical representation of temperature and velocity profiles are illustrated and further examined for the
effects of related parameters.

A very important property of fluids that plays a vital role in the flow regime is viscosity. Viscosity
depends strongly on temperature. In liquids, it depicts an inverse relationship with temperature whereas a
direct relationship with temperature is observed in gases. Temperature dependence on viscosity is important
for various applications e.g., Increase in temperatures causes an increase in the attractive forces between
particles which helps them to overcome the surrounding forces. A daily life example is cooking oil moving
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more fluidly in hot utensils than in a cold one. Here are a few explorations in which viscosity variation
is studied. Booker [18] explored thermal convection in fluids with viscosity that is highly dependent on
temperature. They examined the effects on both free and rigid boundaries, observing that the flow is three-
dimensional at a free upper boundary, while it is nearly two-dimensional with a rigid upper boundary. Wall
et al. [19] investigated the linear stability of channel flow in fluids with temperature-dependent viscosity,
focusing on three material effects: bulk effects, velocity-profile shape effects, and thin-layer effects. Nguyen
et al. [20] examined viscosity variations in water-based nanofluids based on temperature and particle size,
applying the phenomena of Couette flow to a viscometer for their results. Prasad et al. [21] studied the
impact of variable viscosity on magnetohydrodynamic (MHD) viscoelastic fluid flow and heat transfer
over a stretching sheet, finding that an increase in the magnetic field parameter leads to a decrease in the
temperature profile. They also identified an inverse relationship between skin friction and magnetic field
parameters. Anjali Devi et al. [22] investigated the effects of temperature-dependent viscosity and thermal
conductivity on hydromagnetic flow, focusing on physical parameters such as skin friction coefficient,
temperature, velocity, and heat transfer rates. Huda et al. [23] analyzed temperature-dependent viscosity
in nanofluids with shape factors over a heated tube, finding that the velocity of the nanofluid increased.
Alabdan et al. [24] examined the flow of a couple stress nanofluid over an oscillatory stretching surface,
noting temperature changes in viscosity and thermal Biot numbers, and observing that the skin friction
coefficient periodically increased with the viscosity vector and couple stress parameter. Ahmad et al. [25]
stressed the relationships between viscosity as a function of temperature, thermal conductivity, and exother-
mic catalytic processes. In the context of these chemical interactions, the parameters have a significant impact
on temperature distribution, mass concentration patterns, and velocity profiles.

The shape factor of nanoparticles is a measure of their geometry or form, which affects their interac-
tion with the surrounding fluid. For instance, nanoparticles can have different shapes spherical, rod-like
(elongated), plate-like, or other complex forms. Each shape influences how the nanofluid behaves, such as
how it conducts heat, flows, or interacts with surfaces. Shape factors often refer to geometric parameters
or characteristics of nanoparticles dispersed within the fluid. These factors can influence the heat transfer,
rheological properties, and behavior of the nanofluid. Shape factors play a vital role in modeling the
thermal conductivity, viscosity, and other properties of nanofluids. Researchers frequently consider these
factors when studying and designing nanofluids for various applications, ranging from electronic cooling to
biomedical treatments, as different shapes can lead to varying performance characteristics. Several studies
have explored viscosity variation in nanofluids. Sheikholeslami et al. [26] examined the effect of shape
factors on nanofluids in a porous medium, finding that the Hartmann number is inversely related to the
nanofluid velocity and Nusselt number. Waqas et al. [27] highlighted the significance of shape factors in
Sisko nanofluids, with their results showing that the velocity profile decreases as the velocity slip parameter
increases. Additionally, the temperature profile of the nanofluids increases with both the thermal radiation
parameter and the nanoparticle volume fraction. Hayat et al. [28] investigated the impact of particle shape
on flow and heat transfer, offering an extensive discussion on the influence of various factors such as
unsteadiness, magnetic parameter, and Eckert number. Both velocity and temperature are affected by the
shape of nanoparticles, which leads to optimal flow and heat transfer.

Velocity slip highlights the discrepancy in velocity between a fluid and its solid boundary. Discrepancy
means that the fluid that adjacent to the solid surface does not stick to it but rather shows relative motion with
it. Velocity slip is strongly impacted by fluid traits, boundary features, and flow dynamics. Practically, its vital
comprehension extends to microfluidics and rarefied gas analysis, challenging conventional presumptions.
Integrating slip velocity into predictive frameworks enables more nuanced understandings of fluid behavior,
driving innovation in practical domains. Here are some areas of exploration in which velocity slip condition
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is studied. Khan et al. [29] emphasized the study of phase flow characteristics in MHD nanofluids,
incorporating the effects of slip on oscillatory slanted stagnation flow under an inclined magnetic field. His
study compared the behaviors of nanoparticles made of Copper, Alumina, and Titania, using water as the
carrier fluid, and found that copper nanoparticles enhanced the magnetic susceptibility of the nanofluid.
Rizwana et al. [30] explored the slip effects on time-independent tilted stagnation point flow of nanofluids
under an oblique magnetic field, observing that the Casson fluid parameter accelerates fluid motion.
Additionally, Joule heating and dissipation were found to raise the system’s temperature. Kolsi et al. [31]
focused on the thermal development of ethylene glycol-based material by adding a hybrid nanofluid for
slip flow at an oblique stagnation point, noting a strong influence of slip intensity on temperature and
velocity profiles. Mandal et al. [32] conducted a numerical simulation on mixed convective and arbitrary
oblique stagnation point slip flow of an MHD fluid, revealing that the magnetic field amplifies skin friction
as flow obliqueness increases. Bai et al. [33] studied the variable MHD oblique stagnation slip flow of
nanofluids, incorporating the Cattaneo-Christov double diffusion and Buongiorno models, and observed
that nanoparticle diffusion, through thermophoresis and Brownian motion, affects concentration and energy
and mass transfer, with advection and radiation aiding thermal transmission. Rahman et al. [34] examined
the oblique stagnation-point flow of a nanofluid past a shrinking sheet, noting that shrinking parameters and
dimensionless strain rates shift the point of zero skin friction on a stretching sheet, with increasing strain
rate leading to oblique flow towards the surface. Their study also suggested the existence of dual solutions
for the opposing flow case. Abbas et al. [35] studied the stagnation flow of a micropolar nanofluid past a
circular cylinder with velocity and thermal slip, finding that copper-water nanofluids exhibited the highest
skin friction and heat transfer rates compared to titanium-water and alumina-water nanofluids.

Benkhedda et al. [36] presented a numerical investigation of time-independent forced convective
heat transfer and fluid flow of a hybrid nanofluid through an isothermally heated flat tube, considering
various nanoparticle shapes. Using the finite volume method in cylindrical coordinates and solving with a
FORTRAN program, their study found that platelet-shaped nanoparticles yielded the highest friction factor
values, especially at volume fractions ranging from 0% to 8%. Kata et al. [37] examined the enhanced thermal
characteristics of a hybrid nanofluid composed of Al2O3 (alumina) and Ag (silver) nanoparticles suspended
in a 50%–50% mixture of C2H6O2-H2O, impacting obliquely on an elastic surface under a magnetic field.
They found that the thermal energy transfer rate in the hybrid nanofluid increased by 11.5% compared to
spherical particles when using blade-shaped nanoparticles. Li et al. [38] investigated the effect of the shape
factor on a mass-based hybrid nanofluid model for Homann stagnation-point flow in porous media, using
the HAM-based Mathematica package BVPh 2.0 to approximate solutions for coupled nonlinear ordinary
differential equations. Their results showed that platelet-shaped nanoparticles in the hybrid nanofluid model
produced the highest heat transfer rates and minimal surface friction, with skin friction coefficient values
ranging from 2.03443 to 3.10222 depending on the permeability coefficient. Rafique et al. [39] studied the
influence of nanoparticle shapes on the entropy production of a water-alumina nanofluid flowing over a
permeable, MHD stretching sheet with quadratic velocity profiles, factoring in viscous dissipation and Joule
heating effects. Their results indicated a 6.3% increase in wall shear stress as nanoparticle volume fraction
increased from 0% to 2%, with further increases as the fraction rose from 2% to 4%. Additionally, when the
magnetic effect accounted for about 5% of the boundary layer flow, the convective heat transfer rate increased
by approximately 16.4%. Rosalind Mary et al. [40] explored the thermal applications of magnetized hybrid
nanomaterials by evaluating the effects of different nanoparticle shapes. Their study, using a 50:50 mixture of
ethylene glycol (C2H6O2) and water (H2O) with silver and alumina nanoparticles, showed that both mono
and hybrid nanofluid temperature profiles increased with nanoparticle volume fraction and Biot number.
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Carbon-based nanomaterial GO has unique properties such as high surface area, excellent conduc-
tivity, and the ability to interact with biological systems. In thermal therapy and drug delivery, graphene
oxide-based nanofluids are injected into the bloodstream to deliver drugs or thermal energy to tumors.
The shape of graphene oxide nanoparticles in nanofluids significantly influences the flow characteristics
and fluid dynamics properties. By modifying the shape of the graphene oxide, we can optimize nanofluid
thermal efficiency. The viscosity of a fluid, particularly one containing suspended nanoparticles such as
graphene oxide, varies with temperature. Understanding how viscosity changes with temperature is essential
for analyzing heat transfer in dynamic systems. This temperature dependence affects the fluid’s flow behavior
and heat thermal efficiency. The existing research on oblique nanofluid flows conveys that less consideration
has been paid to towards investigation of the heat transport phenomenon influenced by viscosity variation
and various shape features of GO nanoparticles. In the current exploration we are aiming to study the
influence of variation in GO nanoparticle shapes and viscosity upon the heat transport characteristics and
velocity profile of blood based oblique nanofluid flow in neighborhood of stagnation-point that has not been
investigated before.

Although significant research has been conducted on the analysis of nanoparticles shape factors, limited
studies have investigated the heat transfer behavior in oblique stagnation point flow influenced by these shape
factors. This study seeks to examine this concept more thoroughly by addressing the following questions:

• What effects do different nanoparticle shapes have on both primary and secondary flow profiles, as well
as temperature distribution?

• How do variations in porosity and viscosity affect the flow characteristics?

2 Problem Formulation
We are taking a stationary state, 2D non-compressible, non-aligned transport of blood-based nanofluid

containing graphene oxide nano-sized particles with viscosity depending upon the temperature in the
vicinity of the stagnation point. Nanofluid strikes the stretching surface obliquely and occupies the region
above the horizontal axis. Here blood is used as a carrier liquid and its viscosity changes substantially
with temperature variation, therefore modified form of (the Brinkman) viscosity model is incorporated
to examine the viscosity varying with respect to temperature. The nanoparticles different shapes play a
crucial role in determining the heat transfer properties of nanofluids for that reason different shapes of GO
nanoparticles of size 25 nm are added to improve the heat transfer performance. Two opposing forces of
equal magnitude are plotted on x̌-axis so that the origin remains fixed on the extending surface in Fig. 1. For
the considered problem, the steady conservation of mass, energy equations, and momentum can be written
as follows (neglecting viscous dissipation):

∂ǔ∗

∂x̌∗
+ ∂v̌∗

∂y̌∗
= 0, (1)
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∂T̂∗
∂Ť∗
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where μn f (Ť∗) = μ0 e−d(Ť∗−Ť∞)

(1−ϕ)2.5 is the viscosity of nanofluid as a function of temperature, d denotes the
viscosity variation exponent, Ť∗, μ0, Ť∞ and ϕ are representing the temperature, reference viscosity ambient
temperature of nanofluid and nano-particles volume fraction. Additionally, nanofluid’s density, pressure,
thermal conductivity and specific heat are denoted by ρ̌n f , p̌∗, ǩn f . The velocity components are denoted
by ǔ∗ and v̌∗for the x̌∗ and y̌∗directions, respectively. The effective density, capacitance4 and thermal
conductivity of nanofluid are defined as follows:

ρ̌n f = (1 − ϕ) ρ f + ϕρs , (5)

(ρ̌c p̌)n f = (1 − ϕ) (ρcp) f + ϕρcp , (6)

ǩn f

ǩ f
=

ǩs + (n − 1) ǩ f − ϕ (n − 1) (ǩ f − ǩs)
ǩs + (n − 1) ǩ f + ϕ (ǩ f − ǩs)

, (7)

where n = 3
ϖ is the shape factor and ϖ is the sphericity of nanoparticles. Shape factors and thermophysical

information are given in Tables 1 and 2, respectively.

Figure 1: Physical description of the flow problem

Table 1: Shape factor for various shapes of GO nanoparticles

Shapes n
Brick 3.7
Blade 8.6

Cylinder 4.8
Platelet 5.7

Spherical 3
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Table 2: Properties of blood and GO nanoparticles

Properties ρ (kg.m−3) cp̂ (J.kg−1 .K−1) k (W.m−1 .K−1)
Blood 1063 3594 0.492

Graphene oxide 1800 717 5000

Respective boundary conditions are [4]

ǔ∗ = cx̌∗ + ěμnf (Ť∗)
∂û∗

∂ŷ∗
, v̌∗ = 0, Ť∗ = Ťw at y̌∗ = 0, (8)

ǔ∗ = ax̌∗ + by̌∗, Ť∗ = Ť∞as y̌∗ →∞. (9)

Since the nanofluids are more likely to exhibit the slip condition at the stretching boundary, that is
why the velocity slip condition is employed for accurately describing the velocity profile in the boundary
layer. In Eq. (8), cx̌∗ is the velocity of the stretching surface, where c is the stretching rate. c > 0 indicates
that the sheet is stretching, c < 0 implies a shrinking sheet and c = 0 is referred to as stationary surface.
ě is the slip length and ∂û∗

∂ŷ∗ represents the velocity gradient near the boundary. Ťw and Ť∞ denote the
temperature of the boundary and free stream temperature (Ťw > Ť∞). In Eq. (9), a and b are indicate the
proportionality constants of free stream straining velocity and shear velocity. Introducing the following
similarity transformations:
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√
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, (10)

where ν f indicates the kinematic viscosity of carrier fluid (water).
Employing Eq. (10), in Eqs. (1)–(4) and (8), (9), their non-dimensional forms are
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, v̌ = 0, Ť = 1at y̌ = 0, (15)
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where m = d (Tw̌ − T∞̌) is the viscosity variation coefficient, αn f =
kn f

(ρc p̌)n f
is nanofluid’s thermal conduc-

tivity, ω = ě ρ̌ f
√

ν̌ f c signifies slip coefficient, B = a
c is the stretching constant and γ = b

c represents flow
obliqueness coefficient. Initiating the streamline function relations [4] in Eqs. (11)–(16).
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Differentiating Eq. (18) w.r.t y̌ and Eq. (19) w.r.t x̌
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∂x̌

∂3ψ
∂y̌2∂x̌

+m2 ∂Ť
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∂ (x̌ , y̌) = 0. (25)
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Revising the stream function as ψ (x̌ , y̌) = x̌F ( y̌) +G ( y̌), Ť (x̌ , y̌) = θ ( y̌) , in Eqs. (25), (20)–(22) and
comparing coefficients we get

e−mθ

((1 − ϕ + ρs

ρ f
ϕ)(1 − ϕ)2.5)

(−mθ′F′′′ + F iv +m2F′′θ′
2
−mF′′′θ′ −mθ′′F′′) − F′F′′ + FF′′′ = 0, (26)

e−mθ

((1 − ϕ + ρs

ρ f
ϕ)(1 − ϕ)2.5)

(−mθ′G′′′ +Giv +m2G′′θ′2 −mG′′′θ′ −mθ′′G′′) − F′′G′ + FG′′′ = 0, (27)

(
kn f

k f
) θ′′ + Pr

⎛
⎜
⎝

1 − ϕ +
(ρcp̌)s

(ρcp̌) f

ϕ
⎞
⎟
⎠

Fθ′ = 0, (28)

x̌F′ (y) +G′(y) = x̌ + ωe−mŤ

(1 − ϕ)2.5 (x̌F′′ (y) +G′′(y)), F′ (y) = 0, θ ( y̌) = 1 at y̌ = 0, (29)

x̌F′ (y) +G′(y) = a
c

x̌ + b
c

y̌, θ ( y̌) = 0 when y̌ →∞, (30)

where kn f stands for heat transfer coefficient of nanofluid and Pr = ν f
α f

signifies the Prandtl number. Above
surface conditions eventually become

F (0) = 0, F′ (0) = 1 + ωe−mθ(0)

(1 − ϕ)2.5 F′′ (0), G′ (0) = ωe−mθ(0)

(1 − ϕ)2.5 G′′ (0), F′ (∞) = a
c

, G′′ (∞) = γ,

θ (0) = 1, θ (∞) = 0. (31)

where F ( y̌) and G ( y̌) are perpendicular and longitudinal flow component. Integrating Eqs. (26) and (27)
once w.r.t y̌

e−mθ

((1 − ϕ + ρs

ρ f
ϕ)(1 − ϕ)2.5)

(F′′′ −mθ′F′′) + FF′′ − (F′)2 + K1 = 0, (32)

e−mθ

((1 − ϕ + ρs

ρ f
ϕ)(1 − ϕ)2.5)

(G′′′ −mθ′G′′) + FG′′ − F′G′ + K2 = 0. (33)

Here K1 and K2 are arbitrary parameters and primes denote the differential coefficients w.r.t y̌. Applying
limit y̌ →∞on Eq. (32) and by means of condition F′ (∞) = a

c , we get K1 = ( a
c )

2. A boundary layer
assessment of Eq. (32) specifies that F ( y̌) = ( a

c ) y̌ + A when y̌ →∞, where constant A denotes surface layer
displacement. Taking limit y̌ →∞ on Eq. (33) and applying constraints at G′′ (∞) = γ, we get K2 = −Aγ.
Thus Eqs. (32) and (33) become

(1 − ϕ)−2.5 e−mθ (F′′′ −mθ′F′′) + (1 − ϕ + ρs

ρ f
ϕ)(F′′F − (F′)2 + (a

c
)

2
) = 0, (34)
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(1 − ϕ)−2.5e−mθ (G′′′ −mθ′G′′) + (1 − ϕ + ρs

ρ f
ϕ)(G′′F −G′F′ − Aγ) = 0. (35)

Introducing

G′ ( y̌) = γH ( y̌). (36)

Using Eqs. (36) in (35) and surface conditions in (31)

(1 − ϕ)−2.5 e−mθ (H′′ −mθ′H′) + (1 − ϕ + ρs

ρ f
ϕ)(H′F −HF′ − A) = 0, (37)

H (0) = ωe−mθ(0)

(1 − ϕ)2.5 H′ (0), H′ (∞) = 1. (38)

Ť∗w = [μn f (Ť∗)
∂ǔ∗

∂y̌∗
]

y̌∗=0
, (39)

Q̌∗ω = −ǩn f (
∂Ť∗

∂y̌∗
)

y̌∗=0
. (40)

Prominent system variables such as shearing force and thermal flux at the extended surface in
dimensionless form are

Ťω =
e−mθ(0)

(1 − ϕ)2.5 (x̌F′′ (0) + γH′(0)) , (41)

Q̌ω = −
⎛
⎝

ǩn f

ǩ f

⎞
⎠

θ′ (0). (42)

Stagnation point is given by

x̌ = −γH′ (0)
F′′ (0) . (43)

3 Numerical Solution
The final boundary value problem is represented by a system of three ODEs (ordinary differential

equations) of total order seven: Eq. (34) (third-order normal momentum), Eq. (37) (reduced second-order
tangential momentum), and Eq. (28) (second-order temperature), along with their boundary conditions
from Eq. (31) modified by the replacement conditions in Eq. (38). Solving this system analytically is extremely
challenging, if not entirely unfeasible. Therefore, a computational approach is adopted, using numerical
quadrature (specifically, a shooting algorithm) combined with the robust Runge-Kutta Fehlberg method. The
approximate CPU time for this execution is 10−1 s. Various schemes [41–43] are available to solve fluid flow
problems but this approach can easily handle multi-order ordinary differential boundary value problems
(BVPs) and has been implemented in various studies using different symbolic codes. Its main advantage is
its stability when applied to stiff equations. This method [44] uses an efficient procedure to determine an
appropriate step size of h = 0.0001 for stepping. Two different approximations are made for the solution and
compared, with the step size being considered acceptable if the results are in strong agreement.
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Otherwise, the process is repeated with a smaller step size. Following six values are required in each
step:

I1 = h f (tk , yk),

I2 = h f (tk +
1
4

h, yk +
1
4

I1),

I3 = h f (tk +
3
8

h, yk +
3
32

I1 +
9
32

I2),

I4 = h f (tk +
12
13

h, yk +
1932
2197

I1 −
7200
2197

I2 +
7296
2197

I3),

I5 = h f (tk + h, yk +
439
216

I1 − 8l2 +
3680
513

I3 −
845
4104

I4),

I6 = h f (tk +
1
2

h, yk −
8

27
I1 + 2I2 −

3544
2565

I3 +
1859
4104

I4 −
11
40

I5) .

Using RK 4th order scheme, the I.V.P is approximated as

yk+1 = yk +
25
216

I1 +
1408
2565

I3 +
2197
4104

I4 −
1
5

I5. (44)

By applying the following substitutions in Eqs. (25), (27), and (30), the final system of three coupled
ordinary differential equations of total order seven, along with the modified boundary conditions in (26)
and (31), is obtained.

⎛
⎜
⎝

F
F′
F′′

⎞
⎟
⎠
=
⎛
⎜
⎝

y1
y′1 = y2
y′2 = y3

⎞
⎟
⎠

,

⎛
⎜⎜⎜⎜
⎝

H
H′
θ
θ′

⎞
⎟⎟⎟⎟
⎠

=

⎛
⎜⎜⎜⎜
⎝

y4
y′4 = y5
y′5 = y6

y
′

6 = y7

⎞
⎟⎟⎟⎟
⎠

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭

. (45)

The following system of differential equations, which defines the transformed three flow variables (the
two linear velocity components and temperature), is then derived:

⎛
⎜
⎝

y′3
y′5
y′7

⎞
⎟
⎠
=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜
⎝

my7 y3 − ξem y6 (y1 y3 − y2
2 + ( a

c )
2)

my7 y5 − ξem y6 (y1 y5 − y2 y4 − A)

−Pr (
k f

kn f
)
⎛
⎜
⎝

1 − ϕ +
(ρcp̂)s

(ρcp̂) f

ϕ
⎞
⎟
⎠

y1 y7

⎞
⎟⎟⎟⎟⎟⎟⎟⎟
⎠

, (46)

where ξ = (1 − ϕ + ρs
ρ f

ϕ) (1 − ϕ)2.5 , the finalized numerical boundary conditions become

y1 = 0, y2 = 1, y3 = b1, y4 = 0, y5 = b2, y6 = 1, y7 = b3 at 0. (47)

Here b1 , b2, and b3 are initial guesses for the shooting parameters, which are then refined using Newton-
Raphson’s method for each set of parameter values based on the specified free stream conditions.
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4 Results and Discussion
The primary goal of this study is to assess the thermal performance of a nanofluid (GO-Blood) under

the influence of different factors, including the shape factor of nanoparticles and the temperature-dependent
viscosity parameter, stretching ratio parameter and velocity slip parameter. The nanofluid is composed of
Graphene oxide dispersed in a base liquid blood. The study examines how the enhanced thermal (physical)
properties of the nanofluid influence the velocity and temperature distributions within the fluid, as well as
the friction drag coefficient and heat transfer rate. The graphical results achieved by the numerical scheme
are presented through Figs. 2 to 18. Nanoparticle concentration is considered 5%, and Prandtl number of
blood is taken Pr = 21. Fig. 2 depicts the normal component of velocity for different shapes of graphene
oxide nanoparticles. Graphical outcomes revealed that the highest velocity is achieved for spherical shape,
whereas it is the minimum for platelet shape. The shape factor indicates that platelet shape has higher thermal
conductivity than spherical shape. The reason behind this trend is that nanoparticles with lower thermal
conductivity impede heat transfer, resulting in thicker thermal boundary layers and requiring a higher
normal velocity to overcome the added resistance. On the other hand, nanoparticles with higher thermal
conductivity enhance heat dissipation, this results in thinner thermal boundary layer and a lower normal
velocity. Fig. 3 is plotted to study the influence of nanoparticles shapes upon tangential component of oblique
blood based nanofluid flow. An opposite trend of H′(y) under the influence of shape factor can be witnessed
closer to the surface, conversely away from the surface it has same behavior as F′(y). The tangential velocity
refers to the flow component that runs parallel to the surface. It is primarily affected by the shear stress at the
wall and the frictional resistance within the boundary layer. The shape of the nanoparticles plays a key role
in influencing the flow resistance in this direction as well. Platelet shape nanoparticles generate less shear
stresses at the surface, which leads to lesser frictional resistance in the tangential direction. This decreases the
resistance to tangential flow and results in a higher tangential velocity. Fig. 4 represents the effect of shapes
of nanoparticles on temperature distribution within the nanofluid flow. It is very obvious that temperature
tends to boost for platelet shape nanoparticles due to higher thermal conductivity on the other hand the
lowest distribution is observed for spherical shape because of lowest thermal conductivity.

Figure 2: F‘(y) vs. different shapes of nanoparticles Figure 3: H‘(y) vs. different shapes of nanoparticles
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Figure 4: θ(y) vs. different shapes of nanoparticles Figure 5: F‘(y) vs. slip parameter ω

Figure 6: H‘(y) vs. slip parameter ω Figure 7: θ(y) vs. slip parameter ω
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Figure 8: F′(y) vs. viscosity parameter m Figure 9: H′(y) vs. viscosity parameter m

Figure 10: θ(y) vs. viscosity parameter m Figure 11: F′ (y) vs. nanoparticles volume fraction(ϕ)
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Figure 12: H′ (y) vs. nanoparticles volume fraction(ϕ) Figure 13: θ (y) vs. nanoparticles volume fraction (ϕ)

Figure 14: F′(y) vs. stretching ratio parameter B Figure 15: H′(y) vs. stretching ratio parameter B
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Figure 16: θ (y) vs. stretching ratio parameter B Figure 17: Impact of various shapes of nanoparticles on
thermal conductivity of nanofluid

Figure 18: Heat transfer rate when varying the nanoparticles shapes

Figs. 5 and 6 are presented to examine the effect of the velocity slip parameter on both velocity profiles.
The graphs indicate that an increase in the slip parameter ωleads to a decrease in both velocity profiles,
F′(y) and H′(y). The velocity slip parameter represents the difference in velocity between the fluid and
the solid surface at the boundary, enabling a “slip” effect at the surface. This slip occurs when the no-slip
condition, which assumes the fluid velocity at the surface is zero, is relaxed. Typically, the slip velocity is
modeled as being proportional to the velocity gradient at the boundary. The velocity slip parameter affects
both the perpendicular and longitudinal velocity profiles of non-aligned flow towards the stagnation point
by modifying the interaction between the fluid and the surface, as well as the overall flow resistance. As
the velocity slip parameter increases, the resistance to normal flow near the surface decreases, and the fluid
is able to slip more easily. This results in reduced viscous drag in the normal direction. Consequently, the
normal velocity decreases because the fluid no longer needs to accelerate as much in the normal direction
to overcome wall resistance. The tangential velocity, which is the flow component parallel to the surface, is
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influenced by the shear stress at the surface. The velocity slip parameter affects the shear stress, which in turn
impacts the tangential velocity and reducing the need for the fluid to accelerate as much in the tangential
direction. Fig. 7 shows that increase in slip coefficient enhances the temperature distribution θ(y). As the
slip parameter increases, the fluid near the surface can move more freely, reducing the energy needed to
overcome frictional forces. This allows for more efficient heat transport rate from the surface to the fluid. As
a result, the heat transfer rate increases, leading to a rise in the temperature of the fluid close to the surface.

Figs. 8 and 9 are plotted to inspect the influence of viscosity variation parameter m upon normal F′(y)
and tangential velocity H′(y) outlines. It can be seen that F′(y) declines, on the other hand H′(y) increases
with m. When viscosity decreases, the fluid near the surface can accelerate more easily. In oblique stagnation
point flow, the normal velocity contributes to the component of the flow directed towards the surface. As
viscosity lowers, the velocity gradients near the surface become less steep, allowing the fluid to adjust more
quickly to the no-slip boundary condition. This results in a reduction in the normal velocity component near
the surface. The tangential velocity, which is parallel to the surface, is less directly influenced by the no-slip
condition (it doesn’t have to be zero at the surface, though it typically decreases there). With lower viscosity,
the fluid faces less resistance to shear stress, enabling the tangential velocity to increase near the surface.
Furthermore, as the normal velocity decreases, the tangential velocity compensates by increasing in order
to maintain the overall momentum balance in the flow. This leads to an increase in the tangential velocity
profile near the surface.

Fig. 10 shows that growing values of m augments the thermal distribution within the nanofluid flux. As
the viscosity parameter upsurges, the fluid encounters less resistance to flow, causing the velocity boundary
layer to become thinner. This facilitates more efficient heat transport from the surface to the fluid. As a result,
the increased heat transfer raises the local temperature within the thermal boundary layer, leading to a higher
temperature profile near the surface. Figs. 11 and 12 reveal that nanoparticles volume fraction has increasing
trend on normal velocity profile, similarly it has the same trend on circumferential velocity adjacent to the
surface but distant from the surface this trend reverses. A rise in nanoparticle’s volume fraction results in
higher perpendicular and longitudinal velocity profiles in oblique flows, driven by several factors.

These include enhanced heat transfer, improved momentum transfer by the nanoparticles, possible
reductions in flow resistance (depending on changes in viscosity), and alterations to the boundary layer
thickness. Together, these effects facilitate more efficient fluid motion, leading to an increase in both velocity
components near the surface. Fig. 13 is indicating in increasing trend in temperature distribution with
respect to nanoparticles volume fraction ϕ. It is because of the rise in thermal conductivity for higher
value of ϕ. Figs. 14 and 15 are generated to focus on impact of stretching ratio constant B = a

c upon flow
characteristics, which is the ratio of free stream constant a to the stretching surface constant c. Increase in
B indicates higher free stream straining velocity as compare to the velocity of stretching surface. This trend
causes the enhancement in both of the velocity outlines F′(y) and H′(y). Fig. 16 Increasing the stretching
parameter leads to a reduction in temperature due to enhanced nanofluid velocity which consequently
declines the temperature distribution. Table 3 is presented to study the how the nanoparticle volume fraction
of different shapes influences the thermal conductivity. It is evident that blade shape nanoparticles have
highest thermal conductivity that increases rapidly w.r.t ϕ, whereas lowest conductivity is achieved with
spherical shape. This behavior is graphically shown through Fig. 17. Fig. 18 is depicting a direct relationship
between heat flux and nanoparticles shape and slip paramter. It is observed that heat transport rate grows with
slip parameter and maximum heat flux is gained with blade shape due to its highest thermal conductivity.
In Figs. 19 and 20, normal skin friction has increasing trend with respect to slip parameter and the decreasing
with respect to GO volume fraction. Tangential Skin friction has opposite trend to the normal skin friction.
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It is also noted that perpendicular drag component declines and longitudinal component rises with higher
values of GO nanoparticles.

Table 3: Effective thermal conductivity of nanofluid w.r.t various nanoparticle shapes

n/ϕ 0.01 0.02 0.03 0.04 0.05
3.7 (Brick) 0.5192950272 0.5481475219 0.5786947042 0.6110904006 0.6455076363
8.6 (Blade) 0.5728610017 0.6682015055 0.7822931583 0.9212711176 1.094274647

4.8 (Cylinder) 0.5308499466 0.5728937104 0.6185420156 0.6682791645 0.7226802893
5.7 (Platelet) 0.5405003090 0.5940295453 0.6534126403 0.7196653873 0.7940530299
3 (Spherical) 0.5120755849 0.5329873950 0.5547887903 0.5775377682 0.6012974803

Figure 19: Normal component of skin friction for (ϕ)

Figure 20: Tangential component of skin friction for (ϕ)

The normal skin friction coefficient represents the resistance the fluid experiences in the direction
perpendicular to the surface at the stagnation point. As the nanoparticle volume fraction rises, the fluid’s
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effective viscosity increases, which tends to lessen the velocity gradients near the surface in the normal
direction. This increased viscosity results in a smoother transition in velocity perpendicular to the surface,
thereby reducing the resistance in the normal direction. Tangential skin friction refers to the resistance in
the direction parallel to the surface. As the nanoparticle concentration increases, the fluid’s viscosity rises,
which can enhance the shear stress near the surface. Higher viscosity generally results in a thicker boundary
layer, leading to greater tangential friction, as the fluid’s velocity within the boundary layer encounters more
resistance. Streamline patterns for stretching ratio parameter B and viscosity parameter m with obliqueness
parameter γ = 1 are presented through Figs. 21 and 22. Streamlines for smaller stretching ratio parameter are
more tilted towards left as compare to streamlines for higher stretching ratio constant. Similarly streamline
of nanofluid with variable viscosity are more oblique towards left than streamlines with constant viscosity.

Figure 21: Streamlines for stretching ratio constant B

Figure 22: Streamlines for constant and variable viscosity
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5 Concluding Remarks
A blood-based non-aligned stagnation point flow with graphene oxide nanoparticles has been studied

under the influence of various shapes of nanoparticles. The numerical outcomes of the governing equations
are:

• The normal velocity profile is showing maximum velocity with spherical and the minimum velocity with
platelet shape of nanoparticles. H′(y) is increasing near the surface and is showing the same behavior
as normal velocity away from the surface.

• Maximum temperature distribution is achieved with blade shape. It is also seen that the temperature
profile enhanced significantly by increasing nanoparticle volume fraction from 1% to 9%.

• The effects of increasing the slip parameter ω on fluid dynamics. As ω rises, the velocity distribution
F′(y) shows a decline due to surged viscosity, resulting in stagnation flow deceleration. Similarly, the
oblique velocity component H′(y) declines with higher ω. Additionally, heightened slip parameters lead
to increased opposition between the interface and fluid, causing an augmentation in heat interface layer
thickness and heat transfer θ(y).

• Variable viscosity varies directly with viscous fluid and inversely with normal velocity. H′(y) decreases
near the surface when variable viscosity increases and vice versa, where m is proportional to the
difference between temperatures. An increase in m indicates an increase in temperature.

• Nanoparticle volume fraction has an increasing effect on heat flux, and the highest thermal conductivity
is achieved for blade-shaped nanoparticles.

• The normal drag coefficient has an increasing trend and the longitudinal friction coefficient has a
decreasing trend with respect to the slip parameter.

• Streamline patterns are more inclined towards left for the stretching ratio parameter B = 0.7, similarly
for the case of variable viscosity m = 0.5 same behavior is observed.

While this study offers important insights into heat transfer enhancement in blood-based oblique
nanofluid flow by varying nanoparticle shapes and fluid viscosity concerning temperature, exploring the
effects of unsteady (time-dependent) nanofluid flow under the assumptions made in this study would be an
intriguing direction for future research.
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Nomenclature
ǔ x̂-Component of velocity (m.s−1)
v̌ ŷ-Component of velocity (m.s−1)
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Ť Temperature (K)
Ť∞ Ambient temperature (K)
Ťw Wall temperature (K)
d Viscosity variation exponent
m Variable viscosity parameter
p̌ Pressure (N.m−2)
x̌ Cartesian coordinates along the stretching surface (m)
y̌ Cartesian coordinates normal to stretching surface (m)
cp̌ Specific heat (J.kg−1 .K−1)
k Thermal conductivity (W.m−1 .K−1)
Pr Prandtl number

Greek Symbols
ϕ Solid volume fraction of nanoparticles
μ0 Reference viscosity (kg.m−1 .s−1)
ν Kinematics viscosity (m2.s−1)
ρ Density (kg.m−3)
α Thermal diffusivity (m2.s−1)
γ Obliqueness of the flow
μ Dynamic viscosity (kg.m−1 .s−1)
ω Velocity slip parameter

Subscripts
f Base fluid
s Nanoparticles
n f Nanofluid
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