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ABSTRACT

Motivated by the widespread applications of nanofluids, a nanofluid model is proposed which focuses on uniform
magnetohydrodynamic (MHD) boundary layer flow over a non-linear stretching sheet, incorporating the Casson
model for blood-based nanofluid while accounting for viscous and Ohmic dissipation effects under the cases
of Constant Surface Temperature (CST) and Prescribed Surface Temperature (PST). The study employs a two-
phase model for the nanofluid, coupled with thermophoresis and Brownian motion, to analyze the effects of
key fluid parameters such as thermophoresis, Brownian motion, slip velocity, Schmidt number, Eckert number,
magnetic parameter, and non-linear stretching parameter on the velocity, concentration, and temperature profiles
of the nanofluid. The proposed model is novel as it simultaneously considers the impact of thermophoresis and
Brownian motion, along with Ohmic and viscous dissipation effects, in both CST and PST scenarios for blood-based
Casson nanofluid. The numerical technique built into MATLAB’s bvp4c module is utilized to solve the governing
system of coupled differential equations, revealing that the concentration of nanoparticles decreases with increasing
thermophoresis and Brownian motion parameters while the temperature of the nanofluid increases. Additionally, a
higher Eckert number is found to reduce the nanofluid temperature. A comparative analysis between CST and PST
scenarios is also undertaken, which highlights the significant influence of these factors on the fluid’s characteristics.
The findings have potential applications in biomedical processes to enhance fluid velocity and heat transfer rates,
ultimately improving patient outcomes.
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Nomenclature

Fw Suction parameter (-)
ςp Slip parameter (-)
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η Scaled similarity parameter (-)
φ Scaled concentration (-)
θ Dimensionless temperature (-)
μ Fluid viscosity coefficient (kgm/s)
τ Cauchy stress tensor (N/m2)
ν Dynamic fluid viscosity (N/s2)
ρf Density of fluid (kg/m3)
ρp Density of nanofluid (kg/m3)
α Thermal diffusivity (m2/s)
(ρc)p Thermal capacitance of nanofluid (J/K)
cf Thermal capacitance of fluid (J/K)
cf Drag coefficient (-)
κ Heat transfer coefficient (W/m2K)
C∞ Local nanoparticles volume ratio (mol/m3)
T∞ Temperature far away from sheet (K)
DT Heat-induced migration coefficient (-)
DB Particle diffusivity (-)
f Dimensionless potential function (-)
uw Deformation velocity of sheet (m/s)
Tw Uniform temperature across stretching sheet (K)
Cw Nanoparticle abundance on stretched surface (mol/m3)
a, d Constants (-)
r Parameter of surface temperature (-)
Shx Local Sherwood number (-)
Nux Local Nusselt number (-)
Cf Local skin friction coefficient (-)
Nt Thermal migration coefficient (-)
Nb Brownian diffusion coefficient (-)
Sc Mass transport number (-)
Ec Thermal efficiency index (-)
M Magnetic flux density (-)
Pr Prandtl number (-)
p Pressure of the fluid (kg/ms2)
β Casson fluid component (-)
T Fluid thermal state (K)
u, v Transverse and longitudinal velocity (m/s)
qw Local thermal energy transfer (J/s)
qm Local mass transport rate (m/s)
τw Wall shear stress (N/m2)

1 Introduction

Blood flow is the dynamic movement of blood throughout the circulatory system, vital for supply-
ing nutrients and oxygen to tissues and organs while removing byproducts [1]. However, disruptions
in blood flow can lead to a range of associated diseases and health complications. Conditions such
as hypertension, atherosclerosis, and thrombosis can impair blood flow by narrowing blood vessels,
increasing clot formation, or raising blood pressure [2]. These diseases can have serious consequences,
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including heart attacks, strokes, and organ damage. Thus, maintaining proper control over blood flow
is crucial for overall health and well-being. Control mechanisms, such as regulation of blood pressure,
vascular tone, and clotting factors, play a pivotal role in ensuring ample blood perfusion to fulfill the
body’s metabolic needs. A better understanding of blood flow control is essential for preventing and
managing cardiovascular diseases and optimizing health outcomes [3]. Additionally, advancements in
medical technology and therapies aimed at improving blood flow regulation continue to be a focus of
research and clinical practice. The Casson fluid model [4] is a rheological model commonly used to
describe the fluidic behavior of multiphase fluids, particularly those with non-Newtonian character-
istics. This model extends beyond the simple Newtonian fluid model by considering the presence of
yield stress below which the fluid does not flow. Instead, it behaves like a solid until a certain threshold
of stress is exceeded, at which point it transitions to a fluid-like behavior with a constant viscosity. The
Casson fluid model is particularly useful in describing the flow of materials such as paints, gels, and
biological fluids like blood, which exhibit non-Newtonian behavior. Blood is regarded as a Casson
fluid due to its unique rheological properties [5]. Unlike simple Newtonian fluids, blood displays a
nonlinear relationship between shear stress and shear rate, with its viscosity varying depending on
factors such as shear rate, temperature, and hematocrit levels. Additionally, blood exhibits a yield
stress, requiring a certain amount of force to initiate flow. Below this threshold, blood behaves as a
non-flowing, structured fluid akin to a solid, while above it, it flows as a viscous liquid. This behavior is
crucial for understanding blood flow dynamics in the circulatory system, where the Casson fluid model
provides a more accurate representation compared to traditional Newtonian models. By regarding
blood as a Casson fluid, researchers and clinicians can better interpret hemodynamic parameters,
design medical devices, and develop computational models to simulate blood flow in health and disease
[6]. On the other hand, nanotechnology, a cutting-edge field at the intersection of science, engineering,
and technology, focuses on the manipulation of matter at the nanoscale, typically ranging from 1 to
100 nanometers. Its importance lies in its potential to revolutionize various industries and address
pressing global challenges. Mauter et al. [7] and Wiek et al. [8] discussed the role of nanotechnology
in global challenges for sustainable development. In medicine, nanotechnology offers promising
avenues for targeted drug delivery, early disease detection, and precise imaging techniques, thus
improving treatment efficacy while minimizing side effects [9]. Qi et al. [10] conducted an experimental
investigation focusing on nanofluids’ flow behavior and heat transfer properties within double-
tube heat exchangers, emphasizing thermal efficiency. Nanostructured particles, when engineered
appropriately and dispersed in blood, can modulate various aspects of blood flow, including viscosity,
rheology, and clotting behavior. Moreover, nanofluids containing functionalized nanoparticles can be
advanced contrast agents for medical imaging techniques [11], enabling high-resolution visualization
of blood vessels and tissue perfusion.

Brownian motion and thermophoresis effects play crucial roles in the behavior of nanoparticles
within blood flow, presenting both challenges and opportunities in biomedical applications [12].
Brownian motion [13] refers to the random motion of particles suspended in a fluid due to collisions
with surrounding molecules. In blood flow, nanoparticles experience Brownian motion, which affects
their dispersion, distribution, and interaction with cells and tissues. Thermophoresis [14], on the other
hand, is the migration of particles in response to temperature gradients within a fluid. In blood flow,
thermophoresis effects can arise due to variations in temperature along blood vessels, influencing
the movement of nanoparticles. Understanding and controlling these phenomena is essential for
designing effective nanoparticle-based therapies and diagnostic tools. The importance of considering
Brownian motion and thermophoresis effects lies in their impact on the targeting, delivery, and
retention of nanoparticles in specific tissues or organs [15]. Zuberi et al. [16] investigated the effect
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of Brownian motion and thermophoresis on blood-based Casson nanofluid. Researchers can develop
nanoparticle formulations with enhanced circulation times, improved targeting efficiency, and reduced
off-target effects, thereby advancing precision medicine and personalized healthcare by utilizing
these effects. Recently, Madhura et al. [17] conducted a numerical study on magnetohydrodynamics
(MHD) Carreau nanofluid with thermophoresis and Brownian motion effects. In blood flow with
nanoparticles, viscous and Ohmic dissipation effects [18] play significant roles, impacting the overall
dynamics and efficiency of circulation. Viscous dissipation occurs due to the internal friction between
blood components and the vessel walls as the fluid moves, leading to the conversion of mechanical
energy into heat. Tang et al. [19] investigated the characteristics of blood flow using Au-nanofluid in
a stenotic artery with porous walls and accounting for the viscous dissipation effect. This dissipation
affects the flow velocity profile, pressure distribution, and energy expenditure within the circulatory
system. On the other hand, Ohmic dissipation arises from the electrical resistance encountered by
nanoparticles in blood, particularly metallic nanoparticles, when exposed to electromagnetic fields
or currents [20]. These effects contribute to the heating of nanoparticles, potentially influencing
their behavior, distribution, and therapeutic efficacy. The understanding and quantification of these
dissipation mechanisms are essential for optimizing nanoparticle-based therapies and diagnostic
techniques in blood flow applications. Under Ohmic heating, Yusuf explored the study of entropy
generation for the convective flow of unsteady MHD flow over a vertical stretching sheet [21].
Siddiqui et al. [22] explored the film flow of nano-micropolar fluids, taking into account dissipation
effects. By undertaking viscous and Ohmic dissipation effects, researchers can refine nanoparticle
formulations, design efficient delivery strategies, and enhance treatment outcomes while minimizing
unwanted side effects, thereby advancing precision medicine and personalized healthcare [23,24].

Fluid flow over-stretching sheets represent a class of fundamental problems in fluid mechanics
with diverse applications in engineering and industrial processes. These problems involve the study of
flow dynamics over a solid surface that is continuously stretched or contracted [25,26]. Cortell [27]
investigated the 2-dimensional boundary layer flow of Newtonian fluid across a stretching surface, a
pioneering inquiry that spurred considerable attention toward the flow of fluid on stretching surfaces.
Researchers such as Alahmadi et al. [28], Raza et al. [29], Pandey et al. [30], and Boujelbene et al. [31]
have explored various theoretical and computational models to elucidate slip flow phenomena. An
interesting study conducted by Reddy et al. [32] is the “Computational investigation of chemical
reaction and thermal diffusion Brinkman flow over an oscillating absorbent plate.” The modeling
of blood flow over-stretching sheets enables researchers to gain valuable insights into the mechanics
of cardiovascular conditions such as atherosclerosis, aneurysms, and arterial stenosis.

The investigation of blood flow over a stretching sheet with constant surface temperature
or particular surface temperature, particularly in the presence of nanoparticles, holds significant
importance in biomedical engineering and healthcare applications [33]. A better understanding of
behavior of blood over such surfaces under different temperature conditions is crucial for optimizing
various medical procedures and devices. For instance, in hyperthermia treatments for cancer therapy,
maintaining a constant surface temperature on the stretching sheet can help precisely control the
heating of nanoparticles within the blood, enhancing the effectiveness of localized tumor treatment
while minimizing damage to healthy tissues [34–36]. Similarly, in diagnostic applications such as
thermal imaging for detecting vascular abnormalities, controlling the surface temperature of the
stretching sheet enables accurate interpretation of temperature distributions within the blood vessels,
aiding in the early detection of diseases. Yazdi et al. [37] and Sk et al. [38] have explored the slip
flow and heat transfer over non-linear permeable stretching surfaces, considering chemical reactions
and magnetic field. These investigations have revealed that the slip velocity and temperature profiles
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are significantly influenced by the stretching parameter, chemical reaction rate, and magnetic field
strength. Further, numerical investigations by Rana et al. [39] and Qayyum et al. [40] have been
conducted to examine the flow and heat transfer of nanofluids over nonlinearly stretching sheets.
These studies have demonstrated that the nanofluid velocity and temperature profiles are influenced by
the stretching parameter, nanoparticle volume fraction, and viscous dissipation. Chaudhary et al. [41]
have investigated the MHD blood-nanofluid flow through non-linearly stretched sheet, taking into
account heat generation and permeable media. The heat transfer analysis of Radiative-Marangoni
convective flow in nanofluids has been examined by Zari et al. [42] considering Lorentz force and
porosity effect. Recently, Hou et al. [43] investigated the application of a hybrid model and ferrofluids
in fluid flow and heat transfer using the finite element method. Makkar et al. [44] numerically
investigated the MHD flow of fluid with double diffusive effects along with Ohmic and viscous
dissipation. The impact of Brownian motion and thermophoresis for thermal and chemically reacting
nanofluid (Casson) has been explored by Tawade et al. [45]. Researchers can advance the influence
of Brownian motion and thermophoresis for improving drug delivery, ultimately enhancing patient
outcomes [46–49]. The motivation for the current study stems from the critical need to comprehensively
understand the intricate dynamics of blood flow with nanoparticles in physiological conditions. Blood
is a complex non-Newtonian fluid, and incorporating nanoparticles further complicates its behavior.
This pioneering study bridges a critical research gap by meticulously incorporating Ohmic and viscous
dissipation effects in the blood-based Casson nanofluid flow analysis over a non-linearly stretching
surface. The omission of these crucial factors in previous studies has led to a significant knowledge
deficit, as Ohmic dissipation plays a vital role in regulating heat transfer processes. In contrast, viscous
dissipation influences the fluid’s rheological behavior, thereby affecting the overall dynamics of blood
flow. By accounting for these effects, this study provides a more comprehensive understanding of
the complex interactions between nanoparticles and blood, ultimately enabling the optimization of
nanoparticle-based therapies and medical devices. Notably, this investigation exhibits a dual nature,
as it is employed in both Constant Surface Temperature (CST) and Prescribed Surface Temperature
(PST) cases, thereby offering a more nuanced appreciation of the intricate relationships between
temperature, fluid dynamics, and heat transfer in blood-based nanofluids. The novelty of this study
lies in its thorough examination of the interplay between Ohmic and viscous dissipation, Brownian
motion, and thermophoresis in blood-based Casson nanofluids for two different cases of CST and
PST, a topic that has not been explored previously. To the best of our knowledge, no such study has
been conducted yet, making this research a groundbreaking contribution to the field of biomedical
engineering and nanofluid dynamics. The governing partial differential equations are transformed into
nonlinear ordinary differential equations via similarity transformations, enabling numerical solutions
using MATLAB’s bvp4c module. This framework holds promise for regulating heat transfer processes
in designing biomedical devices, targeted drug delivery, treatment of tumors by hyperthermia and
treatment of other diseases.

2 Modeling of Problem

The present study delves into the dynamics of Casson nanofluid flow adjacent to a stretching
sheet, characterized by a velocity profile denoted by ub = axn, where a represents a constant and
the parameter n embodies the non-linear variation in stretching. Flow is analyzed within the upper
half-plane bounded by the x-axis, where the y-coordinate is orthogonal to the stretching surface. The
initiation of Casson nanofluid flow is triggered by the stretching action exerted on the sheet. Fig. 1
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illustrates the geometry of the problem. The Casson nanofluid’s Cauchy stress tensor rheological
equation is given by

τ = τ0 + μγ , (1)

τij = 2

⎧⎪⎪⎨
⎪⎪⎩

eij

(
μB + py√

2π

)
, πC < π

eij

(
μB + py√

2πC

)
, πC > π

. (2)

Figure 1: Physical geometry of the problem

A power-proportional relationship between velocity and the distance of a point from the slit on
the plate is established to approximate the boundary layer flow of the nanofluid. The temperature at
the stretching surface remains constant, as defined by

T = Tb = T∞ + dxr, (3)

where T∞ represents the fluid’s temperature at a very large distance from the surface, d represents the
positive constant and r is the parameter of surface temperature. The distinct values of the parameter
of surface temperature enable the dual nature of the study. The case of CST is obtained using r = 0.
For r > 0, the case of PST befalls [27]. The approximation of the boundary layer under the given
assumptions is dictated by the following differential equations [27,44,45]:

∂u
∂x

+ ∂v
∂y

= 0, (4)

u
∂u
∂x

+ v
∂u
∂y

= ν

(
1 + 1

β

)
∂2u
∂y2

− σB (x)
2

ρ
u, (5)
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[
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∂C
∂y

∂T
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(
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]

+
(

1 + 1
β

)
μ

(ρc)f

(
∂u
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)2
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(ρc)f

u2

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

, (6)

u
∂C
∂x

+ v
∂C
∂y

= (DT/T∞)
∂2C
∂y2

+ DB

∂2C
∂y2

, (7)

under boundary conditions

u = ub + us, v = ±vb, T = Tb, C = Cb when y = 0
u → 0, T → T∞, C → C∞ when y → ∞

}
. (8)

In this context, the vector (u, v, 0) denotes the fluid velocity, where ν symbolizes the kinematic
viscosity, α embodies the thermal diffusivity, β signifies the Casson fluid parameter, and τ =(
(ρc)f /(ρc)p

)−1
delineates the proportionality quotient between the heat capacities intrinsic to the

nanoparticles and those pertinent to the fluid medium. Additionally, ρf designates the density of
the base fluid, C represents the volumetric fraction of nanoparticles, ρp denotes the density of
nanoparticles, DB refers to the Brownian diffusion coefficient, DT represents the Thermophoretic
diffusion coefficient, vb corresponds to suction, and the symbol us represents the slip velocity, which
exhibits direct correlation with the boundary shear stress at the locus y = 0.

us = L
∂u
∂y

∣∣∣∣
y=0

. (9)

Here L is the proportionality constant and is termed as slip length.

η = y

√
a (n + 1)

2v
x

n−1
2 , u = axnf ′ (η)

v = −
√

av (n + 1)

2
x

a−1
2

(
f +

(
n − 1
n + 1

)
ηf ′

)

θ (η) = T − T∞
Tw − T∞

, φ (η) = C − C∞
Cw − C∞

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

, (10)

Non-linear coupled differential equations are formulated based on the boundary layer
Eqs. (5)–(7), yielding the following expressions:(

1 + 1
β

)
f

′′′ + ff
′′ −

(
2n

n + 1

)
f

′2 −
(

2
n + 1

)
Mf ′ = 0, (11)

1
Pr

θ ′′ + f θ ′ −
(

2r
n + 1

)
f ′θ + Nbθ ′φ ′ + Ntθ

′2 +
(

1 + 1
β

)
f

′′2 +
(

2
n + 1

)
MScf

′2 = 0, (12)

φ ′′ + 1
2

Scf φ ′ + Nt
Nb

θ ′′ = 0, (13)
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and boundary conditions in (8) becomes

f = Fw, f ′ = 1 + ζp f ′′, θ = 1, φ = 1 when η = 0
f ′ → 0, θ → 0, φ → 0 when η → ∞

}
. (14)

In this notation, derivatives with respect to η are indicated by primes, where Sc = ν

DB

signifies the

Schmidt number and Pr = v
α

represents the Prandtl number, M = σ (B0)
2

ax(n−1)
constitute the magnetic

parameter, Nt = (ρc)b DT (Tw − T∞)

(ρc)f vT∞
expresses thermal drift coefficient, Nb = (ρc)p DB (Cw − C∞)

(ρc)f r
is

Brownian motion parameter, ζp = l

√
a (n + 1)

2ν
xn−1 is slip parameter and Fw = − vw√

α�−1
∣∣

k(n+1)

2

is suction

parameter and Ec = u2
w

Cp (Tw − T∞)
is Eckert number. Now, introducing the non-linear term as [37]

P (n, x) = xn−1 (n + 1)

2
.

This parameter forces us to find local solution. Reconstructing Fw and ζp in terms of non-linear
term P (n, x) yields fw and ζ free from n and x as follows:

Fw = fw√
P (n, x)

. (15)

Here ζ = l
√

a
y

represents slip parameter and fw = − vw√
ay

represents suction based on P (n, x)

which becomes totally free from n and x. Hence, it is possible to define these parameters (fw and ζ )
in a form that avoids the problems caused by their dependence on n and x. Consequently, by fixing
the x-coordinate values while varying n, the localization of the similarity solution can accurately yield
diverse outcomes for the involved parameters.

Integrating the engineered physical parameters and the variables of interest for analysis—namely,
the Nusselt number, Sherwood number, and skin friction—the designated parameters for the posed
problem are delineated as follows:

Nux = xqw

k (Tw − T∞)

Shx = xqm

DB (Cw − C∞)

Cfx = τw

ρu2
w

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

, (16)
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where

qw = −k (Tw − T∞) x
n−1

2

√
a (n + 1)

2ν
θ ′ (0)

qm = −DB (Cw − C∞) x
n−1

2

√
a (n + 1)

2ν
φ ′ (0)

τw = x
3n−1

2

(
1 + 1

β

)
aμ

√
a (n + 1)

2ν
f ′′

(0)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (17)

These terms represent, respectively, the heat flux localized at a specific point, the mass flux
concentrated in a particular area, and the wall shear stress exerted on the surface of the expanding
sheet. The non-dimensional form of the skin friction, Nusselt number and Sherwood number are
described as follows:

Re1/2
x Cf = f ′′

(0)

Re−1/2
x Nux = −θ ′ (0)

Re1/2
x Shx = φ ′ (0)

⎫⎪⎪⎬
⎪⎪⎭ . (18)

where Re1/2
x is the local Reynold’s number.

3 Solution of the Problem

The analytical solution of the boundary value problem (BVP), as outlined in Eqs. (11)–(13), is
not possible due to high nonlinearity. Therefore, the Eqs. (11)–(13) are first converted to a first-order
system and then executed using the bvp4c module of the computational software MATLAB. The
bvp4c module of MATLAB is a powerful tool for solving boundary value problems (BVPs) arising
from ordinary differential equations (ODEs). This module is based on the collocation method, which is
a well-established technique for solving BVPs. One of the major advantages of the bvp4c module is its
ability to easily handle complex BVPs. It can also solve problems with multiple solutions, singularities,
and discontinuities, making it a versatile tool for a wide range of applications. Additionally, the bvp4c
solver is highly efficient and can solve large-scale problems quickly and accurately. Another significant
advantage of bvp4c is its stability. The solver uses an adaptive mesh refinement strategy, which ensures
that the solution is computed with high accuracy and stability. This is particularly important for
problems that exhibit sensitive dependence on initial conditions or have multiple solutions. The bvp4c
solver is also robust and can handle problems with stiff or oscillatory behavior. In light of its several
advantages, bvp4c module of MATLAB is employed to find the solution of the equations governing
the stated model. To enable solution using bvp4c, Eqs. (11)–(13) are transformed into a system of
first-order differential equations using the suitably defined transformations.

Considering

f = y1, f ′ = y1′ = y2, f ′′ = y2′ = y3, f ′′′ = y3′ ,
θ = y4, θ ′ = y4′ = y5, θ ′′ = y5′ ,
φ = y6, φ ′ = y6′ = y7, φ ′′ = y7′

⎫⎬
⎭ , (19)
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the first-order system becomes

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

y′
1

y′
2

y′
3

y′
4

y′
5

y′
6

y′
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⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

y2

y3

−ff ′′ +
(

2n
n + 1

)
f ′2 +

(
2

n + 1

)
Mf ′

(
1 + 1

β

)
y5

Pr ∗
(

−f θ ′ +
(

2r
n + 1

)
f ′θ − Nbθ ′φ ′ − Ntθ ′2 −

(
1 + 1

β

)
f ′′2 −

(
2

n + 1

)
MScf ′2

)
y7

−1
2

Scf φ ′ − Nt
Nb

θ ′′

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (20)

with boundary conditions

y1 (0) = Fw, y2 (0) = 1 + ζpy3 (0) , y4 (0) = 1, y6 (0) = 1
y2 (∞) = 0, y4 (∞) = 0, y6 (∞) = 0

}
. (21)

The system of first-order differential equations obtained in Eq. (20), along with boundary
conditions in Eq. (21), is utilized within the bvp4c built-in routine, which implements the collocation
technique in MATLAB, facilitating the acquisition of numerical results. Tolerance of numerical values
is taken up to order 10−6. The infinity condition is applied when the velocity, temperature, and
concentration do not significantly vary at a huge but finite value.

4 Numerical Results and Discussion

The current investigation embarks on the numerical resolution of differential Eqs. (11) to (13)
while adhering to the boundary conditions (14). This endeavor employs collocation method inbuilt
in bvp4c module of computational software MATLAB. The investigation encompasses scenarios
involving both Constant Surface Temperature (CST) and Prescribed Surface Temperature (PST) for
comparative analysis. Herein, r = 0 denotes CST while r > 0 indicates PST. The outcomes are
graphically depicted to delineate the impacts of various physical parameters. The ranges of significant
physical parameters necessary for numerical resolution are specified as follows: Casson parameter:
0.2 ≤ β ≤ 0.5, Slip parameter: 0 ≤ ζ ≤ 3, Non-linear stretching parameter: 0.75 ≤ n ≤ 3, Brownian
motion parameter: 0.5 ≤ Nb ≤ 2, Thermophoresis parameter: 0 ≤ Nt ≤ 1.2, Magnetic parameter:
0.8 ≤ M ≤ 1.4, Eckert number: 0 ≤ Ec ≤ 0.3, and Schmidt number: 1.1 ≤ Sc ≤ 2. The values of the
Prandtl number (Pr) and the suction parameter (fw) are maintained at constant levels of 25 and 0.2,
respectively, unless explicitly stated otherwise. Figs. 2–19 encapsulate the intricate interplay of diverse
paramount parameters on the intricate velocity, temperature, and concentration profiles characterizing
the nanofluid, spanning across both Constant Surface Temperature (CST) and Prescribed Surface
Temperature (PST) settings. Specifically, Figs. 2–4 elucidate the multifaceted impact engendered by
slip parameter ς on the velocity, temperature, and concentration of Casson nanofluid, showcasing
distinct responses under both CST and PST conditions. Figs. 5–7 unveil the profound influence of the
non-linear stretching parameter n on the intricate velocity, temperature, and concentration profiles
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of Casson nanofluid, offering insights under both CST and PST settings. Figs. 8–10 delve into the
discernible ramifications triggered by the Casson parameter β on the intricate velocity, temperature,
and concentration distributions, underscoring disparities under both constant and prescribed surface
temperatures. Moreover, the graphical representations captured in Figs. 11–13 meticulously delineate
the nuanced impacts orchestrated by the magnetic parameter M on the intricate velocity, temperature,
and concentration profiles within the realm of stagnant and prescribed surface temperature conditions.
Further insights into the intricate temperature and concentration distributions of Casson nanofluid
under both PST and CST configurations, under the influences of the Brownian motion parameter Nb,
and the Thermophoresis parameter Nt, are elaborated through the graphical depictions in Figs. 14–17.
Furthermore, Figs. 18 and 19 provide a comprehensive exposition of the intricate influences wielded
by the Eckert number Ec and the Schmidt number Sc on the temperature and concentration profiles
of the nanofluid.

Figure 2: Stream-wise velocities corresponding to different values of ζ

Figure 3: Temperature profiles corresponding to different values of slip parameter
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Figure 4: Concentration gradients of nanoparticles corresponding to various configurations of slip
parameter

Figure 5: Stream-wise velocity corresponding to different values of n

Fig. 2 presents a detailed exploration into the intricate ramifications of the slip parameter
on the streamwise velocity characteristics of Casson nanofluid. Spanning across both Prescribed
Surface Temperature (PST) and Constant Surface Temperature (CST) regimes, this graph meticulously
examines the diverse magnitudes of the slip parameter, denoted by ζ . A consistent influence of slip
parameter ζ on the fluid velocity is discerned, irrespective of the prevailing surface temperature
conditions. Notably, higher values of the slip parameter engender a discernible reduction in the velocity
profiles of the nanofluid. This is because the slip parameter represents the degree to which the fluid can
slip along the boundary surface. As the slip parameter increases, the resistance to fluid motion at the
boundary decreases, leading to a reduced velocity gradient at the wall. This reduction in the velocity
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gradient causes a corresponding decrease in the overall velocity of the nanofluid. Furthermore, the
presence of thermophoresis and Brownian motion enhances the random motion of nanoparticles,
which further disrupts the organized flow, leading to an additional decrease in velocity. Fig. 3 delves
into the intricate impact of slip parameter ζ on the temperature profiles of the nanofluid under both
PST and CST scenarios. The graph intricately illustrates the diminishing boundary layer thickness with
the escalating velocity slip parameter ζ , attributed to the thermal jump phenomenon exhibited by fluid
particles, accentuated by the presence of a magnetic field. Consequently, amplifying the velocity slip
parameter heralds a decline in the temperature distribution of nanoparticles, thereby augmenting the
rate of heat transfer and elevating the local Nusselt number. Moreover, the temperature distribution is
observed to be higher under CST conditions than in PST settings. The higher temperature distribution
observed under CST conditions is primarily due to the constant temperature difference that drives
more efficient heat retention within the fluid, leading to a higher overall temperature in the system. The
scrutiny of slip parameter ζ on the concentration profiles of nanofluid is further scrutinized in Fig. 4.
It is perceptible that as the velocity slip parameter (ζ ) experiences an augmentation, the concentration
of nanoparticles at the stretching surface also intensifies, consequently leading to a reduction in the
local Sherwood number. This decrease occurs because the Sherwood number is inversely related to
the concentration gradient at the surface. When nanoparticles accumulate, the gradient becomes less
steep, indicating a lower rate of mass transfer. Additionally, the concentration profiles under Prescribed
Surface Temperature (PST) are more pronounced compared to those observed under Constant Surface
Temperature (CST). Under PST condition, the temperature at the surface varies, which creates a non-
uniform temperature distribution along the surface. This variation leads to a more significant thermal
gradient, influencing the diffusion and convection of nanoparticles differently along the surface. The
variable temperature distribution enhances thermophoretic forces, which drive nanoparticles from
warmer to cooler regions, potentially leading to a higher nanoparticle concentration gradient near the
surface. In Fig. 5, the profound impact of the non-linear stretching parameter n on nanofluid velocity
profiles is meticulously delineated. The presence of the non-linear stretching parameter n engenders
a discernable diminishment in nanofluid velocity owing to supplementary disruptions within various
fluid layers. Consequently, the velocity gradient (f ′ (η)) experiences an augmentation. It is notable
that the velocity remains consistent across both Prescribed Surface Temperature (PST) and Constant
Surface Temperature (CST) scenarios. This consistency is due to the fact that the velocity is not
influenced by the PST parameter r. Fig. 6 sheds light on the intricate influence of the non-linear
stretching parameter n on the temperature distribution of Casson nanofluid. As the non-linearity
of the stretching sheet intensifies, the thickness of the momentum boundary layer experiences a
decrement, thereby expanding the breadth of the thermal boundary layer and elevating the fluid
temperature for increasing values of the non-linear stretching parameter n under PST conditions.
Conversely, under CST conditions, the augmentation in the thickness of the momentum surface layer
concomitant with ascending magnitudes of non-linear stretching parameter engenders a discernible
diminution in temperature, owing to the escalating non-linearity of the stretching parameter. Lastly,
Fig. 7 intricately portrays variations in concentration profiles attributable to non-linear stretching
parameter n for PST and CST scenarios. The depicted concentration profiles suggest an upward trend
in nanofluid concentration with increasing non-linearity of the stretching parameter. This is because,
with high stretching rate, the boundary layer becomes thin which becomes less effective in dispersal
of nanoparticles resulting in higher concentration. However, concentration profiles are observed to be
higher for PST compared to CST, primarily due to the more pronounced suction effect under CST
condition. These variations in velocity, temperature and concentration due to the different parameters
can be utilized in designing microfluidic devices for blood-based diagnostics, where precise control of
fluid flow is necessary for accurate measurements and analyses.
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Figure 6: Profiles of temperature corresponding to different values of n

Figure 7: Profiles of concentration corresponding to different values of n

Fig. 8 provides a comprehensive elucidation of the profound influence wielded by the Casson
parameter β on the velocity profiles of nanofluid, meticulously considering both Constant Surface
Temperature (CST) and Prescribed Surface Temperature (PST) scenarios. A discernible correlation
emerges, wherein heightened values of the Casson fluid parameter β correspond with a notable
reduction in the velocity profile. This graphical representation effectively illustrates how augmenting
the Casson fluid parameter β precipitates a decrement in the yield stress, thus impeding the unimpeded
motion of fluid particles and subsequently diminishing the boundary layer thickness. Consequently,
fluid velocity undergoes a discernible reduction, consequently resulting in a decline in the skin friction
coefficient. The marginal disparity observed between PST and CST scenarios concerning the effect of
the Casson parameter on nanofluid velocity is inconsequential. This is because, in both the cases of
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PST and CST, the primary role of the Casson parameter is to alter the viscosity and flow resistance
of the nanofluid, affecting how easily the fluid can move. Since this effect is intrinsic to the fluid’s
properties and is not directly impacted by the thermal boundary conditions, the velocity profiles
exhibit only a marginal difference between the two cases. In Fig. 9, a meticulous examination unfolds
the ramifications of the Casson parameter β on temperature distribution under both prescribed and
constant surface temperature regimes. Notably, a decreasing trend is observed where the temperature
registers lower values under PST than CST for a given value β. Furthermore, this graph effectively
illustrates that augmentation in the value of the Casson parameter β precipitates a reduction in
velocity, consequently diminishing the rate of thermal transfer and ultimately lowering the fluid
temperature. Therefore, as the Casson fluid parameter β experiences an increase, the fluid temperature
undergoes a subsequent decrease.

Figure 8: Profiles for velocity corresponding to different values of β

Figure 9: Profiles for temperature corresponding to different values of β
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Figure 10: Profiles for nanoparticle concentration corresponding to different values of β

Figure 11: Profiles for velocity corresponding to different values of M

The scrutiny of the Casson fluid parameter β on nanoparticle concentration profiles is encap-
sulated in Fig. 10. Herein, it is discerned that an augmentation in the Casson fluid parameter β

amplifies the viscous behavior inherent in fluid flow, consequently augmenting the concentration of
nanoparticles due to the prevalence of this dominant viscous nature. This influence manifests more
prominently in the case of uniform flow. Additionally, viscosity assumes greater significance in the
scenario of prescribed surface temperature compared to constant surface temperature, thus resulting
in lower nanoparticle concentration values for constant surface temperature for identical β values.
The main reason for this consequence is temperature-dependent nature of viscosity. The variations in
temperature under PST condition causes non-uniform changes in viscosity across the surface, affecting
the flow behavior and nanoparticle distribution. In areas where the surface temperature is higher,
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reduced viscosity enhances the fluid flow, facilitating the dispersion and movement of nanoparticles.
Fig. 11 delineates the influence of the magnetic parameter on the velocity profiles of the Casson
nanofluid. It is elucidated that the presence of the magnetic parameter M imposes constraints on
the unimpeded motion of fluid particles owing to the generation of the Lorentz force induced by the
magnetic field. This magnetic behavior can be harnessed to regulate the blood flow.

Figure 12: Profiles for temperature corresponding to different values of M

Figure 13: Profiles for nanoparticle concentration corresponding to different values of M

The decrement in velocity distribution is thus attributed to an escalation in the value of the mag-
netic parameter M because of the increased effect of Lorentz force. Notably, no substantial disparity
is observed in velocity profiles between CST and PST scenarios. The lack of substantial disparity in
velocity profiles between CST and PST scenarios with increasing magnetic parameters is due to the
fact that the influence of Lorentz force on flow resistance is independent of the thermal boundary
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conditions. In Fig. 12, temperature profiles for various values of magnetic parameters are meticulously
illustrated for both CST and PST scenarios. As the magnetic parameter M undergoes an escalation,
the velocity profile diminishes owing to the generation of the Lorentz force, intensifying the boundary
width and heat transportation rate and ultimately elevating the fluid temperature. This Lorentz force is
observed to be more pronounced in the case of CST than PST, thus yielding higher temperature profiles
for CST settings. The Lorentz force is more pronounced in the case of CST because the consistent
surface temperature creates a stable and uniform interaction between the magnetic field and the fluid,
leading to a more pronounced magnetic drag force. This stability allows the Lorentz force to have a
more significant and consistent impact on the fluid flow than the variable conditions in PST. Fig. 13
intricately elucidates the ramifications of the magnetic parameter M on the concentration profiles of
the nanofluid. Herein, as the magnetic parameter M experiences an augmentation, the mass transfer
rate escalates, consequently leading to a decline in nanoparticle concentration. Concentration profiles
exhibit higher values for prescribed surface temperatures compared to constant surface temperatures,
which can be attributed to the localized heating and reduced convective transport, ultimately resulting
in higher nanoparticle concentration.

Figure 14: Profiles of temperature corresponding to different values of Nb

Fig. 14 meticulously elucidates the intricate repercussions of Brownian motion parameter Nb
on the temperature profiles of the nanofluid, under both Constant Surface Temperature (CST)
and Prescribed Surface Temperature (PST) conditions. The Brownian motion parameter manifests a
positive effect on the temperature profiles, indicating a surge in temperature with escalating values
of Nb. This phenomenon arises from the collisions between suspended nanoparticles, inducing
Brownian motion, which augments the width of the boundary layer and consequently elevates the fluid
temperature for larger Brownian motion parameter values. This, in turn, precipitates a decrement in the
local Nusselt number. It is noteworthy that the Brownian motion parameter has a more pronounced
effect under Constant Surface Temperature (CST) condition as compared to Prescribed Surface
Temperature (PST) conditions. This is because, under Constant Surface Temperature (CST) condition,
the temperature remains uniform, leading to a consistent thermal environment that enhances the effect
of Brownian motion throughout the fluid. In contrast, the Prescribed Surface Temperature (PST)
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condition involves variable temperature, which disrupts the uniform influence of Brownian motion
and reduces its overall impact.

Figure 15: Nanoparticle concentration profiles corresponding to different values of Nb

Figure 16: Profiles of temperature corresponding to different values of Nt

In Fig. 15, a meticulous examination analyzes how the Brownian motion parameter Nb influences
the concentration profiles. The augmentation in Brownian motion parameter values precipitates high-
speed collisions between fluid particles and nanoparticles, culminating in a reduction in concentration
profiles. The influence of the Brownian motion parameter remains consistent across both PST
and CST scenarios. The reason for the consistent influence of the Brownian motion parameter
on concentration profiles across both Prescribed Surface Temperature (PST) and Constant Surface
Temperature (CST) scenarios can be attributed to the dependence of Brownian motion on the thermal
energy of the nanoparticles, which affects their random movement. Since this random motion results
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from the nanoparticle’s thermal energy and is relatively independent of the specific thermal boundary
conditions at the surface, its effect on concentration profiles remains similar in both PST and CST
settings. Fig. 16 delves into the impact of the thermophoresis parameter Nt on fluid temperature.
Elevated values of the thermophoresis parameter herald a diminution in nanoparticle conduction,
subsequently dampening the temperature gradient. This engenders an expansion in the width of
the boundary layer, prompting ultrafine nanoparticles to migrate from hotter to cooler regions,
thereby elevating the temperature profiles. This effect is observed to be more accentuated under
constant surface temperature conditions compared to prescribed surface temperature conditions. This
is because varying temperatures in PST conditions create a less uniform thermal environment, which
moderates the effect of nanoparticle migration and, hence, temperature profile changes.

Figure 17: Profiles for nanoparticle concentration corresponding to different values of Nt

Figure 18: Profiles for temperature corresponding to different values of Ec

In Fig. 17, concentration profiles for various values of the thermophoresis parameter Nt under
both CST and PST scenarios are meticulously illustrated. During thermophoresis, particles exert
force on one another, instigating their migration from hotter to colder regions and intensifying the
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nanoparticle volume fraction. Thus, the concentration of the nanofluid exhibits a decremental trend
concomitant with the augmentation of the thermophoresis parameter Nt. Also, the constant temper-
ature creates a stable thermal gradient, leading to a more effective and consistent thermophoretic
effect, which drives nanoparticles more efficiently from hotter to cooler regions. This consistent
gradient enhances the removal of nanoparticles from the surface, resulting in a more rapid decrease
in concentration in case of CST as compared to PST. Fig. 18 elucidates the influence of the Eckert
number on the temperature profiles of the nanofluid. The amplified values of the Eckert number
precipitate a diminution in temperature profiles for both CST and PST scenarios. The Eckert number
epitomizes the ratio of heat dissipation potential to advective movement, predominantly catalyzing
the conversion of kinetic energy into thermal energy. Elevated values of the Eckert number instigate
an upsurge in the thermal buoyancy effect, consequently lowering fluid temperature. Notably, higher
temperature profiles are observed for escalating values of the Eckert number under CST compared
to PST. In CST conditions, where the surface temperature is constant, the heat generated by viscous
dissipation is more uniformly absorbed by the fluid, leading to a higher overall temperature profile.
In contrast, under PST condition, the temperature at the surface varies, leading to less consistent
absorption of viscous heating and a more variable thermal environment. This variability supports the
increase in temperature profiles with rising Eckert number compared to the steady conditions of CST.
Lastly, Fig. 19 highlights the impact of Schmidt number on concentration profiles. As the value of the
physical parameter Sc intensifies, there is a corresponding decline in mass diffusivity, culminating in a
reduction in the concentration of nanoparticles. Concentration profiles are observed to be higher under
PST compared to CST settings. This is because as the Schmidt number increases, the mass diffusivity
decreases relative to the momentum diffusivity, which means that the fluid’s ability to mix or spread
out nanoparticles is reduced. In PST condition, where the surface temperature varies, the resulting
non-uniform temperature gradient can exacerbate the effects of reduced mass diffusivity by creating
localized areas of higher nanoparticle accumulation. This leads to higher concentration profiles. In
contrast, under CST condition, the temperature is uniform, which generally promotes more effective
mixing and dispersal of nanoparticles, reducing concentration profiles compared to the more variable
conditions in PST settings.

Figure 19: Profiles for nanoparticle concentration corresponding to different values of Sc
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Table 1 presents the validation of the current results by comparing the computed Nusselt number
with values reported in existing studies, specifically for the parameters Nb = 0, Nt = 0, M = 0, ζ = 0.
This benchmarking process is crucial as it not only corroborates the accuracy and reliability of the
present findings but also instills confidence in the methods and models employed in this study. The
current results are found to be in good agreement with established results. Thus the current model of
nanofluid is credible and thus provides a solid foundation for further exploration and application.

Table 1: Validation of current results by comparing the values of the Nusselt number with existing
studies for Nt = 0, Nb = 0, M = 0, ζ = 0

Pr n Cortell
[27]

Rana et al.
[39]

Sk et al.
[38]

Makkar et al.
[44]

Zuberi et al.
[16]

Current
results

1 0.1 0.610262 0.6113 0.610214466 0.6102 0.611246 0.611246
0.5 0.595277 0.5967 0.595222443 0.5952 0.596972 0.596972
1.5 0.574537 0.5768 0.574769900 0.5747 0.575236 0.575236

5 0.1 1.607175 1.5910 1.607780982 1.6077 1.598231 1.598231
0.5 1.586744 1.5839 1.586776166 1.5867 1.580425 1.580425
1.5 1.557463 1.5496 1.557688631 1.5576 1.553871 1.553871

Table 2 delves into the variations in the values of the Skin Friction Coefficient, Nusselt number,
and Sherwood number for distinct parameter settings, including β, ζ , Nb, Nt, Ec, Sc, M, and n. These
parameters significantly influence the fluid dynamics and heat transfer characteristics of nanofluid
flow, which have far-reaching implications in real-world scenarios, particularly in medicine and health.
The slip parameter ζ influences nanoparticle transport efficiency in drug delivery systems, while the
non-linear stretching parameter n affects dispersion in tissue engineering. The Casson parameter
β is vital for managing the viscosity of blood-like fluids in diagnostic and therapeutic contexts.
The brownian motion parameter Nb enhances nanoparticle distribution in targeted therapies, and
thermophoresis parameter Nt controls their accumulation in hyperthermia treatments. The Eckert
number Ec helps to manage the heat distribution in thermal therapies, while the Schmidt number Sc
optimizes drug release and contrast agent dispersion. Hence, by carefully adjusting these parameters,
advancement in the field of biomedicine can be achieved with more precise and effective treatments,
enhancing therapeutic outcomes and diagnostic accuracy. The understanding of impact of these
parameters can also enhance the design of drug delivery systems, where precise control of fluid
flow and heat transfer is essential for maintaining the stability and efficacy of pharmaceuticals.
Furthermore, these insights can be applied to biomedical engineering, such as in the cooling of
electronic medical devices or in the development of advanced cooling systems for hyperthermia
treatment, where managing heat dissipation is crucial. Hence, the current study not only advances
theoretical modeling but also opens avenues for practical applications in enhancing patient care and
treatment efficiency.
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Table 2: Variation in values of Skin friction coefficient, Nusselt number and Sherwood number for
distinct values of different parameters

β ζ Nb Nt Ec Sc M n Skin friction Nusselt number Sherwood number

0.3 0.1 0.5 0.2 0.3 1.5 1.0 1.0 −0.73156 −0.74373 −0.45761
0.4 −0.78391 −0.79068 −0.52395
0.5 −0.83273 −0.85169 −0.59738

0.4 0.1 0.5 0.2 0.3 1.5 1.0 1.0 −0.78391 −0.79068 −0.52395
0.2 −0.72924 −0.82594 −0.62846
0.3 −0.67059 −0.85307 −0.71213

0.1 1.0 0.2 0.3 1.5 1.0 1.0 −0.65376 −0.80692 −1.82184
1.5 −0.61378 −0.75189 −1.11729
2.0 −0.59674 −0.71323 −0.48475

0.5 0.3 0.3 1.5 1.0 1.0 −0.65376 −0.82551 −0.61924
0.4 −0.62592 −0.74973 −0.92535
0.5 −0.58173 −0.67019 −1.32118

0.2 0.0 1.5 1.0 1.0 −0.69425 −1.97869 −2.97241
0.1 −0.64077 −1.75354 −2.42053
0.2 −0.60352 −1.50642 −1.93950

0.3 1.1 1.0 1.0 −0.71929 −0.83293 −0.81872
1.4 −0.66285 −0.78567 −0.69476
1.7 −0.61640 −0.71855 −0.55177

1.5 0.8 −0.68117 −0.92459 −0.98138
1.0 −0.65875 −0.88357 −0.67837
1.2 −0.62894 −0.80736 −0.44945

1.0 1.0 −0.71929 −0.78259 −0.69381
1.1 0.67412 −0.73474 −0.61922
1.2 −0.63858 0.69397 −0.52413

5 Concluding Remarks

The present investigation delves into the intricate dynamics of mass, heat, and concentration
transfer exhibited by a magnetohydrodynamic (MHD) Casson nanofluid interacting with a non-
linearly stretched sheet. Emphasizing the inclusion of viscous and Ohmic dissipation effects, the study
offers insights into the temperature distribution, volume fraction of nanoparticles, and the velocity
profile of MHD Casson fluid flow. Moreover, the investigation meticulously explores both the scenar-
ios of Constant Surface Temperature (CST) and Particular Surface Temperature (PST). Leveraging
similarity conversion techniques, the governing partial differential equations are transformed into
ordinary differential equations, necessitating a numerical exploration of the problem using the bvp4c
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module within MATLAB. Key conclusions drawn from the present analysis are summarized as
follows:

1) As the magnetic parameter (M) ascends, the skin friction coefficient undergoes escalation
owing to the augmented generation of the Lorentz force. Consequently, this phenomenon engenders
an enhancement in both the local Nusselt number and Sherwood number, particularly notable with
higher values of M.

2) Observations reveal a decline in the velocity profile as the Casson fluid parameter (β) and
velocity slip parameter (ζ ) escalate, juxtaposed with an upsurge in the velocity profile associated
with an increase in the non-linear stretching parameter (n). Remarkably, the velocity profiles exhibit
similarity between the scenarios of Prescribed Surface Temperature (PST) and Constant Surface
Temperature (CST).

3) The interplay of the parameter of slip and curved deformation parameter manifests in the
thermal boundary layer thickness, where an escalation is observed for Prescribed Surface Temperature
(PST), leading to an increase in temperature profiles. Conversely, for Constant Surface Temperature
(CST), a reduction in the thermal boundary layer thickness ensues, consequently resulting in a decline
in temperature profiles.

4) The concentration of nanoparticles exhibits a decline as the values of the Brownian motion
parameter and thermophoresis parameter escalate, observed consistently across both Constant Sur-
face Temperature (CST) and Prescribed Surface Temperature (PST) scenarios.

5) The temperature of the nanofluid demonstrates a notable increase corresponding to the
escalation of both the Brownian motion parameter and thermophoresis parameter across both
Constant Surface Temperature (CST) and Prescribed Surface Temperature (PST) conditions.

6) As the Schmidt number (Sc) decreases, the ability of nanoparticles to spread out decreases,
which ultimately reduces the concentration of nanoparticles.

7) The rise in the values of the viscous dissipation parameter (Eckert number (Ec)) results in a
decrease in the temperature of the nanofluid due to efficient heat dissipation at the boundary. Since
the heat absorbed by the nanofluid is more pronounced in case of CST as compared to PST, therefore
the temperature profiles are higher for CST compared to PST.

The study lacks the experimental validation. Also, the shape and size of nanoparticles have not
been taken into account. Further, the results of the stated model are valid only for non-linear stretching
sheet. Thus, the study can be explored further by taking into account the parameters of shape and size
of nanoparticles. Also, the case of flow over shrinking sheet can be discussed, which will enhance
our understanding of surface dynamics in various contexts. Moreover, the experimental validation by
medical experts will benchmark the simulated results of the governing stated model.
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