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Pulsatile nanofluid flow 
with variable pressure gradient 
and heat transfer in wavy channel
A. S. Dawood 1*, Faisal A. Kroush 1, Ramzy M. Abumandour 1 & Islam M. Eldesoky 1,2

This research contributes to the comprehension of nanofluid behaviour through a wavy channel, 
emphasizing the significance of considering diverse influences in the modelling process. The study 
explores the collective influence of pressure gradient variation, magnetic field, porosity, channel 
waviness, nanoparticle concentration, and heat transfer on nano-blood flow in a two-dimensional 
wavy channel. In contrast to prior research assuming a constant pulsatile pressure gradient during 
channel waviness, this innovative study introduces a variable pressure gradient, significantly 
influencing several associated parameters. The mathematical model characterizing nano-blood flow 
in a horizontally wavy channel is solved using the perturbation technique. Analytical solutions for 
fundamental variables such as stream function, velocity, wall shear stress, pressure gradient, and 
temperature are visually depicted across different physical parameters values. The findings obtained 
for differing parameter values in the given problem demonstrate a significant influence of the 
amplitude ratio parameter of channel waviness, Hartmann number of the magnetic field, permeability 
parameter of the porous medium, volume fraction of nanoparticles, radiation parameter, Prandtl 
number, and the suction/injection parameter on the flow dynamics. The simulations provide valuable 
insights into the decrease in velocity with increasing magnetic field and its increase with higher 
permeability. Additionally, the temperature is observed to escalate with a rising nanoparticle volume 
fraction and radiation parameter, while it declines with increasing Prandtl number.
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Abbreviations
x∗  Dimensional coordinate along the channel (m)
y∗  Dimensional coordinate perpendicular to the channel (m)
x, y  Dimensionless distances
t∗  Dimensional time (s)
t   Dimensionless time
p∗  Pressure 

(

kg/m.s2
)

u∗  Dimensional velocity in X-direction (m/s)
v∗  Dimensional velocity in Y-direction (m/s)
u  Dimensionless velocity in X-direction
v  Dimensionless velocity in Y-direction
T∗  Temperature of the nanofluid (K)
Tw  Temperature at the upper wall (K)
T0  Temperature at the lower wall (K)
qr  Heat flux 

(

W/m2
)

kf   Thermal conductivity of the fluid (W/m.K)
kn  Thermal conductivity of the nanoparticles (W/m.K)
knf   Thermal conductivity of the nanofluid (W/m.K)
k  Permeability of the porous media 

(

m2
)

a  Height of the wall constriction (m)
d  Half width of the channel (m)
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B0  Uniform magnetic field (T)
k∗  Rosseland mean absorption coefficient 

(

m−1
)

Da  Darcy number of the porous media
Ha  Hartmann number
Pr  Prandtl number
Rd  Radiation parameter
Q  Volumetric flow rate 

(

m3/s
)

Q0  Heat source/sink parameter 
(

W/m2
)

Greek symbols
µnf   Dynamic viscosity of the nanofluid 

(

kg/m.s
)

ρnf   Density of the nanofluid 
(

kg/m.s
)

υnf   Kinematic viscosity of the nanofluid 
(

m2/s
)

µf   Dynamic viscosity of the fluid 
(

kg/m.s
)

ρf   The density of the fluid 
(

kg/m.s
)

υf   Kinematic viscosity of the fluid 
(

m2/s
)

ρn  Density of the nanoparticles 
(

kg/m.s
)

(

ρCp

)

f
  Heat capacity of the fluid 

(

kg/m.s2.K
)

(

ρCp

)

n
  Heat capacity of the nanoparticles 

(

kg/m.s2.K
)

(

ρCp

)

nf
  Heat capacity of the nanofluid 

(

kg/m.s2.K
)

η  Height of an abnormal channel (m)
�  Length of wall constriction (m)
ε  Amplitude ratio parameter (m)

δ  Wall slope parameter
σ  Electrical conductivity of the fluid (S/m)
σ ∗  Stefan-Boltzmann constant 

(

W/m2.K4
)

ϕ  Nanoparticle volume fraction
ω  The angular frequency of the flow 

(

s−1
)

ψ  Dimensionless streamlines function
θ  Dimensionless temperature
τw  Wall shear stress
ζ  Dimensionless transverse coordinate

Subscripts
f   Fluid fraction
n  Nanoparticle
nf   Nanofluid fraction

Understanding fluid dynamics in the context of blood flow through a wavy channel is highly significant in 
cardiovascular disease research. One critical application is biomedical engineering, particularly in understanding 
blood flow behaviour in microvascular systems. By analysing the flow of nano-blood with considerations for a 
magnetic field and heat transfer, this model could offer insights into blood flow dynamics in vessels subjected 
to magnetic fields, such as those used in targeted drug delivery systems or magnetic resonance imaging (MRI) 
technology. Additionally, this model could find application in various industrial sectors such as microfluidic 
devices, heat exchangers, the oil and gas industry, and chemical  processing1–3. Several  studies4–10 have been 
pursued to gain insights into blood flow in arteries under different assumptions. Chakravarty and  Mandal11 
investigated two-dimensional blood flow in tapered stenotic arteries, while  Pontrelli12 focused on treating 
axisymmetric stenosis in arterial blood flow. Misra et al.13 conducted a rigorous study on blood flow through 
arteries with multiple stenoses. In recent decades, pulsatile blood flow has attracted substantial attention from 
researchers due to its crucial implications for understanding cardiovascular dynamics and associated pathologies. 
As a result, numerous investigations have explored the study of pulsatile blood flow, considering it a Newtonian 
 fluid14–16. El-Shahed17 studied the pulsatile flow of blood in a stenosed porous medium subjected to periodic 
body acceleration. Additionally, Shit and  Roy18 investigated the pulsatile blood flow within a constricted porous 
channel subjected to an external magnetic field. Notably, their findings revealed a crucial correlation between 
magnetic field intensity, blood flow reduction, and increasing Reynolds number. Rathod and  Ravi19 focused on 
blood flow in stenosed inclined tubes with periodic body acceleration with a magnetic field. Jamil et al.20 explored 
the control of blood flow through stenosed porous arteries with a magnetic field. Their results highlighted 
the significant influence of the magnetic field on flow dynamics, unveiling practical applications for magnetic 
field therapy in treating cardiovascular diseases. Furthermore, Liu and  Liu21 analyzed blood flow in tapered 
stenosed arteries under the influence of heat and mass transfer. Amos et al.22 investigated magnetohydrodynamic 
pulsatile blood flow in an inclined stenosed artery with body acceleration and slip effects. Their results illuminate 
the intricate relationships between magnetic field intensity and crucial flow parameters, including velocity, 
acceleration, shear stress, and volumetric flow rate. Manchi and  Ponalagusamy23 investigated the pulsatile flow 
of an electromagnetic-hydrodynamic micropolar hybrid nanofluid within a porous bifurcated artery containing 
an overlapping stenosis. Ratchagar and  Subasri24 explored the impact of Hall current on pulsatile blood flow 
within porous arteries with multiple stenoses. Considering the effects of slip velocity, their study identified 
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regions characterized by low velocity and shear stress, providing valuable insights for understanding blood flow 
patterns in pathological conditions and during surgical interventions. Reddy et al.25 investigated the pulsatile 
hybrid nanofluid flow through a vertically permeable irregular channel with the impact of externally applied body 
acceleration. This study holds significant promise for various biomechanical applications, including radiation 
therapy for lung cancer treatment and regulating blood flow using magnetic fields during surgery.

Blood, a suspension of red cells containing haemoglobin with iron oxide, demonstrates electrical conductiv-
ity and magnetohydrodynamic flow properties. When an electrically conducting fluid is put into motion within 
a magnetic field, it creates electric and magnetic fields, generating a Lorentz force, which is a body force that 
obstructs fluid movement. This analysis is pertinent in various applications, including blood pumping, magnetic 
resonance imaging (MRI), and blood flow control during surgery. Numerous  authors26–33 have delved into blood 
flow in arteries under the influence of magnetic fields in different scenarios.  Gold34 provided an analytical solu-
tion for the magnetohydrodynamic equations, encompassing axial velocity and an axial-induced magnetic field. 
Misra and  Shit35 investigated the behaviour of a viscoelastic electrically conducting fluid in a magnetic field, 
observing that higher magnetic field strength corresponds to increased blood temperature, suggesting new pos-
sibilities for heating methods. In separate work, Misra et al.36 conducted a mathematical study of single-phase 
stenosed arterial blood flow, investigating the complex flow behaviour under the influence of an applied magnetic 
field. Their research uncovered that changes in the intensity of the applied magnetic field can impact the wall 
shear stress in stenosed arteries, potentially leading to ruptures and subsequent paralysis in affected areas of the 
body. Ponalagusamy and  Selvi37 presented a mathematical model for narrow arteries to examine the influence 
of external magnetic fields on two-phase blood flow, which consists of a central core of suspended erythrocytes 
and a surrounding cell-free layer. Their findings revealed reduced velocity profiles in the core and plasma regions 
as the magnetic field intensity increased.

Incorporating a porous medium into the study of fluid flow enriches its physical realism, particularly in 
modelling blood vessels and pulmonary systems where fatty deposits and artery blockages are present. Notable 
advancements in this field include the research conducted by Sorek and  Sideman38, who examined blood flow 
in cardiac vessels using the Darcy-Forchheimer model, the investigation by Vankan et al.39 into non-Darcy 
transport in blood-perfused tissue, and the exploration of mass exchange employing an extended Darcy model 
by Preziosi and  Farina40. Furthermore, Khaled and  Vafai41 conducted a comprehensive review of heat and fluid 
dynamics applications within porous (biological) media. Ogulu and  Amos42 investigated the impact of temporally 
varying wall mass flux on hydromagnetic pulsatile Newtonian blood flow within a Darcian porous cardiovas-
cular system model using a regular perturbation technique. Additionally, Bhargava et al.43 analyzed pulsating 
magnetohydrodynamic blood flow and species diffusion within a porous medium channel by employing the 
Darcy-Forchheimer model. Reddy et al.44 investigated the entropy generation and heat transfer characteristics 
of a magnetohydrodynamic (MHD) silver-copper/blood hybrid nanofluid flowing over a porous plate. The study 
emphasizes the importance of understanding energy loss in biological systems and its potential applications in 
biomedical engineering and healthcare.

Heat transfer within the human body involves complex processes, including heat conduction within tissues, 
heat exchange due to the flow of arterial-venous blood through tissue pores (blood convection), metabolic heat 
production, and outside factors such as electromagnetic radiation emitted by electronic devices such as cell 
phones. These combined phenomena fall under bioheat transfer, a critical biomedical engineering area focused 
on understanding human body heat dynamics.  Baish45 significantly contributed to this area by studying heat 
transport in counter-current blood vessels amidst arbitrary pressure gradients. Shrivastava et al.46 also presented 
an analytical investigation of heat transfer through finite tissue characterized by two blood vessels and uniform 
Dirichlet boundary conditions. The thermal conductivity of fluids can be significantly improved under specific 
conditions, especially using nanofluids containing nanoparticles. In recent years, nanoparticles have become 
widely recognized as versatile carriers for drugs, enabling targeted drug delivery while minimizing harm to non-
target cells, particularly in the field of cancer treatment. Their remarkable adsorption capabilities make them 
highly beneficial in clinical applications for transporting drugs, proteins, and other substances to specific cellular 
targets. Previous  studies47–54 have thoroughly examined the impact of nanoparticles in various scenarios. Ellahi 
et al.55 explored mixed convection nanofluid flow over a wedge, considering particle shape effects. Their findings 
highlight that increased volume friction and smaller particle size enhance heat transfer rates. Akbarzadeh et al.56 
examined the flow of nanofluids under laminar conditions with forced convection in wavy channels, emphasiz-
ing the increased sensitivity of the average Nusselt number to the Reynolds number and channel aspect ratio as 
the aspect ratio grows. Sheikholeslami and  Ganji57 investigated the impact of magnetic field on nanofluid flow 
between parallel plates. They found that skin friction coefficients rise with higher Squeeze and Hartman number 
but decrease as the nanofluid volume fraction increases. Rashidi et al.58 investigated heat transfer in nanofluid 
flow over a stretching sheet in the presence of a transverse magnetic field, thermal radiation, and buoyancy 
effects. Their study revealed that higher buoyancy parameters increase velocity profiles but decrease nanofluid 
temperature profiles. In a related study, Ellahi et al.59 examined the behaviour of nanoparticles in blood flow along 
permeable walls within stenosed arteries. Additionally, Sharma et al.60 developed a mathematical model to study 
the trajectories of magnetic nanoparticles within blood vessels under the influence of magnetic fields, with poten-
tial applications in magnetic drug targeting. Their research also demonstrated the deceleration of particles with 
magnetic forces. Nadeem and  Ijaz61 investigated the influence of nanoparticles on the flow of blood in narrowed 
catheterized arteries, while Aman et al.62 examined the impact of gold nanoparticles on magnetohydrodynamic 
(MHD) Poiseuille flow of nanofluids in porous media, utilizing perturbation technique to solve the governing 
equations of the model. Reddy et al.63 investigated the flow of a gold-blood nanofluid through a microchannel 
driven by an electrokinetic force and analyses the associated entropy generation. The study highlights potential 
applications in understanding energy loss in biological systems and targeted cancer treatment.
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In addressing the prevailing research landscape, characterized by a predominant focus on analysing momen-
tum and heat transfer in one-dimensional models with a static pressure gradient, simplifying it into steady and 
unsteady components that remained constant with the length of the artery, our study presents a novel approach 
to fill existing gaps. This work aims to investigate the behaviour of unsteady pulsatile flow in a two-dimensional 
sinusoidal wavy channel. This departure from the conventional one-dimensional approach is motivated by the 
need to comprehensively understand and address the limitations observed in current literature. Building upon 
the findings of Chow and Abumandour et al.64,65, who highlighted significant pressure gradient variations, par-
ticularly in restricted channel length. This analysis considers the variations in pressure gradient, including the 
impact of magnetic field, nanoparticle volume fraction, radiation, and heat source parameters. The governing 
equations of nano-blood flow in a horizontal wavy channel are solved by the perturbation technique. The ana-
lytical solutions of stream function, velocity, wall shear stress, pressure gradient, and temperature are illustrated 
graphically, considering various values of the pertinent physical parameters.

Mathematical formulation
The research investigates the unsteady, incompressible flow of a Newtonian nanofluid through a symmetric, two-
dimensional porous sinusoidal-wall channel, as depicted in Fig. 116. This study aims to analyse the behaviour of 
nano-blood flow with a magnetic field and heat transfer. Specifically, a uniform magnetic field B0 is applied to 
the pulsatile nano-blood flow in the transverse direction. Also, the temperature of the bottom wall is denoted by 
T0 , while Tw indicates the temperature of the top wall. The boundary of the channel wavy walls is expressed by:

where x∗ is the longitudinal axis of the channel, a is the height of the wall constriction, d∗ is the half width of 
the channel, � is the length of wall constriction. Under the above considerations, the governing equations for 
conservative momentum and energy in general form are expressed as  follow33,54,56:

A. Continuity equation,

B. Momentum equation,

C. Energy equation,

(1)η∗ = d∗ + asin

(

2π

�
x∗
)

.

(2)
∂u∗

∂x∗
+

∂v∗

∂y∗
= 0,

(3)
∂u∗

∂t∗
+ u∗

∂u∗

∂x∗
+ v∗

∂u∗

∂y∗
= −

1

ρnf

∂p∗

∂x∗
+ υnf

(

∂2u∗

∂x∗2
+

∂2u∗

∂y∗2

)

−

(

σB2O
ρnf

)

u∗ −
(

υnf

k

)

u∗,

(4)
∂v∗

∂t∗
+ u∗

∂v∗

∂x∗
+ v∗

∂v∗

∂y∗
= −

1

ρnf

∂p∗

∂y∗
+ υnf

(

∂2v∗

∂x∗2
+

∂2v∗

∂y∗2

)

,

Figure 1.  A schematic diagram for the flow geometry.
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Rosseland approximation for radiative heat flux, qr is defined  as66:

The Rosseland mean absorption coefficient, denoted as k∗ , and the Stefan–Boltzmann constant, denoted as 
σ ∗ . It is assumed that the variation of the temperature within the flow is small enough to permit the expansion 
of T∗4 in a Taylor’s series. The expansion of T∗4 around T0 and the neglect of higher-order terms result in the 
following  expression67:

Upon substituting Eqs. (6, 7) into Eq. (5), the following expression is obtained:

The wall boundary conditions for the porous channel under the no-slip condition can be expressed in the 
following  manner16,54:

where u∗, v∗ are the velocity components of the nanofluid in x∗, y∗ directions respectively, p∗ is the nanofluid 
pressure, ρnf  , υnf  are the nanofluid density and kinematic viscosity respectively, σ is the electrical conductivity, 
B0 is the uniform magnetic field, T∗ is the temperature of nanofluid, 

(

ρCp

)

nf
 is the specific heat capacity of the 

nanofluid, knf  is the thermal conductivity of the nanofluid, qr is the radiative heat flux, Q0 is the heat source/sink 
parameter, and t∗ refers to the time.

The thermophysical properties of the nanofluid, as presented by Zahir et al.68, are as follows:

Furthermore, the function ψ∗ is chosen in the following manner:

After substituting ψ∗ into Eqs. (3–4), and (8), and eliminating the pressure from Eqs. (3) and (4), these equa-
tions can be expressed as follows:

where

The relevant boundary conditions are as follows:

(5)
∂T∗

∂t∗
+ u∗

∂T∗

∂x∗
+ v∗

∂T∗

∂y∗
=

knf
(

ρCp

)

nf

(

∂2T∗

∂y∗2

)

−

1
(

ρCp

)

nf

∂qr
∂y∗

+

Q0
(

ρCp

)

nf

(

T∗
− T0

)

.

(6)qr = −

(

4σ∗

3k∗
∂T∗4

∂y∗

)

.

(7)T∗4 ∼
= 4T3

0T
∗
− 3T4

0 .

(8)
∂T∗

∂t∗
+ u∗

∂T∗

∂x∗
+ v∗

∂T∗

∂y∗
=

knf
(

ρCp

)

nf

(

∂2T∗

∂y∗2

)

+

16σ ∗T3
0

3k∗
(

ρCp

)

nf

(

∂2T∗

∂y∗2

)

+

Q0
(

ρCp

)

nf

(

T∗
− T0

)

.

(9a)
u∗ = 0

v∗ = 0

}

at y∗ = ±η∗,

(9b)T∗
= Twat y

∗
= η∗,

(9c)T∗
= T0at y

∗
= −η∗.

(10)

ρnf = (1− ϕ)ρf + ϕρn,

µnf =
µf

(1−ϕ)2.5
,

υnf =
µnf

ρnf
,

�

ρCp

�

nf
= (1− ϕ)

�

ρCp

�

f
+ ϕ

�

ρCp

�

n
,

knf
kf

=

�

2kf +kn
�

−2ϕ
�

kf −kn
�

�

2kf+kn
�

+ϕ
�

kf−kn
� .



































(11)
u∗ =

∂ψ∗

∂y∗ ,

v∗ = −
∂ψ∗

∂x∗ .

}

(12)
∂

∂t∗

(

∇
2ψ∗

)

+

∂ψ∗

∂y∗
∇

2 ∂ψ
∗

∂x∗
−

∂ψ∗

∂x∗
∇

2 ∂ψ
∗

∂y∗
= υnf∇

4ψ∗
−

(

σB2O
ρnf

+

υnf

k

)

∂2ψ∗

∂y∗2
,

(13)

∂T∗

∂t∗
+

∂ψ∗

∂y∗
∂T∗

∂x∗
−

∂ψ∗

∂x∗
∂T∗

∂y∗
=

knf
(

ρCp

)

nf

(

∂2T∗

∂y∗2

)

+

16σ ∗T3
0

3k∗
(

ρCp

)

nf

(

∂2T∗

∂y∗2

)

+

Q0
(

ρCp

)

nf

(

T∗
− T0

)

.

(14)∇
2
=

∂2

∂x∗2
+

∂2

∂y∗2
,
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Introducing the following non-dimensional variables as follows:

Using the dimensionless variables stated above, Eqs. (12–15) are obtained as follows:

where the amplitude ratio ε , the wall slope parameter δ , Hartmann number Ha , Darcy number Da , Prandtl 
number Pr , the radiation parameter Rd , and the heat source parameter Qt are defined respectively by:

The boundary conditions corresponding to this transformation are as follows:

Solution method
After applying the dimensionless technique, it is possible to assume that the stream function ψ , temperature θ , 
and pressure P have expansions in terms of the small parameter δ, representing the channel slope, as indicated 
in Ref.16, these expansions can be expressed as follows:

(15a)
∂ψ∗

∂y∗ = 0
∂ψ∗

∂x∗ = 0

}

at y∗ = ±η∗,

(15b)ψ∗
= 0 at y∗ = 0,

(15c)ψ∗
= Q (constant) at y∗ = η∗,

(15d)T∗
= Tw at y∗ = η∗,

(15e)T∗
= T0 at y∗ = −η∗.

(16)

x =
x∗

�
, y =

y∗

d , η =
η∗

d ,

ζ =
y
η
, t =

υf t
∗

�d ,ψ =
ψ∗

υf
,

P =
�dP∗

ρf υ
2
f

, θ =
T∗

−T0
Tw−T0

.















(17)

∇
4ψ −

(

Ha2(1− ϕ)2.5 +
1

Da

)

∂2ψ

∂y2
= δ(1− ϕ)2.5

(

1− ϕ +

(

ϕρn

ρf

))(

∂

∂t

(

∇
2ψ

)

+

∂ψ

∂y
∇

2 ∂ψ

∂x
−

∂ψ

∂x
∇

2 ∂ψ

∂y

)

,

(18)





��

knf
kf

�

+

�

4
3

�

Rd
�

Pr

∂2θ

∂y2
+ Qtθ



 = δ

�

1− ϕ +

�

ϕ
�

ρCp

�

n
�

ρCp

�

f

��

�

∂θ

∂t
+

∂ψ

∂y

∂θ

∂x
−

∂ψ

∂x

∂θ

∂y

�

.

(19)

ε =
a
d , δ =

d
�
,

Ha = B0d
�

σ
µf
,Da =

k
d2
,

Pr =
(µCp)f

kf
,Rd =

4σ ∗T3
0

kf k∗
,

Qt =
Q0d

2

(ρCp)f νf
,∇2

= δ2 ∂2

∂x∗2
+

∂2

∂y∗2
.



























(20a)
∂ψ
∂y = 0
∂ψ
∂x = 0

}

at y = ±η,

(20b)ψ = 0 at y = 0,

(20c)ψ = Q (constant) at y = η,

(20d)θ = 1 at y = η,

(20e)θ = 0 at y = −η.

(21a)ψ = ψ0 + δψ1 + δ2ψ2 + ...,

(21b)θ = θ0 + δθ1 + δ2θ2 + ...,

(21c)P = P0 + δP1 + δ2P2 + ...,
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By substituting Eq. (21a, 21b, 21c) into Eqs. (17–20) and collecting terms of the same powers of δ, including 
zero and first order terms, yields the subsequent perturbed equations:

Zero order:

First order:

Furthermore, it is assumed:

By substituting Eqs. (28a, 28b, 28c, 28d, 28e, 28f) into Eqs. (22–27), equating similar harmonic terms, and 
solving the resulting partial differential equations under the corresponding boundary conditions, the following 
results are obtained:

(22)
∂4ψ0

∂y4
−m2 ∂

2ψ0

∂y2
= 0,

(23)
∂2θ0

∂y2
+m2

1θ0 = 0

(24a)
∂ψ0
∂y = 0
∂ψ0
∂x = 0

}

at y = ±η,

(24b)ψ0 = Q (constant) at y = η,

(24c)ψ0 = 0 at y = 0,

(24d)θ0 = 1 at y = η,

(24e)θ0 = 0 at y = −η.

(25)
∂4ψ1

∂y4
−m2 ∂

2ψ1

∂y2
= B1

(

∂3ψ0

∂t∂y2
+

∂ψ0

∂y

∂3ψ0

∂x∂y2
−

∂ψ0

∂x

∂3ψ0

∂y3

)

,

(26)
∂2θ1

∂y2
+m2

1θ1 = B2

(

∂θ0

∂t
+

∂ψ0

∂y

∂θ0

∂x
−

∂ψ0

∂x

∂θ0

∂y

)

,

(27a)
∂ψ1
∂y = 0
∂ψ1
∂x = 0

}

at y = ±η,

(27b)ψ1 = 0 at y = η,

(27c)ψ1 = 0 at y = 0,

(27d)θ1 = 0 at y = η,

(27e)θ1 = 0 at y = −η.

(28a)ψ0 = ψ00

(

x, y
)

eiωt ,

(28b)θ0 = θ00
(

x, y
)

eiωt ,

(28c)P0 = P00
(

x, y
)

eiωt ,

(28d)ψ1 = ψ10

(

x, y
)

+ ψ11

(

x, y
)

eiωt + ψ12

(

x, y
)

e2iωt ,

(28e)θ1 = θ10
(

x, y
)

+ θ11
(

x, y
)

eiωt + θ12
(

x, y
)

e2iωt ,

(28f)P1 = P10
(

x, y
)

+ P11
(

x, y
)

eiωt + P12
(

x, y
)

e2iωt .
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The axial velocity can be determined by substituting Eq. (29) into (11):

The non-dimensional shear stress exerted on the wall is expressed as:

By employing Eq. (29) in (32), the wall shear stress can be expressed as:

The non-dimensional axial pressure gradient can be derived from Eq. (2) as follows:

(29)

ψ = QC1m

(

sinh
(

my
)

m
− ycosh(mη)

)

eiωt + δ

{

C2

[

C1C3

2

(

y −
ηsinh

(

my
)

sinh(mη)

)

−

ηcosh(mη)sinh
(

my
)

2m3sinh(mη)
+

ycosh
(

my
)

2m3

]

eiωt

+C4

[

sinh(mη)

(

2sinh
(

my
)

m5
−

5ycosh
(

my
)

4m4
+

y2sinh
(

my
)

4m3

)

− ηcosh(mη)

(

ycosh
(

my
)

2m3
−

sinh
(

my
)

m4

)

+C5

(

sinh
(

my
)

m2
−

ysinh(mη)

ηm2

)

+ C6y

]

e2iωt

}

,

(30)

θ =

[

cos
(

m1y
)

2cos(m1η)
+

sin
(

m1y
)

2sin(m1η)

]

+ δ

{

C7

[

C8cos
(

m1y
)

+ C9sin
(

m1y
)

+ C10

sin
(

m1y
)

sinh
(

my
)

m(m2 + 4m2
1)

+C11

cos
(

m1y
)

cosh
(

my
)

m(m2 + 4m2
1)

+ C12

cos
(

m1y
)

sinh
(

my
)

m(m2 + 4m2
1)

+ C13

sin
(

m1y
)

cosh
(

my
)

m(m2 + 4m2
1)

+ C14

ysin
(

m1y
)

4m2
1

+C15

ycos
(

m1y
)

4m2
1

+ C16

y2sin
(

m1y
)

4m1

+ C17

y2cos
(

m1y
)

4m1

]

eiωt

}

,

(31)

u = QC1meiωt
(

cosh
(

my
)

− cosh(mη)
)

+ δ

{

C2

[

C1C3

2

(

1−
ηmcosh

(

my
)

sinh(mη)

)

−

(

ηcosh(mη)

2m2sinh(mη)
−

1

2m3

)

cosh
(

my
)

+

ysinh
(

my
)

2m2

]

eiωt

+C4

[

sinh(mη)

(

3cosh
(

my
)

4m4
−

3ysinh
(

my
)

4m3
+

y2cosh
(

my
)

4m2

)

− ηcosh(mη)

(

ysinh
(

my
)

2m2
−

cosh
(

my
)

2m3

)

+C5

(

cosh
(

my
)

m
−

sinh(mη)

ηm2

)

+ C6

]

e2iωt

}

,

(32)τw =

[

∂2ψ

∂y2

]

y=η

,

(33)

τw = QC1m
2eiωtsinh(mη)+ δ

{

C2

[

sinh(mη)

m2
−

C1C3ηm
2

2

]

eiωt

+C4

[

sinh(mη)

(

η2sinh(mη)

4m
−

ηcosh(mη)

4m2

)

−

η2cosh2(mη)

2m
+ C5sinh(mη)

]

e2iωt

}

,

(34)P =

∂p/∂x

ρf v
2
f /d

3
=

(

1

(1− ϕ)2.5

)(

∇
2 ∂ψ

∂y
−m2 ∂ψ

∂y
− δB1

(

∂2ψ

∂t∂y
+

∂ψ

∂y

∂2ψ

∂x∂y
−

∂ψ

∂x

∂2ψ

∂y2

))

,

Figure 2.  Pressure gradient for various values of the amplitude ratio (ε).
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By substituting Eqs. (21a, 21b, 21c) and (28a, 28b, 28c, 28d, 28e, 28f) into Eq. (34), equating similar terms, 
and simplifying, results in:

(35)
P =

QC1m
3eiωt

(1− ϕ)2.5
cosh(mη)+

δ

(1− ϕ)2.5

{

C2

[

cosh(mη)

m
−

C1C3m
2

2

]

eiωt

+C4

[

−sinh(mη)cosh(mη)

m2
−

( η

m

)

+

C5sinh(mη)

η
− C6m

2

]

e2iωt
}

,

Figure 3.  Pressure gradient for various values of the amplitude ratio (ε).

Table 1.  Default values for critical parameters employed in simulations.

Parameter δ t ω ε Da Ha ϕ Pr Rd Qt

Value 0.1 2π 1 0.25 0.1 2 0.1 14 0.2 1

Table 2.  Numerical values of base fluid and nanoparticles.

Materials thermophysical properties Base fluid (blood) Nanoparticles (gold)

Density [ ρ(kg/m3)] 1063 19,320

Heat capacitance [ cp(J/kgK)] 3594 129

Thermal conductivity [ k(W/mK) ] 0.492 314

Figure 4.  Pressure gradient for various values of Hartmann number (Ha).
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The coefficients C1,C2,C3, · · · etc. are provided in the Appendix.

Validation of results
For validation, the present results for the pulsatile flow of the base fluid (i.e. with ϕ = 0 ) are compared with 
those obtained by Abumandour et al.65. In the case of steady flow, Fig. 2 shows a good agreement of the present 
results, specifically the variation of pressure gradient with axial  distance65 for the amplitude ratio parameter 
ǫ = 0.1, 0.25, 0.5 . with Ha = ϕ =

1
Da = Rd = Pr = Qt = 0.

Results and discussion
In this section, numerical simulations were conducted to investigate the impact of biophysical parameters, 
including the amplitude ratio parameter, Hartmann number, Darcy number, nanoparticle concentration, 
radiation parameter, and Prandtl number, on profiles of pressure gradient, velocity, wall shear stress, and 
temperature, as governed by Eqs. (29–35). The graphical representation of these profiles can be observed in 
Figs. 3, 19. Table 1 provides the default values for the biophysical parameters utilized in the simulation.

Moreover, Table  2 presents the thermophysical numerical parameters for both blood and gold 
 nanoparticles69,70.

Figures 3, 4 show the variation of the pressure gradient with axial distance. The interaction between the 
amplitude ratio parameter and the pressure gradient variation along the channel wall is depicted in Fig. 3, 
specifically in the context of stenosis and aneurysm. In regions with stenosis, an increased amplitude ratio 
parameter intensifies the pressure gradient. Conversely, a heightened amplitude ratio parameter in aneurysms 
diminishes the pressure gradient along the axial distance. Considering the boundary layer thickness, the pressure 
gradient variation across aneurysms is less pronounced than across stenotic regions. The dilation of aneurysms 
leads to a thicker boundary layer, resulting in lower shear stresses near the vessel wall. This decrease in shear 
stresses contributes to a lower pressure gradient across aneurysms, as opposed to the steeper pressure gradient 
across the stenosis, where the thinner boundary layer induces higher shear stresses and a more abrupt pressure 
gradient, and this observation agrees qualitatively well  with65. Figure 4 depicts the variation of the pressure 

Figure 5.  Pressure gradient for various values of the amplitude ratio (ε) over time.

Figure 6.  Pressure gradient for various values of Hartmann number (Ha) over time.
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gradient along the length of the stenosis for different Hartmann number values. The pressure gradient rises with 
an increase in the Hartmann number, as demonstrated  by53. This phenomenon can be attributed to the intensified 
effect of the magnetic field on the fluid flow at higher Hartmann number values. The Lorentz force exerted by the 
magnetic field acts as an additional resistance to the flow. Consequently, a higher pressure gradient is required 
to maintain the same flow rate through the channel. Figure 5 illustrates the periodic variation of the pressure 

Figure 7.  Velocity profile for various values of the cross sections (x).

Figure 8.  Velocity profile for various values of the amplitude ratio (ε).

Figure 9.  Velocity profile for various values of Hartmann number (Ha).
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gradient over time. In regions with stenosis, a rise in the amplitude ratio parameter leads to an increase in the 
peak value of each oscillation. Conversely, in the segments with an aneurysm, an opposite trend is apparent, with 
elevated amplitude ratio parameters causing a decline in the peak values of each oscillation. Figure 6 illustrates 
that the pressure gradient varies periodically with time, and the peak value of each oscillation increases with the 
rise of the Hartmann number.

The velocity profiles, depicted in Figs. 7, 8, 9, 10 and 11, offer insightful observations. Figure 7 shows the 
profile of velocity for the wavy channel geometry. As expected, velocity is maximum at the centre of the channel 
for x = 0.75 and minimum at x = 0.25, representing the stenosis and aneurysm segments, respectively. Building 
upon the findings of Figs. 3, 8 reveals a compelling trend in velocity variation with stenosis and aneurysm size. 
A notable velocity augmentation is observed with increasing stenosis size, while a reduction in velocity occurs 
with increasing aneurysm size. This aligns perfectly with the established  literature53 and further reinforces the 
significance of the interplay between channel geometry and pressure gradient. Figure 3 demonstrated a magnified 
pressure gradient in the stenotic region due to the higher amplitude ratio. This increased pressure gradient, acting 
as the driving force for flow, necessitates a corresponding rise in velocity to maintain the same flow rate through 
the narrower stenosis, hence the observed velocity augmentation. Conversely, the elevated amplitude ratio in 
aneurysms from Fig. 3 translates to a diminished pressure gradient. This, coupled with the reduced resistance 
offered by the wider channel, translates to a lower driving force for the flow in the aneurysm. Consequently, 
the velocity decreases with increasing aneurysm size as the same flow rate needs to be distributed across a 
larger cross-sectional area, leading to a reduction in local fluid velocity. Figure 9 illustrates the relationship 
between the Hartmann number and velocity. With an increase in the Hartmann number, the centreline velocity 
decreases, leading to a rise in near-wall velocity due to mass flow rate conservation. Consequently, applying 
an external magnetic field leads to a flattened velocity profile near the centreline, resulting in a reduced rate 
of velocity change. This phenomenon is attributed to the induction of the Lorentz force, which decelerates the 
fluid motion. These observed patterns, as  discussed18, indicate a potential reduction in blood velocity during 
surgical procedures. Figure 10 depicts the influence of the Hartmann number on velocity for fluid flow with two 

Figure 10.  Velocity profile for various values of Hartmann number (Ha) and the nanoparticle concentration (ϕ)
.

Figure 11.  Velocity profile for various values of Darcy number (Da).
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Figure 12.  Wall shear stress profile for various values of the amplitude ratio (ε).

Figure 13.  Wall shear stress profile for various values of Hartmann number (Ha).

Figure 14.  Wall shear stress profile for various values of Hartmann number (Ha) and the nanoparticle 
concentration (ϕ).
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scenarios, pure blood ( ϕ = 0 ) and nano-blood ( ϕ = 0.15 ); the observed behaviour can be attributed to distinct 
physical mechanisms. In the case of nano-blood, the lower decreasing rate of velocity compared to pure blood 
suggests that nanoparticles contribute to a more stabilized flow. Practically, the observed lower rate of velocity 
decrease in the nanofluid scenario implies a potential advantage. It suggests that utilizing nanofluids in medical 
procedures might result in a more controlled and stable blood flow environment during surgery. This is a valuable 
consideration for optimizing procedures and ensuring patient  safety71. In contrast, Fig. 11 presents a contrasting 
trend concerning the impact of porosity on velocity. It demonstrates that with an increase in the Darcy number, 
there is a corresponding growth in centreline velocity, coupled with a decline in near-wall velocity.

The distribution of wall shear stress along the longitudinal direction of the channel reveals significant findings 
at the stenosed and aneurysm portions of the channel, demonstrated in Figs. 12, 13, 14 and 15, with different 
rheological parameters. Building upon Fig. 3, 8), Fig. 12 reveals a critical interplay between shear stress, pressure 
gradients, and channel geometry in stenotic and aneurysmal conditions. It demonstrates elevated shear stress near 
the stenotic region and reduced shear stress near the aneurysm. This behaviour can be explained by considering 
velocity gradients. The narrowed channel in stenosis leads to higher velocity gradients, resulting in elevated shear 
stress near the stenosis. This aligns with the steeper pressure gradient observed in Fig. 3, as a steeper gradient 
necessitates a more significant driving force that needs to be overcome by the increased shear stress for flow 
maintenance. Conversely, the wider channel in an aneurysm leads to reduced velocity gradients, translating to 
lower shear stress near the aneurysmal region. This aligns with the lower pressure gradient in Fig. 3, as a lower 
gradient signifies a smaller driving force that can be balanced by the lower shear stress in the aneurysm. These 
observations are consistent with findings in Ref. 53 highlighting the crucial role of geometry in influencing shear 
stress patterns. Figure 13 provides significant insights, demonstrating that as the Hartmann number increases, 
the slope of the velocity profile near the wall also rises. This increased slope, as depicted in Fig. 9, leads to a 
corresponding elevation in wall shear stress, which closely aligns  with16. Figure 14 illustrates the impact of the 
Hartmann number on wall shear stress for fluid flow in two scenarios pure blood: (ϕ = 0) and nano-blood 
(ϕ = 0.15) . Notably, lower wall shear stress was observed in the case of nano-blood compared to pure blood. 

Figure 15.  Wall shear stress profile for various values of the Darcy number (Da).

Figure 16.  Temperature profile for various values of the nanoparticle concentration (ϕ).
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Figure 15 illustrates a decrease in the shear stress at the wall with an increasing Darcy number. This reduction 
can be attributed to the diminishing slope of the velocity profile near the wall, as vividly demonstrated in Fig. 11.

Regarding the temperature profiles, as depicted in Fig. 16, as the volume fraction of nanoparticles increases, 
the surface area is substantially enlarged to blood flow, facilitating enhanced heat transfer within the fluid, and this 
result closely agrees  with10. A higher Prandtl number signifies a lower thermal diffusivity relative to momentum 

Figure 17.  Temperature profile for various values of Prandtl number (Pr).

Figure 18.  Temperature profile for various values of the radiation parameter (Rd).

Figure 19.  Temperature profile for various values of the heat source/sink (Qt).
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diffusivity, resulting in less efficient heat conduction than momentum transfer. This leads to a lower temperature 
profile with an increasing Prandtl number, as illustrated in Fig. 17. Figure 18 demonstrates that temperature 
increases as the radiation parameter grows, highlighting the significance of radiative heating. Therefore, with 
a higher radiation parameter, the fluid receives more thermal energy through radiation, leading to an overall 
increase in temperature. This aligns with the discussion in Ref.32, emphasizing the significance of radiative heating 

Figure 20.  Streamlines for different values of the time 
(

t = π
4

)

.

Figure 21.  Streamlines for different values of the time 
(

t = π
2

)

.

Figure 22.  Streamlines for different values of the Hartmann number (Ha = 0).
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in nanofluid flow scenarios. The temperature profile for different values of Qt (heat source) is plotted in Fig. 19, 
revealing an enhancement in temperature significance with increasing Qt . As the heat source rises, the heat 
input from nanoparticles intensifies, contributing to a notable rise in temperature, and this result closely aligns 
 with53. This enhanced temperature is primarily due to the effective thermal properties of nanoparticles, which 
facilitate heat conduction or absorption. In the context of blood flow applications involving nanoparticles, this 

Figure 23.  Streamlines for different values of the Hartmann number (Ha = 6).

Figure 24.  Isothermal lines for different values of the nanoparticle concentration (ϕ = 0).

Figure 25.  Isothermal lines for different values of the nanoparticle concentration (ϕ = 0.15).
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phenomenon carries practical significance. For example, in hyperthermia treatments, controlled heating targets 
specific areas for therapeutic  purposes72.

In Figs. 20, 21, 22, 23, streamlines for different values of the time and the Hartmann number are examined. 
With the increase in the time and the Hartmann number, it is observed that the streamlines become more 
separated. These observations hold significant practical implications. It is indicated that the flow patterns 

Figure 26.  Isothermal lines for different values of the radiation parameter (Rd = 0).

Figure 27.  Isothermal lines for different values of the radiation parameter (Rd = 0.6).

Figure 28.  Isothermal lines for different values of the heat source (Qt = −0.5).
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within the channel are influenced by the strength of the magnetic field, represented by the Hartmann number. 
The increased separation between streamlines implies a more controlled and directed flow, which may find 
applications in microfluidics and drug delivery.

Nanoparticles often have higher thermal conductivities compared to the base fluid. As the concentration 
of nanoparticles increases, the overall thermal conductivity of the nanofluid also increases. This means heat 
can transfer more readily through the fluid, leading to a higher temperature gradient and, consequently, more 
divergent isothermal lines, as shown in Figs. 24, 25. In Figs. 26, 27, The radiation parameter represents the 
relative importance of radiative heat transfer compared to conductive heat transfer within the fluid. As the 
radiation parameter increases, radiative heat transfer becomes more dominant. This allows heat to travel through 
the fluid via electromagnetic waves, potentially creating deeper penetration and more localized heating than 
pure conduction. Consequently, temperature gradients increased, leading to more divergent isothermal lines. 
A stronger heat source directly pumps more thermal energy into the fluid, leading to higher local temperatures 
around the source. This creates steeper temperature gradients in the surrounding regions, causing the isothermal 
lines to spread further apart to reflect these variations, as illustrated in Figs. 28, 29.

Conclusion
In summary, this current work delves into the behaviour of unsteady pulsatile nano-blood flow in a two-dimen-
sional porous wavy channel with both aneurysm and stenosis, considering the impact of a magnetic field and 
heat transfer. The mathematical model incorporates nonlinear partial differential equations solved using the 
perturbation technique, and the influence of pertinent parameters is discussed. The results have been validated 
and are in good agreement with those in the literature. The main findings from the graphical representations 
can be summarized as follows:

• In stenotic regions, as the size of the stenosis grows, the pressure gradient rises, whereas the aneurysmal 
segment has the opposite trend. Moreover, the pressure gradient variation is lower in aneurysm segments 
than in stenosis segments.

• A significant increase in velocity is observed as the size of the stenosis grows, with a decrease as the size of 
the aneurysm increases. Additionally, the velocity profile decreases with a rise in the magnetic field at the 
centreline, while it increases with an increase in the permeability parameter.

• In the presence of a magnetic field, pure blood has a higher velocity than nano-blood flow.
• The shear stress at the wall in the stenosis segment grows to its maximum before dropping dramatically and 

bottoming out near the end of the stenosis section. In contrast, the aneurysmal segment has the opposite 
trend. The wall shear stress profile increases with an increase in the magnetic field. It is also apparent that 
the wall shear stress decreases as the permeability parameter increases.

• The temperature profile increases with increasing magnetic field, nanoparticle volume fraction, heat source, 
and radiation parameter but decreases with the permeability parameter and Prandtl number rising.

This study’s findings extend beyond theoretical insights, holding significant potential for real-world applica-
tions across diverse industries. In biomedical engineering, understanding pressure variations in diseased blood 
vessels can inform the design of safer and more effective medical devices for vascular interventions. Similarly, 
analysing velocity profiles under magnetic fields can guide the development of improved MRI technologies and 
magnetic drug targeting systems. Characterizing shear stress profiles at vessel walls offers invaluable insights for 
the cardiovascular device industry, enabling them to design implants, stents, and other devices that minimize 
risks to blood flow and vascular health.

Figure 29.  Isothermal lines for different values of the heat source (Qt = 0.5).



20

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9351  | https://doi.org/10.1038/s41598-024-59251-9

www.nature.com/scientificreports/

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on 
reasonable request.

Received: 14 January 2024; Accepted: 8 April 2024

References
 1. Squires, T. M. & Quake, S. R. Microfluidics: Fluid physics at the nanoliter scale. Rev. Mod. Phys. 77(3), 977 (2005).
 2. Stone, H. A., Stroock, A. D. & Ajdari, A. Engineering flows in small devices: microfluidics toward a lab-on-a-chip. Annu. Rev. Fluid 

Mech. 36, 381–411 (2004).
 3. Sackmann, E. K., Fulton, A. L. & Beebe, D. J. The present and future role of microfluidics in biomedical research. Nature 507(7491), 

181–189 (2014).
 4. Young, D. F. "Fluid mechanics of arterial stenosis. J. Biomech. Eng. https:// doi. org/ 10. 1115/1. 34262 41 (1979).
 5. Misra, J. & Chakravarty, S. Flow in arteries in the presence of stenosis. J. Biomech. 19(11), 907–918 (1986).
 6. Misra, J., Patra, M. & Misra, S. A non-Newtonian fluid model for blood flow through arteries under stenotic conditions. J. Biomech. 

26(9), 1129–1141 (1993).
 7. Misra, J. & Shit, G. C. Blood flow through arteries in a pathological state: A theoretical study. Int. J. Eng. Sci. 44(10), 662–671 (2006).
 8. Misra, J. & Shit, G. Role of slip velocity in blood flow through stenosed arteries: a non-Newtonian model. J. Mech. Med. Biol. 7(03), 

337–353 (2007).
 9. Misra, J., Adhikary, S. & Shit, G. Multiphase flow of blood through arteries with a branch capillary: A theoretical study. J. Mech. 

Med. Biol. 7(04), 395–417 (2007).
 10. Dawood, A., Kroush, F. A., Abumandour, R. M. & Eldesoky, I. M. Multi-effect analysis of nanofluid flow in stenosed arteries with 

variable pressure gradient: analytical study. SN Appl. Sci. 5(12), 1–23 (2023).
 11. Chakravarty, S. & Mandal, P. K. Two-dimensional blood flow through tapered arteries under stenotic conditions. Int. J. Non-linear 

mech. 35(5), 779–793 (2000).
 12. Pontrelli, G. Blood flow through an axisymmetric stenosis. Proc. Inst. Mech. Eng. H J. Eng. Med. 215(1), 1–10 (2001).
 13. Misra, J., Sinha, A. & Shit, G. Theoretical analysis of blood flow through an arterial segment having multiple stenoses. J. Mech. 

Med. Biol. 8(02), 265–279 (2008).
 14. Sarkar, A. & Jayaraman, G. Correction to flow rate—Pressure drop relation in coronary angioplasty: steady streaming effect. J. 

Biomech. 31(9), 781–791 (1998).
 15. Elshehawey, E., Elbarbary, E. M., Afifi, N. & El-Shahed, M. Pulsatile flow of blood through a porous mediumunder periodic body 

acceleration. Int. J. Theor. Phys. 39, 183–188 (2000).
 16. Kiran, G. R., Murthy, V. R. & Radhakrishnamacharya, G. Pulsatile flow of a dusty fluid thorough a constricted channel in the 

presence of magnetic field. Mater. Today Proc. 19, 2645–2649 (2019).
 17. El-Shahed, M. Pulsatile flow of blood through a stenosed porous medium under periodic body acceleration. Appl. Math. Comput. 

138(2–3), 479–488 (2003).
 18. Shit, G. and Roy, M. Hydromagnetic pulsating flow of blood in a constricted porous channel: A theoretical study. In Proceedings 

of the World Congress on Engineering, London, UK, Vol. 1 (2012).
 19. Rathod, V. & Ravi, M. Blood flow through stenosed inclined tubes with periodic body acceleration in the presence of magnetic 

field and its applications to cardiovascular diseases. Int. J. Res. Eng. Technol. 3(15), 96–101 (2014).
 20. Jamil, D. F., Roslan, R., Abdulhameed, M. & Hashim, I. Controlling the blood flow in the stenosed porous artery with magnetic 

field. Sains Malaysiana 47(10), 2581–2587 (2018).
 21. Liu, Y. & Liu, W. Blood flow analysis in tapered stenosed arteries with the influence of heat and mass transfer. J. Appl. Math. Comput. 

63, 523–541 (2020).
 22. Amos, E., Omamoke, E. & Nwaigwe, C. MHD pulsatile blood flow through an inclined stenosed artery with body acceleration 

and slip effects. Int. J. Theor. Appl. Math. 8(1), 1–3 (2022).
 23. Manchi, R. & Ponalagusamy, R. Pulsatile flow of EMHD micropolar hybrid nanofluid in a porous bifurcated artery with an 

overlapping stenosis in the presence of body acceleration and joule heating. Braz. J. Phys. 52(2), 52 (2022).
 24. Ratchagar, N. P. and Subasri, S. Study of multiple stenosed artery with hall current impact on MHD pulsatile blood fluid through 

porous channel unsteady wall suction/injection.
 25. Reddy, S., Raju, C., Gunakala, S. R., Basha, H. T. & Yook, S.-J. Bio-magnetic pulsatile CuO−Fe3O4 hybrid nanofluid flow in a vertical 

irregular channel in a suspension of body acceleration. Int. Commun. Heat Mass Transf. 135, 106151 (2022).
 26. Misra, J., Sinha, A. & Shit, G. A numerical model for the magnetohydrodynamic flow of blood in a porous channel. J. Mech. Med. 

Biol. 11(03), 547–562 (2011).
 27. Haik, Y., Pai, V. & Chen, C.-J. Apparent viscosity of human blood in a high static magnetic field. J. Magn. Magn. Mater. 225(1–2), 

180–186 (2001).
 28. Mekheimer, K. S. & Al-Arabi, T. Nonlinear peristaltic transport of MHD flow through a porous medium. Int. J. Math. Math. Sci. 

2003, 1663–1682 (2003).
 29. Misra, J., Maiti, S. & Shit, G. Peristaltic transport of a physiological fluid in an asymmetric porous channel in the presence of an 

external magnetic field. J. Mech. Med. Biol. 8(04), 507–525 (2008).
 30. Sud, V., Sekhon, G. & Mishra, R. Pumping action on blood by a magnetic field. Bull. Math. Biol. 39, 385–390 (1977).
 31. Srinivasacharya, D. & Shiferaw, M. Hydromagnetic effects on the flow of a micropolar fluid in a diverging channel. ZAMM-J. Appl. 

Math. Mech./Z. Angew. Math. Mech. 89(2), 123–131 (2009).
 32. Bunonyo, K., Amos, E. & Nwaigwe, C. Modeling the treatment effect on LDL-C and atherosclerotic blood flow through 

microchannel with heat and magnetic field. Int. J. Math. Trends Technol. 67(10), 41–58 (2021).
 33. Bandyopadhyay, S. & Layek, G. Study of magnetohydrodynamic pulsatile flow in a constricted channel. Commun. Nonlinear Sci. 

Numer. Simul. 17(6), 2434–2446 (2012).
 34. Gold, R. R. Magnetohydrodynamic pipe flow. Part 1. J. Fluid Mech. 13(4), 505–512 (1962).
 35. Misra, J., Shit, G. & Rath, H. J. Flow and heat transfer of a MHD viscoelastic fluid in a channel with stretching walls: Some 

applications to haemodynamics. Comput. Fluids 37(1), 1–11 (2008).
 36. Misra, J., Sinha, A. & Shit, G. Mathematical modeling of blood flow in a porous vessel having double stenoses in the presence of 

an external magnetic field. Int. J. Biomath. 4(02), 207–225 (2011).
 37. Ponalagusamy, R. & Tamil Selvi, R. Influence of magnetic field and heat transfer on two-phase fluid model for oscillatory blood 

flow in an arterial stenosis. Meccanica 50, 927–943 (2015).
 38. Sorek, S. & Sideman, S. A porous-medium approach for modeling heart mechanics. I. Theory. Math. Biosci. 81(1), 1–14 (1986).
 39. Vankan, W. et al. Finite element analysis of blood flow through biological tissue. Int. J. Eng. Sci. 35(4), 375–385 (1997).
 40. Preziosi, L. & Farina, A. On Darcy’s law for growing porous media. Int. J. Non-Linear Mech. 37(3), 485–491 (2002).

https://doi.org/10.1115/1.3426241


21

Vol.:(0123456789)

Scientific Reports |         (2024) 14:9351  | https://doi.org/10.1038/s41598-024-59251-9

www.nature.com/scientificreports/

 41. Khaled, A.-R. & Vafai, K. The role of porous media in modeling flow and heat transfer in biological tissues. Int. J. Heat Mass Transf. 
46(26), 4989–5003 (2003).

 42. Ogulu, A. & Amos, E. Modeling pulsatile blood flow within a homogeneous porous bed in the presence of a uniform magnetic 
field and time-dependent suction. Int. Commun. Heat Mass Transf. 34(8), 989–995 (2007).

 43. Bhargava, R., Rawat, S., Takhar, H. S. & Anwar Bég, O. Pulsatile magneto-biofluid flow and mass transfer in a non-Darcian porous 
medium channel. Meccanica 42, 247–262 (2007).

 44. Reddy, S., Ramasekhar, G., Suneetha, S. & Jakeer, S. Entropy generation analysis on MHD Ag+ Cu/blood tangent hyperbolic hybrid 
nanofluid flow over a porous plate. J. Comput. Biophys. Chem. 22(7), 881–895 (2023).

 45. Baish, J. Heat transport by countercurrent blood vessels in the presence of an arbitrary temperature gradient. J. Biomech. Eng. 
https:// doi. org/ 10. 1115/1. 28911 73 (1990).

 46. Shrivastava, D., McKay, B. & Roemer, R. B. An analytical study of heat transfer in finite tissue with two blood vessels and uniform 
Dirichlet boundary conditions. J. Heat Transf. 127(2), 179–188 (2005).

 47. Sus, C. Enhancing thermal conductivity of fluids with nanoparticles, developments and applications of non-Newtonian flows. 
ASME, FED, MD 1995 231, 99–105 (1995).

 48. Nadeem, S. & Lee, C. Boundary layer flow of nanofluid over an exponentially stretching surface. Nanosc. Res. Lett. 7, 1–6 (2012).
 49. Khan, W. & Pop, I. Boundary-layer flow of a nanofluid past a stretching sheet. Int. J. Heat Mass Transf. 53(11–12), 2477–2483 

(2010).
 50. Akbar, N. S., Nadeem, S., Hayat, T. & Hendi, A. A. Peristaltic flow of a nanofluid in a non-uniform tube. Heat Mass Transf. 48, 

451–459 (2012).
 51. Dogonchi, A. S. & Ganji, D. D. Thermal radiation effect on the nano-fluid buoyancy flow and heat transfer over a stretching sheet 

considering Brownian motion. J. Mol. Liquids 223, 521–527 (2016).
 52. Hosseinzadeh, K., Alizadeh, M. & Ganji, D. RETRACTED ARTICLE: Hydrothermal analysis on MHD squeezing nanofluid flow 

in parallel plates by analytical method. Int. J. Mech. Mater. Eng. 13, 1–13 (2018).
 53. Abdelsalam, S. I., Mekheimer, K. S. & Zaher, A. Alterations in blood stream by electroosmotic forces of hybrid nanofluid through 

diseased artery: Aneurysmal/stenosed segment. Chin. J. Phys. 67, 314–329 (2020).
 54. Ali, A., Bukhari, Z., Shahzadi, G., Abbas, Z. & Umar, M. Numerical simulation of the thermally developed pulsatile flow of a hybrid 

nanofluid in a constricted channel. Energies 14(9), 2410 (2021).
 55. Ellahi, R., Hassan, M., Zeeshan, A. & Khan, A. A. The shape effects of nanoparticles suspended in HFE-7100 over wedge with 

entropy generation and mixed convection. Appl. Nanosci. 6(5), 641–651 (2016).
 56. Akbarzadeh, M., Rashidi, S., Bovand, M. & Ellahi, R. A sensitivity analysis on thermal and pumping power for the flow of nanofluid 

inside a wavy channel. J. Mol. Liquids 220, 1–13 (2016).
 57. Sheikholeslami, M. & Ganji, D. D. Nanofluid flow and heat transfer between parallel plates considering Brownian motion using 

DTM. Comput. Methods Appl. Mech. Eng. 283, 651–663 (2015).
 58. Rashidi, M., Ganesh, N. V., Hakeem, A. A. & Ganga, B. Buoyancy effect on MHD flow of nanofluid over a stretching sheet in the 

presence of thermal radiation. J. Mol. Liquids 198, 234–238 (2014).
 59. Ellahi, R., Rahman, S., Nadeem, S. & Akbar, N. S. Blood flow of nanofluid through an artery with composite stenosis and permeable 

walls. Appl. Nanosci. 4, 919–926 (2014).
 60. Sharma, S., Katiyar, V. & Singh, U. Mathematical modelling for trajectories of magnetic nanoparticles in a blood vessel under 

magnetic field. J. Magn. Magn. Mater. 379, 102–107 (2015).
 61. Nadeem, S. & Ijaz, S. Nanoparticles analysis on the blood flow through a tapered catheterized elastic artery with overlapping 

stenosis. Eur. Phys. J. Plus 129, 1–14 (2014).
 62. Aman, S., Khan, I., Ismail, Z. & Salleh, M. Z. Impacts of gold nanoparticles on MHD mixed convection Poiseuille flow of nanofluid 

passing through a porous medium in the presence of thermal radiation, thermal diffusion and chemical reaction. Neural Comput. 
Appl. 30, 789–797 (2018).

 63. Reddy, S., Basha, H. T. & Duraisamy, P. Entropy generation for peristaltic flow of gold-blood nanofluid driven by electrokinetic 
force in a microchannel. Eur. Phys. J. Spec. Top. 231(11–12), 2409–2423 (2022).

 64. Chow, J. & Soda, K. Laminar flow and blood oxygenation in channels with boundary irregularities. J. Appl. Mech. 40, 843–850 
(1973).

 65. Abumandour, R. M. et al. Analysis of different stenotic geometries on two-phase blood flow. ERJ. Eng. Res. J. 43(4), 355–367 (2020).
 66. Brewster, M. Q. Thermal Radiative Transfer and Properties (Wiley, 1992).
 67. Ali, A. et al. Newtonian heating effect in pulsating magnetohydrodynamic nanofluid flow through a constricted channel: A 

numerical study. Front. Energy Res. 10, 1002672 (2022).
 68. Shah, Z., Kumam, P., Selim, M. M. & Alshehri, A. Impact of nanoparticles shape and radiation on the behavior of nanofluid under 

the Lorentz forces. Case Stud. Therm. Eng. 26, 101161 (2021).
 69. Shahzadi, I., Suleman, S., Saleem, S. & Nadeem, S. Utilization of Cu-nanoparticles as medication agent to reduce atherosclerotic 

lesions of a bifurcated artery having compliant walls. Comput. Methods Progr. Biomed. 184, 105123 (2020).
 70. Tripathi, J., Vasu, B., Bég, O. A. & Gorla, R. S. R. Unsteady hybrid nanoparticle-mediated magneto-hemodynamics and heat 

transfer through an overlapped stenotic artery: Biomedical drug delivery simulation. Proc. Inst. Mech. Eng. H J. Eng. Med. 235(10), 
1175–1196 (2021).

 71. Ardahaie, S. S., Amiri, A. J., Amouei, A., Hosseinzadeh, K. & Ganji, D. Investigating the effect of adding nanoparticles to the blood 
flow in presence of magnetic field in a porous blood arterial. Inform. Med. Unlocked 10, 71–81 (2018).

 72. Hedayatnasab, Z., Abnisa, F. & Daud, W. M. A. W. Review on magnetic nanoparticles for magnetic nanofluid hyperthermia 
application. Mater. Des. 123, 174–196 (2017).

Author contributions
Conceptualization, F.K, and A.D.; methodology, F.K, and A.D.; software, F.K, and A.D., and R.A; formal analysis, 
F.K, A.D. and I. E.; investigation, F.K, A.D., and I.E., resources, F.K, A.D., I.E., and R.A.; data curation, F.K, A.D., 
I.E, and R.A.; writing—original draft preparation, F.K., and A.D.; writing—review and editing, F.K, A.D., I.E, 
and R.A.; visualization, F.K, A.D., I.E, and R.A.; supervision, F.K, A.D., I.E, and R.A.; project administration, F.K, 
A.D., I.E, and R.A. All authors have read and agreed to the published version of the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB). 

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1115/1.2891173


22

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9351  | https://doi.org/10.1038/s41598-024-59251-9

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 59251-9.

Correspondence and requests for materials should be addressed to A.S.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-59251-9
https://doi.org/10.1038/s41598-024-59251-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Pulsatile nanofluid flow with variable pressure gradient and heat transfer in wavy channel
	Mathematical formulation
	Solution method
	Validation of results

	Results and discussion
	Conclusion
	References


