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Abstract
The center of interest of this research study is to unfold the phenomena in the electric double layer (EDL) adjacent to the 
indicted peristaltic wall and its impact on a peristaltic transport of ionized non-Newtonian blood (Jeffrey liquid model) infused 
with hybridized copper and gold nanoparticles through a ciliated micro-vessel under the buoyancy and Lorentz forces’ action. 
The energy equation is found with consideration of viscous dissipation and internal heat source impacts. The complicated 
normalized flow equations are abridged by adopting lubrication and Debye–Hückel linearization postulates. The homotopy 
perturbation approach is devoted to yield the optimal series solutions of the resulting equations. The amendment in the per-
tinent hemodynamical characteristics against the significant flow parameters is canvassed via plentiful graphical designs. 
Outcomes confess that a higher assisting the electric body force and thin EDL significantly opposes the blood flow nearby 
the ciliated micro-vessel wall. The heat exchange rate for hybrid nano-blood (26% for Cu-Au/blood) is greatly evaluated to 
nano-blood (20% for Au-blood and 11.4% for Cu-blood). The trapped bolus is expanded due to thinner EDL or longer cilia 
length. This simulation could help to design electro-osmotic blood pumps, diagnostic devices, pharmacological systems, etc.
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List of symbols
ã	� Mean radius of pipe, m
Br	� Brinkman number
c	� Metachronal wave speed (m s−1)
cp	� Specific heat, J kg−1 K−1

e	� Net electronic charge, C
(ER̃,EZ̃)	� Electric filed components, N C−1

F	� Mean flow rate
I0, I1, I2	� Modified Bessel functions of first kind of zero, 

first and second order
g	� Acceleration, m s−2

Gr	� Thermal Grashof number

h	� Ciliary micro-vessel wall
k	� Thermal conductivity, W m−1 K−1

KB	� Boltzmann constant, J K−1

L̂	� Operator
M2	� Magnetic field term
n0	� Average number of cations and anions
n+, n−	� Number of densities of cations and anions, m−3

P̃	� Pressure in the laboratory frame, mm Hg or kg 
m−1 s−2

p	� Pressure in wave frame
q	� Velocity vector, m s−1

Q	� Volume flow rate
Q0	� Internal heat source, W m−1

Re	� Reynolds number
t	� Dimensionless time term
Ta	� Average temperature of electrolytic solution, K
t̃	� Dimensional time term
T̃ 	� Blood temperature, K
T̃0	� Temperature at blood vessel wall, K
(u,w)	� Dimensionless speed components in (r, z)
(ũ, w̃)	� Moving frame speed components in (r̃, z̃) , m s−1

(Ũ, W̃)	� Fixed frame speed components in (R̃, Z̃), m s−1

Uhs	� Helmholtz–Smoluchowski velocity parameter
z	� Valence of ions, C
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Z̃0	� Reference particle position
Z∗	� Heat transport coefficient, W m−2 K−1

Greek symbols
�	� Eccentricity due to elliptical action
�	� Wave number, m−1

�	� Cilia length
�	� Heat source term
�	� Electro-osmotic term
�	� Metachronal wavelength, m
�1	� Jeffrey parameter
�	� Constant viscosity coefficient, kg m−1 s−1

Φ	� Non-dimensional electric potential
Φ̃	� Electric potential, V
(�1,�2)	� Solid volume fractions of Cu and Au NPs
�	� Stream function
�	� Blood density, Kg m−3

�e	� Net ionic charge density of electrolyte, C m−3

S̃	� Extra-stress tensor
Sij	� Component of stress tensor
�	� Dimensionless blood temperature

Subscript
s1	� Copper nanoparticles (Cu NPs)
s2	� Gold nanoparticles (Au NPs)
f 	� Base liquid (blood)
nf 	� Cu-blood nanoliquid
hnf 	� Cu-Au/blood hybrid nanoliquid

Introduction

In the twenty-first century, electro-magnetically supported 
transport has been gaining popularity in biomedical sci-
ences, electromechanical systems, and bio-electrochemical 
engineering. It develops due to the interaction of electro-
magnetic fields and electrolytic fluids and generates interest-
ing dynamical characteristics. When a charged solid surface 
gets into interaction with electrolyte or aqueous solutions, 
the positively indicted ions in the electrolytic fluids are 
attracted to it while the negatively charged ions repel it. 
As a response, an electric double layer (EDL) is produced 
across the charged solid area. The EDL is made up of two 
layers: a stationary stern layer generated near the charged 
solid surface and a diffusive layer formed by moving posi-
tively charged ions. The positively charged EDL will migrate 
along imposed electric field if it is employed parallel to the 
solid–fluid layer. Subsequently, the viscous drag causes the 
bulk liquid to be mobilized. An electro-osmotic flow (EOF) 
is an import of electrokinetic phenomena. It has potential 
biomedical and technological applications in micro- and 
nano-fluidic devices/systems, for example, electro-osmotic 
liquid pumps, pectoral fin-inspired wave energy conversion 

devices, medication delivery pumps, cell culture, DNA test-
ing, tissue scaffolding, cooling chips, minimally invasive 
medical procedures, cellular micro-injection, bio-chip fab-
rication, photosynthetic-based fuel systems, corrosion miti-
gation, non-absorbent polymer injection systems, blood and 
urine diagnosis, and microbial fuel cells in carbon capture. 
Reuss [1] was the first to explore and report the EOF in 
1809. Wiedemann [2] later proposed a mathematical frame-
work for EOF. Because of the rigorous requirements and 
benefits of EOF mechanisms, numerous scientists have con-
centrated their efforts over the EOF subject to various flow 
constraints and liquid models. The dual consequence of elec-
tro-osmosis and peristalsis is significant in several biologi-
cal, industrial and engineering assessments. An analytical 
investigation to explore electro-osmosis phenomenon in bio-
rheological micropolar fluid flow via sinusoidal wavy micro-
channels was presented by Chaube et al. [3]. Their results 
exposed that the pumping characteristic can be altered by 
modifying externally imposed electric field. Jayavel et al. 
[4] uncovered the electro-osmotic phenomena in the peri-
staltic flow of pseudo-plastic nanofluid via a micro-channel. 
In this research, it was recorded that the axial velocity of 
nanofluid declines near the left wall but a contrarily trend 
is witnessed in the zone close to the right wall for booster 
values of electro-osmotic term. A theoretical analysis for the 
EOF of double-layered fluids inside a flexible peristaltic tube 
was presented by Ali et al. [5]. Their outcomes revealed that 
both trapping and reflux can be circumvented by augmenting 
electrokinetic slip velocity. Noreen et al. [6] discovered the 
electro-osmotic phenomena in biofluid flow via a peristaltic 
micro-channel. They disclosed that the pressure gradient 
gets a declination for enhanced electro-osmotic parameter. 
For more recent researches, the readers are referred to Refs. 
[7–10].

The study of mobility of ionized fluid under the inter-
action of electromagnetic fields is termed electro-mag-
neto-hydrodynamic (EMHD). In this phenomenon, body 
forces on the stream are generated as a result of several 
interactions between magnetic field, electrical charges in 
EDL, electric field, and electrical currents. EMHD plays 
an incredible role in technological, biotechnological, 
biomedical, and bio-clinical fields such as biochemical 
engineering, developing micro-fabrication technology, 
targeting medications delivery system, and micro-elec-
tromechanical systems (MEMS). EMHD phenomena in 
peristaltic propagation have gained an amazing concern 
of researcher due to prospective submissions in bioengi-
neering, bio-rheological, and medical domains. Noreen 
et al. [11] exposed the electro-osmosis regulated peri-
staltic propagation of magneto-nanofluid via a flexible 
micro-channel considering Joule heating. Their outputs 
revealed that the pressure gradient firstly attenuates and 
then amends with growing estimations of electro-osmotic 
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parameter or Hartmann number. The electro-magneto-
osmosis in peristaltic propagation of dusty viscoelastic 
biofluids via micro-channel was inspected by Ramesh et al. 
[12]. They disclosed that both magnetic field and electro-
osmotic parameter markedly suppress the velocity profile 
for both fluids and particles phase. Recently, Ramesh et al. 
[13] have disclosed the electro-osmotic events in the peri-
staltic flow of magneto-nanofluid with couple stress fluid 
model via a micro-channel considering the slip and con-
vective wall conditions. Results of this paper claimed that 
entrapped bolus is expanded by mounted Hartmann num-
ber but compressed by elevated electro-osmotic param-
eter. The peristaltic transportation of a third-order non-
Newtonian liquid via a micro-channel under joint action 
of magneto-hydrodynamics, and electro-osmosis has been 
examined by Tanveer et al. [14]. The fluid velocity pro-
file is significantly amended by the electro-osmotic term, 
while it is decremented in the core domain of the conduit 
but incremented nearby the walls due to an augmentation 
in magnetic field. Additional related research works are 
found in Refs. [15–18].

Researchers and modelers have recently shown an 
eagerness in peristaltic phenomena, which has a wide 
variety of deployments in the bio-mechanical, bioengi-
neering, as well as biomedical fields. Continual contrac-
tions and relaxations of tube/channel/duct walls drive the 
fluid elements through it. This phenomenon is frequently 
realized in blood motion in arteries/vessels, saliva move-
ment, spermatic material propagation and cerebrospinal 
fluids movement, food swallowing down the esophagus, 
chyme motion, and so on. This process has been smartly 
utilized in multi-ways, such as finger and roller pumps, 
electro-pneumatics, bio-mimetic devices, embryo-car-
diovascular pumps, corrosive fluid propelling, blood 
pump and oxygenator device, blood filtration, heart–lung 
machine, dialysis machine, ventilator machine, diabetic 
pumps delivery schemes of insulin, bio-mimetic capillary 
designs and glucose sensing. In order to understand the 
peristaltic action of non-Newtonian bio-rheological liq-
uids, researchers have conducted several theoretical and 
computational investigations under a wide range of dif-
ferent assumptions. The peristaltic activity was initially 
examined by Latham [19]. After his path-breaking work, 
Shapiro et al. [20] scrutinized the peristaltic mechanism 
in order to transport the liquids through a channel/duct 
subject to lubrication estimates. The electro-osmosis-
assisted peristaltic stream of non-Newtonian blood via 
micro-vascular tube was explored by Tripathi et al. [21]. 
The MHD peristaltic pumping of non-Newtonian blood 
was simulated by Rashidi et al. [22]. They pointed out that 
the pressure rise per wavelength gets an augmentation for 
higher magnetic parameter. An inspection into the stream-
ing of Rabinowitsch liquid inside an inclined non-uniform 

pipe with wall characteristics and wall slippage was made 
by Manjunatha et al. [23]. In this research, they tracked out 
that the entrapped bolus shape inflates with an elevation in 
rigidity and stiffness parameters. Some other considerable 
research studies on the peristaltic drive of physiological 
liquids were descripted in refs. [24–27].

Almost all physiological materials, including mucus, syn-
ovium fluid, blood, cerebrospinal fluid, retinal humor, endo-
bronchial discharges, and tear film liquid, exhibit non-New-
tonian viscoelastic attributes. A non-Newtonian viscoelastic 
fluid model called the Jeffrey liquid is one of the simplest 
liquid models evaluated to others for understanding physio-
rheological properties of physiological fluids. Many scholars 
have conducted substantial research on peristaltic propulsion 
of physiological liquids using the Jeffrey liquid model. The 
cilia driven MHD stream of Jeffrey fluid in a tube was theo-
retically studied by Maqbool et al. [28]. They recorded that 
the fluid velocity field upsurges by incrementing the Jeffrey 
parameter. Tripathi et al. [29] designed a mathematical simu-
lation to study electro-osmosis modulated viscoelastic physi-
ological fluid stream in a peristaltic cylindrical tube with 
Jeffrey fluid model. Their results exposed that blood flow 
rate gets an enhancement with viscoelastic nature of blood 
and electric effects. Yasmeen et al. [30] implemented an 
analytical approach to examine viscoelastic attributes in the 
peristalsis of magnetized Jeffrey fluid through a sinusoidal 
tube. They exposed that the dynamic flow profiles (velocity 
and pressure gradients) exhibit little dependency on the Jef-
frey parameter. Shaheen et al. [31] conducted an inspection 
on the micro-rheological attributes of mucus propagation in 
a ciliary domain with the aid of Jeffrey nanoliquid model. 
They evaluated the velocity fields for recovery and effective 
strokes and discovered that the efficient stroke velocity is 
larger than the recovery stroke velocity. Vaidya et al. [32] 
presented the peristaltic movement of magnetized Jeffrey 
liquid with varying viscosity through an asymmetric wavy 
conduit. They noted that viscosity parameter uplifts the 
velocity profile in the core domain of the wavy channel. The 
MHD peristaltic propulsion of a reactive Jeffrey liquid via a 
penetrable wavy conduit was researched by Abbas et al. [33]. 
Their outcomes have exposed that pumping rate improves 
for higher Jeffrey term in the co-pumping domain. Some 
additional researches on peristalsis of viscoelastic Jeffrey 
liquid are recorded in refs. [34–37].

Motile cilia-regulated peristaltic transport appears sig-
nificantly during cells’ motion or adjacent materials flowing 
over cell surface. This phenomenon can be observed in vast 
physiological transit mechanisms such as feeding, breathing, 
reproduction, locomotion, circulation and respiration. In our 
body, cilia are very minuscule hair-like appendages that are 
usually existing on the eukaryotic cell surfaces, for example, 
kidneys, eye retina, ears, etc., and some physiological vessel/
tube/tract like respiratory tract, digestive tract, reproductive 
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and nervous systems. Like oars, they smash back and forth 
strikes in synchronism to generate a commensurate patterns 
of traveling wave along the area, recognized as metachronal 
wave. Cilia-generated metachronal waves are primarily 
utilized to control flow continuity and improve fluid pro-
pulsion. Dust and mucus are dispelled from the airways by 
ciliary motion in the respiratory tract surface [38]. The cilia 
in our kidneys operate as a sensory-antenna for our body. 
They collect signals from the adjacent urinary bladder and 
respond to cell warnings about the flow of urine in the sur-
rounding area. As food moves via the digestive tract, the 
cilia beating helps to keep it moving [39]. Ghazal et al. [40] 
have recorded the movement of egg and sperm swimming 
in the oviduct liquids via the oviducts. Cilia in male efferent 
ductules [41] are liable for mixing and dispersing sperms so 
that they can easily reach their ultimate destination without 
aggregation and blockage. Farooq et al. [42] addressed a 
cilia-endorsed MHD transport of viscoelastic Jeffrey liquid 
through a porous channel considering the cumulative impact 
pf chemical reaction, and external heat source. They exhib-
ited that semen is a viscoelastic liquid with a lower volumet-
ric flow rate than Newtonian liquid under related conditions. 
Sadaf et al. [43] analyzed the cilia-aided convection of a vis-
coelastic Jeffrey liquid in a tube with ciliated sinusoidal wall. 
Shaheen et al. [44] reproduced a mathematical model for vis-
coelastic mucus flow in an axisymmetric ciliated duct. They 
considered the upper convected Maxwell (UCM) fluid model 
to explain the rheology of mucus which attributes a relaxa-
tion time, and precisely describes normal stress produc-
tion in shear flows. Their outcomes explored that pressure 
rise is evidenced to boost significantly by increasing cilia 
length and relaxation time, while axial velocity is remark-
ably declined. The two-layered cilia-generated propulsion of 
Phan–Thien–Tanner (PTT) liquid in attendance of thermal 
and concentration impact has been investigated by Maqbool 
et al. [45]. In this search, the two-layered design approach is 
attributed to the prevalence of the airway ciliary layer (ACL) 
and peri-ciliary liquid layer (PCL) on the epithelial tissue in 
the inner wall of trachea. Maqbool et al. [46] have explored 
the impact of buoyancy force in mixed convective ciliary 
movement of magnetized mucus with Carreau fluid model 
inside a channel. The cilia-assisted magneto-electro-osmotic 
transport of non-Newtonian liquid via a ciliated conduit with 
wall slip have been explored by Munawar [47]. According 
to his findings, as cilia length and cilia structure eccentricity 
improve, the shear stress of the ciliary wall uplifts. Shaheen 
et al. [48] have reported the electro-osmosis endorsed trans-
port of radiated viscoelastic Jeffrey fluids via a ciliary chan-
nel with heat generation/ absorption. In order to emphasize 
ciliary transport importance in physiology and biomedicine 
disciplines, several significant findings were explored for 
engaged readers [49–52].

Nanotechnology has recently gained great attention. Sci-
entists examined the efficiency of this research area in various 
applications such as heat exchangers, photovoltaic, photocata-
lysts, and biomedical engineering. Nanomaterials perform an 
important function in industry by controlling the heat mecha-
nism and improving system efficiency. Recent development 
in bio-nanotechnology has disclosed a large array of benefits 
for nanomaterials (nanoparticles (NPs), nanofibers, nanotubes, 
etc.) in medical science. According to the new mechanism 
advanced by nanofluid dynamics, drugs can be delivered to 
various organs in human bodies in a uniform manner. Nano-
fluids are made by scattering nano-sized particles (dimen-
sion < 100 nm) in conventional liquids like water, lubricants, 
engine oil, emulsions, ethylene glycol, biofluids, and blood. 
This concept was first presented by Choi [53] to upsurge the 
thermal efficiency of working base fluids. The inspection of 
operating nanofluids in diverse geometrical aspects is carried 
out in many researches [54–63]. Hybrid nanofluids refer to the 
dispersion of two or more different nanomaterials in the same 
operating fluids. There are numerous applications for these 
nanofluids in the fields of medical and bioengineering, for 
instance, disease diagnostics, preventive medicine, orthopedic 
lubrications, therapeutics, arthritis, antibacterial and antican-
cer drugs, versatile vaccines, etc. Almost all of the drugs are 
composed in the form of hybrid nano-liquids, and blood is 
utilized as a base liquid for testing the chemical reactions of 
these materials in the blood stream. Due to various applica-
tions in medical science, blood-based hybrid nanofluids have 
been extensively scrutinized via numerous researchers. The 
physical significance of hybrid nano-blood (CuO-Cu/blood) 
in a narrow stenosed artery was examined by Ijaz et al. [64]. 
They recorded that hybrid NPs are more suitable as compared 
to mono nano-blood to reduce hemodynamic effect of stenosed 
artery. Saleem et al. [65] demonstrated peristaltic streaming 
of blood infused with hybridized nanoparticles via a curved 
tube with ciliated wall. They revealed that a rapid increment 
in pressure gradient in hybrid nano-blood (Ag–Cu/blood) is 
recorded as evaluated to Cu-blood. Das et al. [66] presented an 
electromagnetic flow of blood suspended with hybridized nan-
oparticles inside an endoscopic conduit with peristaltic wave. 
They recorded that the concentration of nanoparticles in hybrid 
nano-blood (Ag-Al2O3/blood) has a potential to modulate 
heat-conducting behaviors in flow conduit. The cilia-assisted 
flow of non-Newtonian blood diffused with copper and gold 
nanoparticle in a ciliary tube under consideration of entropy 
and heat generation has been anatomized by Ali et al. [67]. 
The entropy generation for hybrid nano-blood is higher than 
for nano-blood. With an electromagnetic field along through 
Hall currents, Das et al. [68] have studied the hemodynamical 
properties of blood suspended with copper and gold nano-
particles in a non-uniform endoscopic annulus through wall 
slip. According to their findings, the inclusion of gold and 
copper nanoparticles in blood possesses higher temperature 
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than copper nanoparticles. Ali et al. [69] recently explored 
electromagnetic phenomena in a cilia-modulated hybridized 
nano-blood flow. In this research, they found that the blood is 
emphasized on being cooled by enlarging hybrid NPs volume 
fractions. Some more related articles on peristalsis of blood via 
the suspension of hybridized NPs are loaded in Refs. [70–72].

After a critical literary review, it is believed that no 
mathematical model has been documented yet in order to 
simulate the electro-magneto-hydrodynamic flow of ionized 
blood suspended with nanoparticles via ciliated arterial/ves-
sel systems. In the current era, nanomaterials are extremely 
utilized in advanced medical science, such as bio-nano-pol-
ymer coatings for medical devices, administration of nano-
drug in cardiovascular healing, smart bio-mimetic electro-
osmotic nanofluid pumps in ocular analysis, etc. Inspired by 
the aforementioned new things, here we plan to develop a 
new mathematical model for EOF of ionized non-Newtonian 
blood carrying dissimilar copper and gold nanoparticles via 
a vertical ciliated peristaltic micro-vessel under an electro-
magnetic field environment. The Jeffrey viscoelastic liquid 
model is invoked to mimic non-Newtonian features of blood 
mixed with hybridized copper and gold nanoparticles (Au-
Cu/blood). The modeled formulae are shortened based on 
lubrication and Debye–Hückel linearization estimations. The 
sophisticated homotopy perturbation technique is opted to 
track out the optimal series solution for outcoming coupled 
nonlinear equations. A comparison between the hybrid 
nano-blood (Au-Cu/blood) model and the Cu-blood model 
is executed. The novelty of the proposed research work is 
the exploration of EDL’s phenomena and its critical role 
in streaming ionized blood infused with magnetized cop-
per and gold nanoparticles via ciliated micro-vessel with 
peristaltic wall.

For further clarification, the novel objectivities of this 
simulation are itemized in the following bullets:

•	 Exploration of electric double-layer (EDL) phenomena 
and its impact on the electro-magneto-hydrodynamic 
flow of non-Newtonian blood suspended with hybridized 
nanoparticles (copper and gold) due to the metachronal 
beating of cilia tips inside micro-vessel

•	 Fitting of Jeffrey liquid model in order to explain the 
non-Newtonian rheology of blood

•	 Integration of ionic blood (electrolyte solution), magnetic 
hybridized nanoparticles, electromagnetic force (Lorentz 
force), and buoyancy force

•	 Derivation of optimal series solutions by opting the 
homotopy perturbation method (HPM).

Modeling

Physical scheme

Consider the two-dimensional laminar electro-magneto-
hydrodynamic (EMHD) of ionized non-Newtonian blood 
via a vertical micro-vessel with a ciliated wall. The wall of 
the micro-vessel wall is furnished with cilia and outer wall is 
negatively charged. The blood motion is induced by the cilia 
beating as well as electro-osmotic body force. The hybrid 
nano-blood is prepared as a homogeneous scattering of Cu-
Au nano-powders into the blood. A cylindrical coordinate 
system (R̃, Z̃) is considered to devise the current modeled 
problem, where Z̃ is the axial coordinate, and R̃ radial coor-
dinate. The geometry of the modeled problem is displayed in 
Fig. 1. A magnetic field is anticipated along the R̃ direction. 
An external electric field is applied along the Z̃ direction, 
which induces the EMHD inside the ciliated micro-vessel. 
The electrokinetic body force is 𝜌eE = 𝜌e(ER̃,EZ̃) . The 
micro-vessel wall is sustained with the uniform tempera-
ture T0.

The envelopes of the cilia tips can be defined mathemati-
cally as [64]:

where � represents the dimensionless the cilia length, ã the 
mean radius of the ciliated pipe, c metachronal wave speed, 
� the eccentricity due to elliptical motion, � the metachronal 
wavelength, and Z̃0 the reference particle position. The large 
number of cilia merges and exhibits a beating model over the 
inner wall of the ciliated pipe. This beating pattern produces 
a continuous chain of waves that acts similar to a sinusoidal 
or peristaltic wave at the wall of the pipe. Equations (1–2) 
describe the geometry of cilia movement in the form of ellip-
tical shape.

The velocity constituents of the blood flow incited due to 
the cilia tips are [64]:

Through Eqs. (1–2), Eqs. (3–4) can be rewritten as:

(1)R̃ = H̃ = F̃(Z̃, t̃) = ã + 𝛿ã cos
2𝜋

𝜆
(Z̃ − ct̃),

(2)Z̃ = G̃(Z̃, Z̃0, t̃) = ã + 𝛿ã𝛼 sin
2𝜋

𝜆
(Z̃ − ct̃),

(3)W̃ =

(
𝜕Z̃

𝜕t̃

)

Z̃0

=
𝜕G̃

𝜕t̃
+

𝜕G̃

𝜕Z̃

𝜕Z̃

𝜕t̃
=

𝜕G̃

𝜕t̃
+

𝜕G̃

𝜕Z̃
W̃

(4)Ũ =

(
𝜕R̃

𝜕t̃

)

Z̃0

=
𝜕F̃

𝜕t̃
+

𝜕F̃

𝜕Z̃

𝜕Z̃

𝜕t̃
=

𝜕F̃

𝜕t̃
+

𝜕F̃

𝜕Z̃
W̃
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Jeffrey liquid scheme

To study viscoelastic attributes of hybrid nano-blood, Jef-
frey fluid model is taken into consideration. In this regard, 
the corresponding constitutive relation for the extra-stress 
tensor S̃ can be expressed as [37]:

where �∗
1
 assigns the ratio of relaxation time to retardation 

time, �2 the retardation time, 𝛾̇ the shear rate, and dots ( ⋅ ) 
the differentiation with respect to time.

(5)W̃ = −

2𝜋

𝜆
𝛿𝛼ãc cos

2𝜋

𝜆
(Z̃ − ct̃)

1 −
2𝜋

𝜆
𝛿𝛼ã cos

2𝜋

𝜆
(Z̃ − ct̃)

(6)Ũ =

2𝜋

𝜆
𝛿𝛼ãc sin

2𝜋

𝜆
(Z̃ − ct̃)

1 −
2𝜋

𝜆
𝛿𝛼ã cos

2𝜋

𝜆
(Z̃ − ct̃)

(7)S̃ =
1

1 + 𝜆∗
1

(𝛾̇ + 𝜆2𝛾̈),

Electro‑hydrodynamics

In electrostatics theory, the electric potential function in 
an electrolyte solution satisfies the Poisson–Boltzmann 
equation. According to it, the electric potential Φ̃ across 
the EDL is expressed as follows [15, 73]:

where �0 is the dielectric permittivity of the ionic blood 
(electrolyte) and �e the net charge density of the ionic blood 
in a unit volume due to the EDL, which is given as follows 
[15]:

e represents the net electronic charge ( 1.6 × 10−19 C), z is the 
valency for both the ions (cations and anions), and n− and 
n+ are the ionic concentrations of anions and cations in the 
ionic blood, respectively. The Boltzmann distribution func-
tion for local ionic density is as follows [59]:

(8)∇2Φ̃ = −
𝜌e

𝜀0
,

(9)�e = ez(n+ − n−),

Fig. 1   Geometrical structure of 
the problem
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where n0 is the bulk density of anions and cations in the 
ionic blood, KB the Boltzmann constant, and Ta the aver-
age temperature of the ionic blood. In the endoscopic con-
duit, there is no gradient of ionic concentration in the axial 
direction and hence the distribution of ionic concentration is 
appropriate [15, 73, 74]. In a unit volume of the ionic blood, 
the electric charge density is rewritten as:

In view of (8) and (11), the simplified Poisson–Boltz-
mann equation is as:

For very low zeta potential (< 25mV) for a wide range of 
PH of the electrolytic blood solutions across EDL, the Pois-
son–Boltzmann Eq.  (12) can be simplified by adopting 
sinh

(
ezΦ̃

KBTa

)
≈

ezΦ̃

KBTa
 under the Debye − Hückel linearization 

approximation and takes the form:

Governing equations

The governing equations in the laboratory frame for the pro-
posed EMHD of ionized blood with hybridized nanoparti-
cles’ suspension via a ciliated micro-vessel with peristaltic 

(10)n± = n0e
±

ezΦ̃

KBTa ,

(11)𝜌e = −2n0ez sinh

(
ezΦ̃

KBTa

)

.

(12)∇2Φ̃ =
2n0ez

𝜀0
sinh

(
ezΦ̃

KBTa

)

.

(13)∇2Φ̃ =
2n0

(
ez
)2

𝜀0KBTa
Φ̃.

wall under the above-mentioned suppositions and employing 
Boussinesq approximation are [75, 76]:

where P̃ denotes the blood pressure, W̃  , Ũ the respective 
axially and radially velocity components of Cu-Au /blood 
in the fixed frame, EZ̃ the axially applied electric field, T̃  
the Cu-Au/blood temperature, khnf the thermal conductivity 
of Cu-Au/blood, �hnf the density of Cu-Au/blood, (cp)hnf the 
specific heat of Cu-Au/blood at constant pressure, and Q0 the 
internal heat source coefficient.

In the fixed (laboratory) frame, the worthy boundary con-
ditions for the flow configuration are proposed as [64]:

(14)𝜕Ũ

𝜕R̃
+

Ũ

R̃
+

𝜕W̃

𝜕Z̃
= 0,

(15)𝜌hnf

(
𝜕Ũ

𝜕t̃
+ Ũ

𝜕Ũ

𝜕R̃
+ W̃

𝜕Ũ

𝜕Z̃

)

= −
𝜕P̃

𝜕R̃
+

1

R̃

𝜕

𝜕R̃
(R̃S̃R̃R̃) +

𝜕

𝜕Z̃
(S̃R̃Z̃),

𝜌hnf

(
𝜕W̃

𝜕t̃
+ Ũ

𝜕W̃

𝜕R̃
+ W̃

𝜕W̃

𝜕Z̃

)

= −
𝜕P̃

𝜕Z̃
+

1

R̃

𝜕

𝜕R̃
(R̃S̃R̃Z̃)

+
𝜕

𝜕Z̃
(S̃Z̃Z̃) + (𝜌𝛽T̃ )hnfg(T̃ − T̃0)

(16)−𝜎hnfB
2
0
W̃ + 𝜌eEZ̃,

(17)

(𝜌cp)hnf

(
𝜕T̃

𝜕t̃
+ Ũ

𝜕T̃

𝜕R̃
+ W̃

𝜕T̃

𝜕Z̃

)

= S̃R̃R̃
𝜕Ũ

𝜕R̃
+ S̃R̃Z̃

𝜕W̃

𝜕R̃
+ S̃Z̃R̃

𝜕Ũ

𝜕Z̃
+ S̃Z̃Z̃

𝜕W̃

𝜕Z̃

+ khnf

(
𝜕2T̃

𝜕R̃2
+

1

R̃

𝜕T̃

𝜕R̃
+

𝜕2T̃

𝜕Z̃2

)

+ Q0,

Table 1   Hybrid nano-blood and 
nano-blood models [68]

Cu-blood Au-Cu/blood

Density �nf = (1 − �1)�f + �1�s1
�hnf = (1 − �2)[(1 − �1)�f

+ �1�s1 ] + �2�s2

Viscosity �nf =
�f

(1−�1)
2.5

�hnf =
�f

(1−�1)
2.5(1−�2)

2.5

Thermal expansion coef-
ficient

(��T)nf = (1 − �1)(��T)f + �1(��T)s1
(��T)hnf = (1 − �2)[(1 − �1)(��T)f

+ �1(��T)s1 ] + �2(��T)s2

Heat capacity (�cp)nf = (1 − �1)(�cp)f + �1(�cp)s1
(�cp)hnf = (1 − �2)[(1 − �1)(�cp)f

+ �1(�cp)s1 ] + �2(�cp)s2

Thermal conductivity
knf = kf

[
ks1

+2kf−2�1(kf−ks1
)

ks1
+2kf+�1(kf−ks1

)

]

khnf = kbf

[
ks2

+2kbf−2�2(kbf−ks2
)

ks2
+2kbf+�2(kbf−ks2

)

]

here

kbf = kf

[
ks1

+2kf−2�1(kf−ks1
)

ks1
+2kf+�1(kf−ks1

)

]
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Empirical relations and thermophysical properties

The empirical relations and thermophysical properties of 
Au NPs, blood, and Cu NPs are provided in Tables 1 and 2.
where �1 and �2 denote the solid volume fractions of Cu and 
gold NPs, respectively. The suffices s1 , s2 , f  , hnf  , and nf  sig-
nify solid Cu NPs, solid Au NPs, base liquid (blood), hybrid 
nano-blood (Cu-Au/blood), and nano-blood (Cu-blood), 
respectively. The case �1 = �2 = 0 (with no suspension of 
NPs) corresponds to the pure-blood. The thermophysical 
properties are specified in Table 2.

Flow scrutiny in moving frame of reference

Here flow problem is considered unsteady. For this in the 
fixed frame into the steady state in the wave frame (r̃, z̃) , 
developing via the same wave speed c, the linear transforma-
tions are established as [64, 73]:

Using these dimensionless variables:

𝜕W̃

𝜕R̃
= 0,

𝜕T̃

𝜕R̃
= 0,

𝜕Φ̃

𝜕R̃
= 0 at R̃ = 0,

(18)
W̃ = −

2𝜋

𝜆
𝛿𝛼ãc cos

(
2𝜋

𝜆
(Z̃ − ct̃)

)

1 −
2𝜋

𝜆
𝛿𝛼ã cos

(
2𝜋

𝜆
(Z̃ − ct̃)

) , T̃ = T̃0, Φ̃ = Φ̃0

at R̃ = H̃ = ã + 𝛿ã cos
(
2𝜋

𝜆
(Z̃ − ct̃)

)
,

(19)
r̃ =R̃, z̃ = Z̃ − ct̃, ũ = Ũ, w̃ = W̃ − c, h̃(z̃, t̃)

= H̃(Z̃, t̃), p̃(z̃, r̃, t̃)

P̃(Z̃, R̃, t̃), T̃(z̃, r̃, t̃) = T̃(Z̃, R̃, t̃),

where Re is the Reynolds number, M2 the magnetic field 
term, �1 the Jeffrey parameter, Uhs the Helmholtz–Smolu-
chowski velocity (maximum electro-osmotic velocity, � the 
electro-osmotic term, Gr the thermal Grashof number, Br 
the Brinkman number, and � the internal heat source term.

In pursuance of (7), (19–20), and the lubrication estima-
tions, Eqs. (13–17) related to the viscoelastic hybrid nano-
blood can be put in the dimensionless form as:

where x1 =
�hnf

�f

 , x2 =
(��)hnf

(��)f
 , x3 =

�hnf

�f
 , x4 =

khnf

kf
.

The non-dimensional form of the physical boundary condi-
tions (BCs) becomes

where � is the wave number.
Solution of Poisson–Boltzmann Eq. (21) subject to bound-

ary conditions (25) can be easily derived by using Mathemat-
ica software and given by

(20)

r =
r̃

ã
, z =

z̃

𝜆
, w =

w̃

c
, u =

𝜆ũ

ãc
, p =

ã2p̃

c𝜆𝜇f

,

𝜃 =
T̃ − T̃0

T̃0
, Φ =

Φ̃

Φ0

, Φ0 =
KBTa

ez̃
, t =

ct̃

𝜆
,

𝛽 =
ã

𝜆
, 𝜆1 =

c𝜆∗
1

ã
, Re =

cã𝜌f

𝜇f

, M2 =
𝜎fB

2
0
ã2

𝜇f

,

𝜅 = b0ez̃

√
2n0

𝜀0KBTa
=

b0

𝜆D
, Uhs = −

𝜀0𝜁Ez̃

c𝜇f

,

Gr =
gã2T̃0𝜌f(𝛽T)f

c𝜇f

, Br =
c2𝜇f

(cp)fT̃0
,

Sij =
ãS̃ij

c𝜇f

, h =
h̃

ã
, 𝜉 =

Q0ã
2

kfT̃0
,

(21)
1

r

�

�r

(
r
�Φ

�r

)
= �2Φ,

(22)
�p

�r
= 0,

(23)

−
�p

�z
+

x1

1 + �1

1

r

�

�r

(
r
�w

�r

)
+ x2Gr� + �2UhsΦ − x3M

2(w + 1) = 0,

(24)
x4

r

�

�r

(
r
��

�r

)
+

x1Br

1 + �1

(
�w

�r

)2

+ � = 0,

�w

�r
= 0,

��

�r
= 0,

�Φ

�r
= 0 at r = 0,

(25)

�w

�r
= 0,

��

�r
= 0,

�Φ

�r
= 0 at r = 0,

w = −1 −
2���� cos 2�z

1 − 2���� cos 2�z
, � = 0, Φ = 1

at r = h(z) = 1 + � cos 2�z,

Table 2   Thermophysical properties of blood, copper, and gold NPs 
[68]

Blood Copper Au

� ∕kgm−3 1063 8933 19,320

cp ∕J kg−2 K−1 3594 385 129

k ∕Wm−1 K
−1 0.492 401 314

� × 10−6 ∕K−1 1.8 16.7 14

� ∕Sm−1 6.67 × 10−1 59.6 × 106 4.10 × 107
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where I0 designates the zeroth order modified Bessel func-
tion of first kind.

HPM solution

Equations (23–24) are highly coupled nonlinear, and it 
is complex to resolve it analytically. Thus, series solu-
tion or numerical scheme is the only one opportunity to 
handle this coupled nonlinear equations. Recently, He 
[74] proposed the homotopy perturbation method (HPM). 
In several engineering, mechanical and liquid dynami-
cal branches, HPM has been employed to extort more 
precise solution or estimation in series scheme through 
high convergence precision of linear and nonlinear mod-
eled equations. A homotopy is selected and built through 
q̂ ∈ [0, 1][0, 1] embedding term considered to be small 
quantity [75] in this technique.

After inserting (26) in (23), Eqs. (23–24) become:

where

In order to solve Eqs. (27–28), we construct a homotopy 
ĥ(r, q̂) ∶ Ω × [0, 1] → ℜ which assures

where L̂ =
1

r

𝜕

𝜕r

(
r
𝜕

𝜕r

)
.Supposing the initial guess for the lin-

ear operator has the form

In view of HPM, the estimated solutions ŵ(r, z) and 𝜃̂(r, z) 
have been supposed in the these forms of power series:

(26)Φ(r, z) =
I0(�r)

I0(�h)
,

(27)
1

r

�

�r

(
r
�w

�r

)
+ a0I0(�r) + a1� − a2(w + 1) − a3 = 0,

(28)1

r

�

�r

(
r
��

�r

)
+ a4

(
�w

�r

)2

+ a5 = 0,

(29)

a0 =
�2(1 + �1)Uhs

x1I0(�h)
, a1 =

x2

x1
(1 + �1)Gr, a2 =

x3

x1
(1 + �1)M

2,

a3 =
1 + �1

x1

dp

dz
, a4 =

x1Br

x4(1 + �1)
, a5 =

�

x4
.

(30)
(1 − q̂)[L̂(ŵ) − L̂(ŵ0)] + q̂[L̂(ŵ)

+a0I0(𝜅r) + a1𝜃̂ − a2(ŵ + 1) − a3] = 0

(31)(1 − q̂)[L̂(𝜃̂) − L̂(𝜃̂0)] + q̂[L̂(𝜃̂) + a4

(
𝜕ŵ

𝜕r

)2

+ a5] = 0,

(32)

ŵ0(r, z) = X +
1

4
(1 + 𝜆1)(r

2 − h2)
dp

dz
, 𝜃̂0(r, z) =

1

4
(r2 − h2).

Presently, including Eqs. (30–31) in Eqs. (28–29) and 
comparing the powers of q̂ , the linear equations scheme 
can be achieved. On view of homotopy perturbation 
scheme, taking q̂ = 1 , one has

The final expressions for blood temperature and velocity 
field are:

where I1 designates the first order modified Bessel function 
of first kind and the constants A1 , A2 , A3 , A4 , A5 , A6 , A7 , A8 
and A9 are given in Appendix A.

Stream function, flow rate, wall shear stress 
and heat transport coefficient

The volume flow rate Q is computed as

with this, the pressure gradient is

where B1, B2, and B3 are given in Appendix A.
The mean volume flow rate via one period of the peristaltic 

wave is:

The non-dimensional pressure rise Δp toward one period of 
wavelength can be articulated as

To assess the numerical estimations of the pressure rise Δp , 
Mathematica built-in function N Integrate is deployed.

The speed components are articulated in terms of the stream 
function and are defined as

(33)
ŵ(r, z) = ŵ0 + ŵ1q̂ + ŵ2q̂

2 +⋯ ,

𝜃̂(r, z) = 𝜃̂0 + 𝜃̂1q̂ + 𝜃̂2q̂
2 +⋯

(34)w(r, z) = ŵ(r, z) = ŵ0 + ŵ1 + ŵ2 +⋯

(35)𝜃(r, z) = 𝜃̂(r, z) = 𝜃̂0 + 𝜃̂1 + 𝜃̂2 +⋯

(36)
w(r, z) = A1 + A2(r

2 − h2) + A3(r
4 − h4) + A4(r

6 − h6) + A5I0(�r),

(37)

�(r, z) = A6(r
2 − h2) + A7(r

4 − h4) + A8(r
6 − h6)

+ A9[2I0(h�) − h�I1(h�) − 2I0(�r) + �rI1(�r)],

(38)Q = 2� ∫
h

0

rw(z, r)dr,

(39)
dp

dz
=

1

2B1

{B2 − (B2
2
− 4B1B3)

1∕2},

(40)F = Q +
1

2

(
�2

2
+ 1

)

,

(41)Δp = ∫
1

0

dp

dz
dz,
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To acquire the stream function � , we integrate w =
1

r

��

�r
 

through � = 0 at r = 0 , and then the stream function is 
specified as

The stream function denotes the volumetric flow rate via 
the cross section bounded through the ciliated tube wall.

The wall shear at the tube wall is estimated by utilizing 
the following equation:

The heat transport coefficient at the wall of ciliated pipe 
is calculated as:

(42)u = −
1

r

��

�r
, w =

1

r

��

�r

(43)
� = r2

[
A1

2
−

1

2
h2(A2 + A3h

2 + A4h
4)

]

+
A2

4
r4

+
A3

6
r6 +

A4

8
r8 +

A5

�
rI1(�r),

(44)
Srz =

�hnf

�f

(
�w

�r

)

r=h

= x1[2A2h + 4A3h
3 + 6A4h

5 + A5�I1(h�)].

where I2 designates the second-order modified Bessel func-
tion of first kind.

Code validation

To testify the authenticity of our semi-analytical resolu-
tions, we have supposed a particular cases. The current 
model moderates to the model studied via [76] by depu-
tizing � = � = �1 = �2 = 0 . Furthermore, in Fig. 2a-b, the 
graphical comparison of the present model in the absence of 
viscous dissipation have been carried out for exact solution 
and semi-analytical homotopic perturbation approach. These 
figures affirm that our computed homotopic solution for the 
limiting case is very close to the results of exact solution. 
Furthermore, a numeric contrast in Table 3 is performed in 
the constraining case and reported excellent correlation with 
Nadeem and Sadaf [79]. These establish the authenticity of 
the present solutions.

Outcomes and discussion

In this segment, the physical explorations of graphical 
demonstration for various relevant terms over the pertinent 
hybrid nano-blood flow characteristics are explicated. The 
significant fluctuation in the dimensionless velocity and 
temperature evolutions, pumping characteristics (Axial 
pressure gradient and pressure rise per wavelength), mean 

(45)

Z∗ =
khnf

kf

dh

dz

(
��

�r

)

r=h

= −2��hx4[2A6 + 4A7h
2 + 6A8h

4 + A9�
2I2(h�)] sin 2�z,

(a) Velocity profile

(b) Temperature profile

1.0

0.5

0.0

– 0.5

– 1.0

1.00.50.0– 0.5– 1.0

w

Solid line : Cu–Au/blood

Dashed line : Cu–blood

r

0.20

0.15

0.10

0.05

0.00

1.00.50.0– 0.5– 1.0

θ

Solid line : Cu–Au/blood

Dashed line : Cu–blood

r

Fig. 2   Profiles of velocity and temperature through Br = 0 , � = 0.1 , 
� = 0.2 , M2 = 1 , � = 1 , � = 0.1 , F = 0.5 , Gr = 2 , � = 1 , �1 = 0.6 , 
Uhs = −2 , z = 0.75 , �1 = �2 = 0.02

Table 3   Comparison of velocity profile for when varying �1 = 0.02 , 
� = 0.02 , � = 0.11 , z = 0.08 , � = 0.17 , � = 0.05 , F = 0.16 , 
�1 = M2 = Br = �2 = � = 0

w(r, z)

r [79] Current work

0.1 −1.000000 −1.000001
0.17 −0.717905 −0.717904
0.24 −0.559157 −0.559156
0.31 −0.465615 −0.465615
0.45 −0.396313 −0.396314
0.52 −0.403151 −0.403152
0.66 −0.478546 −0.478547
0.73 −0.542343 −0.542344
0.80 −0.621371 −0.621372
0.94 −0.820638 −0.820639
1.04382 −1.00061 −1.00062
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flow rate F , wall shear stress (WSS), heat transport coef-
ficient (HTC), and streamlines for magnetic term M2 , Jef-
frey term �1 , electro-osmotic term � , cilia length � , Helm-
holtz–Smoluchowski velocity (maximum electro-osmotic 
speed) Uhs , Brinkman number Br , thermal Grashof num-
ber Gr , heat source term � , and NPs volume fractions �1 , 
�2 is demonstrated in Figs. 3–9. The graphical demon-
strations are executed by taking default values/ranges of 

parameters and flow constants [15, 64, 73]: M2 = 0 − 2 , 
� = 2 − 4 , Uhs = −4 − −2 , �1 = 0 − 0.9 , � = 0.1 − 0.4 , 
� = 0.1 − 0.4 , � = 0.1 − 0.7 , F = 0.1 − 0.5 , Br = 0.1 − 0.5 , 
z = 0 − 2 , � = 0 − 2 , �1 = 0 − 0.1 , �2 = 0 − 0.1 . In addition, 
�1 = �2 = 0 corresponds to pure blood, �1 = 0.02 , �2 = 0 
for Cu-blood, and �1 = 0.02 , �2 = 0.02 for Cu-Au/blood. 

Fig. 3   Evolution of 
w(r, z) for various physi-
cal terms � = 0.1 , � = 0.2 , 
z = 0.75 , Br = 0.1 , � = 1.0 , 
and a �1 = 0.6 , � = 2.0 , 
Uhs = −2.0 , � = 0.1 , F = 0.5 , 
Gr = 2.0 , �1 = �2 = 0.02 , 
b M2 = 1.0 , � = 3.0 , 
Uhs = −2.0 , � = 0.1 , F = 0.5 , 
Gr = 2.0 , �1 = �2 = 0.02 , 
c M2 = 1.0 , �1 = 0.6 , 
Uhs = −2.0 , � = 0.1 , F = 0.5 , 
Gr = 2.0 , �1 = �2 = 0.02 , 
d M2 = 1.0 , �1 = 0.6 , 
� = 2.0 , � = 0.1 , F = 0.5 , 
Gr = 2.0 , �1 = �2 = 0.02 , 
e M2 = 1.0 , �1 = 0.6 , 
� = 2.0 , Uhs = −2.0 , F = 0.5 , 
Gr = 2.0 , �1 = �2 = 0.02 , 
f M2 = 1.0 , �1 = 0.6 , 
� = 2.0 , Uhs = −2.0 , � = 0.1 , 
Gr = 2.0 , �1 = �2 = 0.02 , g 
M2 = 1.0 , �1 = 0.6 , � = 3.0 , 
Uhs = −2.0 , � = 0.1 , F = 0.5 , 
�1 = �2 = 0.02 , h M2 = 3.0 , 
�1 = 0.6 , � = 2.0 , Uhs = −2.0 , 
� = 0.1 , F = 0.5 , Gr = 1.0

(b) Velocity profile for changing 1λ

(c) Velocity profile for changing κ

(d) Velocity profile for changing hsU

(a) Velocity profile for changing M (e) Velocity profile for changing δ

(f) Velocity profile for changing F

(g) Velocity profile for changing Gr

(h) Velocity profile for changing 1φ  and 2φ
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The graphical and numerical outcomes are assessed by 
implementing computational software Mathematica.

Axial velocity profile

The ascendancy of different elevating dynamical quantities, 
namely magnetic parameter M2 , Jeffrey parameter �1 , cilia 
length � , thermal Grashof number Gr , electro-osmotic term 
� , Helmholtz–Smoluchowski velocity (maximum electro-
osmotic speed) Uhs , and NPs volume fractions �1 and �2 on 
the dimensionless axial velocity evolution w(r, z) , is expli-
cated in Fig. 3a-h. The alternation of magnetic parameter 
M2 via axial velocity field is verified in Fig. 3a. It is evident 
from these curves that the axial velocity is substantially dec-
remented at the core region of the ciliary vessel for growing 
M2 for both hybrid Au-Cu/blood and Cu-blood flow. The red 
blood cell contains hemoglobin molecules which are formed 
by iron oxide. Those red cells are attracted by the strong Lor-
entz forces which are generated by intensifying M2 . Hence, 
blood circulation is disrupted by an implication of a strong 
magnetic field. Therefore, the blood flow can be influentially 
controlled through choosing suitable strength of applied 
magnetic field during various kinds of complex surgeries. 
Figure 3b is designed to disclose how Jeffrey parameter �1 
affects the axial velocity. The plotted figures explore that by 
boosting the Jeffrey parameter �1 , the axial velocity rises in 
the core domain of the ciliary vessel, but the overturn trend 
is evident in the peripheral domain. Jeffrey parameter �1 des-
ignates the proportion of relaxation time to retardation time. 
In the scenario of physiological fluids (such as blood, mucus, 
semen, etc.), the retardation time is longer than the relaxa-
tion time ( 𝜆1 < 1 ). This suggests that when stress is relieved, 
the physiological fluids respond more quickly and get back 
to their normal state, which has a significant consequence 
through the pressure gradient, resulting in an increment in 
axial flow at the core domain of the ciliary blood vessel. 
The consequence of electro-osmotic term � via the axially 
varying speed distribution is directed in Fig. 3c. The axial 
velocity exposes an elevating trend in the core domain of 
ciliary blood vessels for larger � , while an inverse trend is 
witnessed in the peripheral domain. Debye length or EDL 
(electric double layer) thickness is inversely linked to the 
electro-osmotic term, which characterizes the electro-osmo-
sis phenomenon. An upsurge in � (thinning the EDL) ampli-
fies the electrical potential distribution which accelerates the 
blood pumping in the core domain of the micro-vessel and 
suppresses it in the peripheral domain of the vessel wall. 
In the EOF regime, a thin EDL plays as a stabilizing fac-
tor. It can be perceived that the electro-osmotic parameter 
� (essential factor in electro-osmosis) synchronizes electric 
potential in the EDL and is useful for designing and devel-
oping micro-blood pumps and mixing physiological fluids 

(blood, mucus, saliva, semen, etc.) with reagents (medica-
tions, nutrients, enzyme, etc.).

Figure 3d portends the alteration of axial velocity for 
Helmholtz–Smoluchowski speed (maximum electro-osmotic 
speed) Uhs . The respective figure designates that there is a 
suppressing behavior in the blood flow in the core area of the 
blood vessel and an inverse trend is manifested nearby the 
blood vessel wall toward changing values (from −4 to −1 ) of 
Uhs . Physically, Uhs < 0 corresponds to the axial electric field 
orientated in the peristaltic wave way, which assists the elec-
tro-osmotic body force −�2UhsΦ . A decrement in negative 
Uhs physically means that the strength of the axially applied 
electric field is weakened which produces a slow movement 
of ionic species in the liquid medium. Therefore, the lower-
ing electro-osmotic velocity exhibits declining behavior in 
the overall axial speed. The fluctuation in axial velocity for 
multiple values of cilia length � is delineated in Fig. 3e. It is 
evident that the speed in the streaming domain is deteriorat-
ing as � increases. A longer � generates more resistive forces 
in the streaming region, leading to a declination in velocity 
distribution. Figure 3f is pervaded to disclose the alteration 
of axial speed for multiple values of flow rate term F . It is 
noted that an elevation in F reveals a mounting trend in the 
axial speed throughout the streaming area. For larger F , less 
resistive force is produced throughout the ciliary vessel, and 
as a outcome, the velocity field gets an escalation.

The impact of enlarging thermal Gr over the velocity 
field is manifested in Fig. 3g. A higher Gr boosts up the 
buoyancy force which improves the axial speed profile in 
the main domain, but an inverse outcome is found at the 
peripheral area of the ciliary vessel. Figure 3h descripts the 
consequences of �1 and �2 over the axial velocity profile. An 
improvement in �1 and �2 corresponds to a denunciation in 
the axial speed in the principal domain of the ciliary blood 
vessel, and a slight augmentation nearby the ciliary micro-
vessel wall. From Fig. 3a–g the axial velocity for Cu-Au/
blood accomplishes higher estimations than Cu-blood at the 
core domain but an inverse trend is found at the peripheral 
domain of the ciliary micro-vessel.

Temperature distribution

In this subpart, Fig. 4a–h is configured to elucidate the 
contribution of different emerging physical terms such as 
magnetic term M2 , Jeffrey term �1 , Brinkman number Br , 
heat source parameter � , electro-osmotic term � , Helm-
holtz–Smoluchowski speed Uhs , and nanoparticles (NPs) 
volume fractions ( �1, �2 ) over the non-dimensional tem-
perature field. In Fig. 4a, the fluctuation of Cu-Au/blood and 
Cu-blood temperature for intensifying magnetic parameter 
M2 is manifested. It is worthy to note that both Cu-Au/blood 
and Cu-blood temperature elevates for when M2 enlarges. It 
is witnessed that the peak of the temperature distribution is 
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found at the center ( r = 0 ) of the ciliary tube. Blood flow 
under a magnetic field dissipates thermal energy and as 
a result, the temperature for both hybrid and nano-blood 
upsurges. An augmentation of hybrid and nano-blood tem-
perature due to increasing strength of magnetic field has 
tremendous application in hyperthermic treatment for can-
cerous cells. The sway of mounting Jeffrey parameter �1 on 
both Cu-Au/blood and Cu-blood temperature is disclosed 
in Fig. 4b. For 𝜆1 < 1 (physiological fluids), the retardation 
time is higher than the relaxation time. An enhancement in �1 

enlarges the relaxation time which enriches the visco-elastic-
ity of blood, and as an outcome, the temperature for both Cu-
Au/blood and Cu-blood gets a diminution. The upshot due 
to an enhancement in Brinkman number Br on hybrid Cu-
Au/blood and Cu-blood temperature is explored in Fig. 4c. 
An upliftment in Br receives a remarked attenuation in the 
temperature of blood. The Brinkman number is a physical 
function of the proportion of thermal energy yielded by vis-
cous debauchery and heat transport by molecular colliding. 
For Br < 1 , heat transport by molecular colliding is higher 

Fig. 4   Evolution of �(r, z) 
for various physical terms 
� = 0.1 , � = 0.2 , z = 0.75 , 
� = 0.1 , F = 0.5 , Gr = 2.0 , 
and a �1 = 0.6 , Br = 0.1 , 
� = 1.0 , Uhs = −2.0 , � = 3.0 , 
�1 = �2 = 0.02 , b M2 = 1.0 , 
Br = 0.1 , � = 1.0 , Uhs = −2.0 , 
� = 3.0 , �1 = �2 = 0.02 , 
c M2 = 1.0 , �1 = 0.6 , 
� = 1.0 , Uhs = −2.0 , � = 3.0 , 
�1 = �2 = 0.02 , d M2 = 1.0 , 
�1 = 0.6 , Br = 0.1 , Uhs = −2.0 , 
� = 3.0 , �1 = �2 = 0.02 , 
e M2 = 1.0 , �1 = 0.6 , 
Br = 0.1 , � = 1.0 , � = 3.0 , 
�1 = �2 = 0.02 , f M2 = 1.0 , 
�1 = 0.6 , Br = 0.1 , � = 1.0 , 
Uhs = −2.0 , �1 = �2 = 0.02 , g 
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than heat produced via viscous dissipation. Therefore, incre-
menting Br reduces the impact of heat transit by molecular 
colliding and abates the temperature of blood. Figure 4d is 
divulged to outline the consequence of heat source term � on 
both Cu-Au/blood and Cu-blood temperature. It is evident 
from these graphs that an upliftment in � yields more heat 
energy, which dramatically raises the blood temperature. To 
outline the upshot of Uhs over temperature, Fig. 4e is pre-
sented. It is remarked that both Cu-Au/blood and Cu-blood 
temperature tends to a declination for changing values from 
−3.5 to −2.0 of Uhs . A higher negative Uhs strongly assists 
the electro-osmotic body force which develops temperature 
profile. In Fig. 4f, the iteration of both Cu-Au/blood and 
Cu-blood temperature for multiple values of electro-osmotic 
parameter � is exposed. It infers that a higher value of � 
attenuates the thickness of EDL which has a flourishing role 
in the enhancement of the temperature profile. According 
to the kinetic theory of molecules, kinetic energy and tem-
perature are directly related. An inhomogeneous dispersion 
of electric potential within the hybrid nano-blood produces 
kinetic energy in the blood cells and nanoparticles, which 
tends to uplift the temperature profile when � enlarges.

The fluctuation of temperature profile for multiple values 
of NPs volume fractions ( �1 and �2 ) is designed in Fig. 4g. 
It is worthy to record that improvement in �1 and �2 leads 
to an attenuation in the temperature of hybrid nano-blood. 
It is mechanically justified since the scattering of dissimilar 
NPs is related directly to the thermal diffusivity, which is the 
main reason for fast heat migration from the flow regime, 
resulting in a crucial reduction in the blood temperature. Due 
to a significant advancement in the thermophysical behavior 
of blood, the hybrid NPs concentration is preferred over the 
mono NPs concentration. As blood goes away from the cili-
ated vessel wall, NPs at the peripheral domain of the ciliated 
vessel heated up, the blood circulation enriches in the central 
domain of the ciliary blood vessel, and the temperature of 
blood subsequently diminishes. The alteration in the temper-
ature for Cu-Au/blood, Cu-blood, Au-blood, and pure blood 
is interpreted via Fig. 4h. It is remarked that Cu-Au/blood 
depicts supremacy toward other nano or pure blood. Further-
more, Au NPs have a significantly bigger atomic number, 
which causes a subsequent drop in blood temperature. So, 
Au NPs have higher thermal efficiency than Cu NPs. In case 
of hyperthermic therapy for cancerous cells, this output is 
extremely beneficial (Au NPs as a drug carrier).

Pumping features

Axial pressure gradient

Figure 5a–h is suggested to demystify the consequences 
of magnetic term M2 , Jeffrey term �1 , thermal Gr , electro-
osmosis parameter � , Uhs , cilia length � , and NPs volume 

fractions ( �1 and �2 ) on the fluctuation of the pressure gradi-
ent dp∕dz . The upshot of magnetic parameter M2 via dp∕dz 
is revealed in Fig. 5a. An intensifying M2 leads to boost up 
the drag force which tends to suppress the pressure gradi-
ent. In Fig. 5b, the alteration of the pressure gradient dp∕dz 
for increasing Jeffrey parameter �1 is exposed. An upsurge 
in �1 decreases the retardation time which attenuates the 
elastic property of blood and consequently, dp∕dz gets an 
improvement. The variation of pressure gradient dp∕dz for 
increasing Gr is demonstrated in Fig. 5c. For growing Gr , a 
strong buoyancy force is expanded in the flow domain and 
consequently, thriving behavior is noted in dp∕dz.

Figure 5d is divulged to perceive the sway of electro-
osmotic term � on dp∕dz . It discloses that � has a diminu-
tive impact on dp∕dz . For an upliftment in � (thin EDL), the 
electro-osmotic force (EOF) is mounted, which generates 
a substantial deterioration in the pressure gradient. This 
entails that ion diffusion from the charged surface has a sub-
stantial impact on pumping characteristics. Graphs of Fig. 5e 
disclose that mounted Uhs amplifies the pressure gradient 
dp∕dz . It is inferred that more pressure gradient is perceived 
for weaker the axial electric field in flow direction. Figure 5f 
is illustrated to explore the impression of cilia length � over 
dp∕dz . It is noteworthy to record that cilia length � has a sub-
sequent accentuation in dp∕dz . The growth of NPs volume 
fractions ( �1 and �2 ) outcomes in a dramatic enhancement of 
dp∕dz , as shown in Fig. 5g. This suggests that the abundance 
of hybrid NPs can significantly alter the pressure gradient. 
The pressure gradients of Cu-Au/blood, Cu-blood, Au-blood, 
and pure blood are compared in Fig. 5h. These visualizations 
demonstrate that the pressure gradient for Cu-Au/blood is 
greater than Cu-blood, Au-blood, and pure blood.

Pressure rise per wavelength

One of the most significant physiological features in the 
peristaltic pumping process is the pressure rise ΔP . Fig-
ure 6a–h is portrayed to manifest the alteration of ΔP 
against the mean volumetric flow rate F for multiple val-
ues of M2 , �1 , Gr , � , Helmholtz–Smoluchowski veloc-
ity Uhs , cilia length � , and NPs volume fractions ( �1 and 
�2 ). Figure 6a reveals that pressure rise ΔP has a wan-
ing nature with amplifying M2 . An intensified magnetic 
field can offer a surprising response to low blood viscos-
ity, and consequently, a commensurate decrement in ΔP 
also affirms good agreement with the existing literature 
[80]. Figure 6b is outlined for exploring the influence of 
�1 over ΔP . An augmentation in �1 leads to an improve-
ment in viscosity of hybrid and nano-blood in the axial 
direction, which encourages the pressure rise ΔP . The 
variation of the pressure rise ΔP for multiple values of Gr 
is designed in Fig. 6c. Physically, an enlargement in Gr 
induces a strong buoyancy force in the flow area, which 
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elevates the pressure rise. Figure 6d discloses the altera-
tion of pressure rise ΔP due to increasing electro-osmotic 
parameter � . Higher � improves the electrical potential 
which attenuates the pressure rise. Figure 6e exhibits 
the thriving behavior in ΔP for changing values −3.5 to 
−2 of Uhs . For an ascent in Uhs , the axial electric field is 
remarkably boosted and as a result, ΔP evolves. Thus, the 
Helmholtz–Smoluchowski velocity Uhs can be designed to 
control the pumping features of EOFs. Figure 6f explores 
the depleting trends in ΔP in the region ( 0 < F ≤ 1) and 

it evolves in the rest with enlarging � . Figure 6g delin-
eates that � strongly elevates with larger values of NPs 
volume fractions ( �1 and �2 ). From the physical point of 
view, to pump the hybrid nano-blood with a higher con-
centration, more effort is required. A higher concentration 
of hybrid NPs leads to a higher increment in the pres-
sure rise. Furthermore, Fig. 6h exposes the comparative 
studies of pressure rise ΔP for Cu-Au/blood, Cu-blood, 
Au-blood, and pure blood. Outcomes communicate that 
ΔpCu−Au∕blood > ΔpAu−blood > ΔpCu−blood > ΔpPure−blood   . 

Fig. 5   Evolution of pres-
sure gradient dp

dz
 for various 

physical terms � = 0.1 , � = 0.2 , 
F = 0.5, Br = 0.1 , � = 1.0 , 
and a �1 = 0.6 , Gr = 2.0 , 
� = 2.0 , Uhs = −2.0 , � = 0.1 , 
�1 = �2 = 0.02 , b M2 = 1.0 , 
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� = 0.1 , �1 = �2 = 0.02 , 
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� = 0.1 , �1 = �2 = 0.02 , 
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M2 = 1.0 , �1 = 0.6 , Gr = 1.0 , 
� = 3.0 , Uhs = −2.0 , � = 0.1 , h 
M2 = 1.0 , �1 = 0.6 , Gr = 1.0 , 
� = 3.0 , Uhs = −2.0 , � = 0.1

(a) Pressure gradient for changing 2M

(b) Pressure gradient for changing 1λ

(c) Pressure gradient for changing Gr

(d) Pressure gradient for changing κ

(e) Pressure gradient for changing hsU

(f) Pressure gradient for changing δ

(g) Pressure gradient for changing 1φ  and 2φ

(h) Pressure gradient for different type of blood

8

6

4

2

0

– 2

– 4

– 6

0.0 0.5 1.0 1.5 2.0

dp
/d
z

z

0

– 5

– 10

0.0 0.5 1.0 1.5 2.0

dp
/d
z

z

0

– 5

– 10

0.0 0.5 1.0 1.5 2.0

dp
/d
z

z

0

5

– 5

– 10
0.0 0.5 1.0 1.5 2.0

dp
/d
z

z

0.0 0.5 1.0 1.5 2.0

dp
/d
z

z

0

– 5

– 20

– 15

– 10

0

– 5

– 10

0.0 0.5 1.0 1.5 2.0

dp
/d
z

z

0

0.0 0.5 1.0 1.5 2.0

dp
/d
z

z

– 12

– 10

– 6

– 4

– 8

– 12

– 10

– 6

– 2

– 4

– 8

– 14
0.0 0.5 1.0 1.5 2.0

dp
/d
z

z



7074	 A. Ali et al.

1 3

There is an inversely linear relationship between Δp and 
mean flow rate F . These findings are consistent with the 
physical predictions of the relevant parameters.

Wall share stress (WSS)

Figure 7a–f is sketched to demystify the consequence of 
M2 , �1 , Gr , � , Uhs , and ( �1 , �2 ) via Srz at the ciliary micro-
vessel wall. From these figures, it is clear that WSS Srz 
has an inverse deportment as compared to the pressure 

rise. WSS Srz on the micro-vessel tube wall is significantly 
enhanced for greater values of M2 , Uhs , �1 , and �2 ; how-
ever, an inverse outcome is tracked out for increasing �1 , 
Gr , and � , as shown in Fig. 7a–f. Higher M2 generates 
larger Lorentzian drag force which retards ciliary flow 
pressure rise and results in boosting WSS. It is detected 
that WSS exhibits monotonically increasing behavior 
with the mean flow rate F . The hybrid Cu-Au/blood flow 
accomplishes comparatively higher WSS as compared to 
Cu-blood.

Fig. 6   ΔP evolution for 
various physical terms � = 0.1 , 
� = 0.2 , Br = 0.1 , � = 1.0 , 
and a �1 = 0.6 , Gr = 2.0 , 
� = 2.0 , Uhs = −2.0 , � = 0.1 , 
�1 = �2 = 0.02 , b M2 = 1.0 , 
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Heat transport coefficient

The fluctuation of the heat transport coefficient Z∗ at the 
ciliary micro-vessel wall for varying values of M2 , �1 , Uhs , 
� , Br , � , � , �1 , and �2 is depicted in Fig. 8a–j. The heat 
transfer coefficient Z∗ exposes a depleting nature for esca-
lating estimation of M2 , �1 , Uhs , � , and a reverse trend is 
tracked out for elevating Br , � , � , �1 , and �2 , as sketched 
in Fig. 8a–i. The magnetic field reduces the intensity of 
ciliary movement at the vessel wall which decreases heat 
transfer coefficient Z∗ 3.7% for hybrid nano-blood and 
12.4% for Cu nano-blood. From the physical point of view, 
higher negative Uhs strengthens the EOFs which compen-
sate the frictional kinetic energy loss and boost the heat 
transfer coefficient Z∗ . On another side, a thinner EDL 
(higher value of � ) infers a lower velocity of blood pump-
ing near the micro-vessel wall and as a result, it possesses 
a lower rate of heat transport. It is also depicted that due 
to changes of � from 2.0 to 3.5, Z∗ decreases 8.2% for 

Cu-Au/blood and 19.8% Cu-blood, respectively. A elevated 
Br uplifts the kinetic energy of NPs which upsurge the heat 
transfer coefficient Z∗ 65.7% for Cu-Au/blood and 45.6% 
for Cu nano-blood. The ionic hybrid or nano-blood in the 
micro-vessel is energized with upswing heat source param-
eter � , due to which Z∗ surges 26.9% for Cu-Au/blood and 
28.8% Cu-blood, respectively. This propensity of heat gen-
eration could be efficient in the treatment of thermal ther-
apy. The process of heat transfer is accentuated due to 
higher alteration in pressure gradient by larger � . The NPs 
volume fractions are directly related to the thermal diffu-
sion of the hybrid or nano-blood, which assists the quick 
transfer process of heat from the flow domain. Conse-
quently, an enlargement in �1 or �2 leads to upliftment in 
the process of heat transport. The outcomes of Fig. 8j con-
clude that Z∗

Pure blood
< Z∗

Cu−blood
< Z∗

Au−blood
< Z∗

Cu−Au∕blood
 . 

Due to the higher atomic number of Au NPs as compared 
to Cu NPs, Au-blood possesses relatively more heat 

Fig. 7   Evolution of Srz for 
� = 0.1 , � = 0.2 , � = 0.1 , 
Br = 0.1 , � = 0.5 , and (a) 
�1 = 0.6 , Gr = 2.0 , � = 2.0 , 
Uhs = −2.0 , �1 = �2 = 0.02 , (b) 
M2 = 1.0 , Gr = 1.0 , � = 3.0 , 
Uhs = −2.0 , �1 = �2 = 0.02 , 
(c) M2 = 1.0 , �1 = 0.6 , � = 2.0 , 
Uhs = −2.0 , �1 = �2 = 0.02 , (d) 
M2 = 1.0 , �1 = 0.6 , Gr = 1.0 , 
Uhs = −2.0 , �1 = �2 = 0.02 , (e) 
M2 = 1.0 , �1 = 0.6 , Gr = 1.0 , 
� = 2.0 , �1 = �2 = 0.02 , (f) 
M2 = 1.0 , �1 = 0.6 , Gr = 1.0 , 
� = 2.0 , Uhs = −2.0
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(a) Z ∗ for changing 2M

(b) Z ∗ for changing 1λ

(c) Z ∗ for changing hsU

(d) Z ∗ for changing κ

(e) Z ∗ for changing Br

(f) Z ∗ for changing ξ
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(h) Z ∗ for changing 1φ

(i) Z ∗ for changing 2φ

(j) Z ∗ for different types of blood
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Fig. 8   Evolution of heat transport coefficient Z∗ for vari-
ous physical terms � = 0.1 , � = 0.2 , F = 0.5 , Gr = 2.0 , and (a) 
�1 = 0.6 , Uhs = −2.0 , � = 3.0 , Br = 0.1 , � = 1.0 , � = 0.1 , z = 0.3 , 
�1 = �2 = 0.02 , (b) M2 = 1.0 , Uhs = −2.0 , � = 3.0 , Br = 0.1 , 
� = 1.0 , � = 0.1 , z = 0.3 , �1 = �2 = 0.02 , (c) M2 = 1.0 , �1 = 0.6 , 
� = 3.0 , Br = 0.1 , � = 0.1 , � = 0.1 , z = 0.7 , �1 = �2 = 0.02 , (d) 
M2 = 1.0 , �1 = 0.6 , Uhs = −2.0 , Br = 0.1 , � = 1.5 , � = 0.1 , z = 0.3 , 
�1 = �2 = 0.02 , (e) M2 = 1.0 , �1 = 0.6 , Uhs = −2.0 , � = 2.0 , 

� = 0.5 , � = 0.1 , z = 0.3 , �1 = �2 = 0.02 , (f) M2 = 1.0 , �1 = 0.6 , 
Uhs = −2.0 , � = 3.0 , Br = 0.1 , � = 0.1 , z = 0.3 , �1 = �2 = 0.02 , (g) 
M2 = 1.0 , �1 = 0.6 , Uhs = −2.0 , � = 3.0 , Br = 0.1 , � = 1.0 , z = 0.3 , 
�1 = �2 = 0.02 , (h) M2 = 1.0 , �1 = 0.6 , Uhs = −2.0 , � = 3.0 , 
Br = 0.1 , � = 1.0 , � = 0.1 , z = 0.35 , �2 = 0.02 , (i) M2 = 1.0 , 
�1 = 0.6 , Uhs = −2.0 , � = 3.0 , Br = 0.1 , � = 1.0 , � = 0.1 , z = 0.35 , 
�1 = 0.02 , (j) M2 = 1.0 , �1 = 0.6 , Uhs = −2.0 , � = 3.0,Br = 0.1 , 
� = 2.0 , � = 0.1 , z = 0.35
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Fig. 9   Streamlines for different physical parameters � = 0.1 , � = 0.2 , 
F = 0.5 , Br = 0.1 , � = 0.5 , and (a)&(b) �1 = 0.6 , Gr = 1.0 , � = 2.0 , 
Uhs = −2.0 , � = 0.1 , � = 0.5 , �1 = �2 = 0.02 , (c)&(d) M2 = 1.0 , 
Gr = 1.0 , � = 2.0 , Uhs = −2.0 , � = 0.1 , � = 0.5 , �1 = �2 = 0.02 , 
(e)&(f) M2 = 1.0 , �1 = 0.6 , � = 2.0 , Uhs = −2.0 , � = 0.1 , � = 0.5 , 
�1 = �2 = 0.02 , (g)&(h) M2 = 1.0 , �1 = 0.6 , Gr = 1.0 , Uhs = −2.0 , 

� = 0.1 , � = 0.1 , �1 = �2 = 0.02 , (i)&(j) M2 = 1.0 , �1 = 0.6 , 
Gr = 1.0 , � = 3.0 , � = 0.1 , � = 0.5 , �1 = �2 = 0.02 , (k)&(l) 
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� = 0.1 , � = 0.5 , �1 = �2 = 0.0 �1 = �2 = 0.0
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migration than Cu-blood or pure blood, whereas the 
supreme heat transport process is observed for hybrid Cu-
Au/blood.

Streamlines pattern

The velocity vectors in a flow domain are mechanically 
coupled via streamlines. Indeed, the existence of a stag-
nation point causes streamlines to separate and construct 
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an enveloping bolus of fluid. In a metachronal wave 
propagation, the development of bolus and the split-up 
of streamlines are known as trapping phenomena. Fig-
ure 9a–o explores the insight into the modification in 
the development of bolus and streamline configurations 
under the variations of M2 , �1 , Gr , � , Uhs , � , �1 , and �2 . 
Figure 9a–b is demonstrated to unveil the streamlines pat-
tern for M2 . With changing M2 , there is a slight change 
in bolus structure. To explore the impressions of Jeffrey 
parameter �1 on streamline structures, Fig. 9c–d is mani-
fested. There is a major modification in size and number of 
entrapped boluses for a higher estimation of �1 . It is attrib-
uted that a higher Jeffrey parameter enlarges the size and 
number of trapped boluses. The impact of Gr on stream-
lines is presented in Fig. 9e–f. It is noteworthy here that 
with an elevation in Gr , the entrapped bolus is amended 
in size and number. The upshot of � over streamlines is 
delineated in Fig. 9g–h. An amendment in � expands the 
entrapped bolus in size as well as in number. Figure 9i–j 
is designed to assess the variation in streamline modifica-
tion with Helmholtz–Smoluchowski velocity Uhs . There 
is a contraction in size and number of streamlines under 
the changes of Uhs from −3 to −2 . The alternation of the 
entrapped bolus is significantly attenuated by increasing 
cilia length � , as shown in Fig. 9k–l. Figure 9m–o por-
tends the comparison of captured streamlines for Cu-Au/
blood, Cu-blood, and pure blood. It is perceived that there 
is no significant alteration in streamlines for hybrid or 
nano-blood but a contraction in size and number of the 
entrapped bolus is exposed in the case of pure blood.

Conclusions

In this research article, a new mathematical scheme is 
prepared for the electro-magneto-hydrodynamic flow of 
ionized non-Newtonian blood injected through Cu–Au 
NPs via a vertical ciliated micro-vessel with peristaltic 
waves. To capture the non-Newtonian rheological attrib-
utes of the hybrid nano-blood, Jeffrey liquid model is 
fitted. The mathematical representations are simplified 
via Debye–Hückel linearization and lubrication postu-
lates. The analytic estimation for electric potential is 
tracked out in terms of Bessels functions. The estimated 
power series solutions of the associated nonlinear cou-
pled flow equations are computed employing homotopy 

perturbation method. The significant influences of evolv-
ing physical terms toward the axial distribution of the 
blood temperature and velocity, WSS, axial pressure gra-
dient, pressure rise per wavelength, heat transport coef-
ficient, and streamlines pattern have been evidenced and 
anatomized. The noteworthy outcomes turned out from 
this graphical illustration are epitomized as:

•	 A higher assisting the electro-osmotic force and thin EDL 
significantly hinder the blood motion nearby the ciliary 
micro-vessel wall.

•	 Enhancement in Jeffrey parameter or Grashof number 
boosts up the blood velocity, whereas magnetic field or 
cilia length yields a perceptible attenuation in the central 
area of the micro-vessel.

•	 The blood in the flow conduit is remarkably energized due 
to an elevation in heat source parameter, while reverse pro-
pensity is tracked out due to Jeffrey parameter, Brinkman 
number, and NPs’ volume fractions.

•	 The temperature of hybrid nano-blood is greater than nano-
blood or pure blood.

•	 The pressure gradient is abated for the assisting electro-
osmotic force and thin EDL, while it is important through 
higher values of Jeffrey term or cilia length.

•	 The heat transfer coefficient surges 26.9% for Cu-Au/blood 
and 28.8% Cu-blood with changing estimation of heat 
source term from 0.5 to 2.0.

•	 The heat exchange rate for hybrid nano-blood (26% for 
Cu-Au/blood) is greatly evaluated to nano-blood (20% for 
Au-blood and 11.4% for Cu-blood).

Outcomes obtained in this hemodynamic investigation are very 
productive for deeper insights into EDL phenomena in the EMHD 
flow of ionized blood doped with copper and gold nanoparticles 
via a ciliated micro-vessel. This novel model can be applicable 
in muco-ciliary clearance processes of respiratory systems, bio-
micro-electro-mechanical systems, hemodynamic therapies, 
simulations of chirurgical treatments, and medical engineering.

Appendix A:

X = −
2���� cos 2�z

1 − 2���� cos 2�z
− 1,

A1 = X +
a0

k4
(a2 + k2)I0(hk),

A2 =
1

256

[
64

k2
a0a2I0(hk) − a1

{

−16h2(a2 − a5 − 1) + a4

(
dp

dz

)2

h4(1 + �1)
2 + 64

}

+ a2
2
h2
{

3
dp

dz
h2(1 + �1) − 16(1 + X)

}

− 16a2(a3h
2 − 4(1 + X)) + 64a3

]

,
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Appendix B: Summary of Some important 
formulas:

(1) The constitutive formulas for the extra-stress tensor S̃ in 
Jeffrey fluid model in component form are as:

A3 =
1

256

[
4a1(−a2 + a5 + 1)

+a2

{

−a2
dp

dz
h2(1 + �1) + 4a2(X + 1) + 4a3

}]

,

A4 =
1

2304
(1 + �1)

dp

dz

{

a1a4
dp

dz
(1 + �1) + a2

2

}

,

A5 = −
a0

k4
(a2 + k2),

A6 = −
a5

4
,

A7 =
1

128
a4

dp

dz
(1 + �1)

[

4a1 + a2
dp

dz
h2(1 + �1) − 4a2(X + 1)

+2

(

−2a3 +
dp

dz
(1 + �1)

)]

A8 = −
1

576
a2a4

(
dp
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)2
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2,

A9 =
a0a4

k4

dp

dz
(1 + �1),
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5

3072
�a1a4h

8(1 + �1)
2,

B2 =
1

3072x1
�h4(1 + �1)[a2h

2(11a2h
2x1 − 64) + 384],

B3 =
1

8k5
�a0h

[
hk{k2(8 − a2h
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�h4{a1(h
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2 − 6)} + �h2X − Q

S̃R̃R̃ =
2𝜇hnf

1 + 𝜆∗
1

[

1 + 𝜆2

(

Ũ
𝜕

𝜕R̃
+ W̃

𝜕

𝜕Z̃

)]
𝜕Ũ

𝜕R̃
,

(2) The electric potential Φ̃ across the EDL is expressed 
as follows [15, 70]:

(3) In a unit volume of the ionic blood, the electric charge 
density is rewritten as:

(4) The simplified Poisson–Boltzmann equation is as:

(5) Debye–Hückel linearization approximation: When the 
thermal energy of the ions is greater than the electric poten-
tial energy, i.e.,||ezΦ̃|| ≪ ||KBTa

|| , then ||
|
ezΦ̃

KBTa

||
|
≪ 1 ; accordingly 

sinh
(

ezΦ̃

KBTa

)
≈

ezΦ̃

KBTa
.

(6) Adopting Debye–Hückel linearization approximation, 
Poisson–Boltzmann equation is:
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Ũ
𝜕

𝜕R̃
+ W̃

𝜕

𝜕Z̃

)]
𝜕W̃

𝜕Z̃
,

∇2Φ̃ = −
𝜌e

𝜀0
,

𝜌e = −2n0ez sinh

(
ezΦ̃

KBTa

)

.

∇2Φ̃ =
2n0ez

𝜀0
sinh

(
ezΦ̃

KBTa

)

,

1

R̃

𝜕

𝜕

(

R̃
𝜕Φ̃

𝜕R̃

)

+
𝜕2Φ̃

𝜕Z̃2
=

1

𝜆2
D

Φ̃.



7081Peristaltic transportation of hybrid nano‑blood through a ciliated micro‑vessel subject…

1 3

	 4.	 Jayavel P, Jhorar R, Tripathi D, Azese MN. Electroosmotic flow 
of pseudoplastic nanoliquids via peristaltic pumping. J Braz Soc 
Mech Sci Eng. 2019;41:61.

	 5.	 Ali N, Hussain S, Ullah K. Theoretical analysis of two-layered 
electro-osmotic peristaltic flow of FENE-P fluid in an axisym-
metric tube. Phys Fluids. 2020;32: 023105.

	 6.	 Noreen S, Waheed S, Lu DC, Tripathi D. Heat stream in elec-
troosmotic bio-fluid flow in straight microchannel via peristal-
sis. Int Commun Heat Mass Transf. 2021;123: 105180.

	 7.	 Akram J, Akbar NS, Maraj EN. A comparative study on the role 
of nanoparticle dispersion in electroosmosis regulated peristal-
tic flow of water. Alex Eng J. 2020;59:943–56.

	 8.	 Akram J, Akbar NS, Tripathi D. A theoretical investiga-
tion on the heat transfer ability of water-based hybrid (Ag-
Au) nanofluids and Ag nanofluids flow driven by electroos-
motic pumping through a microchannel. Arabian J Sci Eng. 
2021;46(3):2911–27.

	 9.	 Rajashekhar C, Mebarek-Oudina F, Sarris IE, Vaidya H, Prasad 
KV, Manjunatha G, Balachandra H. Impact of electroosmosis 
and wall properties in modelling peristaltic mechanism of a 
Jeffrey liquid through a microchannel with variable fluid prop-
erties. Inventions. 2021;6(4):73. https://​doi.​org/​10.​3390/​inven​
tions​60400​73.

	10.	 Zeeshan A, Riaz A, Alzahrani F. Electroosmosis-modulated bio-
flow of nanofluid through a rectangular peristaltic pump induced 
by complex traveling wave with zeta potential and heat source. 
Electrophoresis. 2021. https://​doi.​org/​10.​1002/​elps.​20210​0098.

	11.	 Noreen S, Waheed S, Hussanan A. Peristaltic motion of MHD 
nanofluid in an asymmetric micro-channel with Joule heating, 
wall flexibility and different zeta potential. Bound Value Probl. 
2019. https://​doi.​org/​10.​1186/​s13661-​019-​1118-z.

	12.	 Ramesh K, Tripathi D, Bhatti MM, Khalique CM. Electro-
osmotic flow of hydromagnetic dusty viscoelastic fluids in a 
microchannel propagated by peristalsis. J Mol Liq. 2020;314: 
113568.

	13.	 Ramesh K, Reddy MG, Souayeh B. Electro-magneto-hydrody-
namic flow of couple stress nanofluids in micro-peristaltic channel 
with slip and convective conditions. Appl Math Mech-Engl Ed. 
2021;42:593–606.

	14.	 Tanveer A, Mahmood S, Hayat T, Alsaedi A. On electroosmosis 
in peristaltic activity of MHD non-Newtonian fluid. Alexandria 
Eng J. 2021;60(3):3369–77.

	15.	 Shafiq J, Mebarek-Oudina F, Sindhu TN, Rassoul G. Sensitiv-
ity analysis for Walters' B nanoliquid flow over a radiative Riga 
surface by RSM. Sci Iran. 2022;29: 1236–49.

	16.	 Warke AS, Ramesh K, Mebarek-Oudina F, Abidi A. Numeri-
cal investigation of nonlinear radiation with Magnetomicropo-
lar stagnation point flow past a heated stretching sheet. J Therm 
Anal Calorim. 2022;147:6901–12. https://​doi.​org/​10.​1007/​
s10973-​021-​10976-z.

	17.	 Saleem N, Munawar S, Mehmood A, Daqqa I. Entropy produc-
tion in electroosmotic cilia facilitated stream of thermally radiated 
nanofluid with ohmic heating. Micromach. 2021;12:1004.

	18.	 Munawar S, Saleem N. Entropy generation in thermally radiated 
hybrid nanofluid through an electroosmotic pump with ohmic 
heating: Case of synthetic cilia regulated stream. Sci Prog. 2021. 
https://​doi.​org/​10.​1177/​00368​50421​10259​21.

	19.	 Latham TW. Fluid motions in a peristaltic pump. PhD dissertation, 
Massachusetts Institute of Technology, MA. 1966.

	20.	 Shapiro AH, Jaffrin MY, Weinberg SL. Peristaltic pumping 
with long wavelength at low Reynolds number. J Fluid Mech. 
1969;37:799–825.

	21.	 Tripathi D, Yadav A, Anwar Bég O, Kumar R. Study of micro-
vascular non-Newtonian blood flow modulated by electroosmosis. 
Microvasc Res. 2018;117:28–36.

	22.	 Rashidi MM, Yang Z, Bhatti MM, Abbas MA. Heat and mass 
transfer analysis on MHD blood flow of Casson fluid model due 
to peristaltic wave. Therm Sci. 2018;22:2439–48.

	23.	 Manjunatha G, Rajashekhar C, Vaidya H, Prasad KV, Makinde 
OD. Effects wall properties on peristaltic transport of Rabinow-
itsch fluid through an inclined non-uniform slippery tube. Defect 
Diffus Forum. 2019;392:138–57.

	24.	 Mehmood OU, Qureshi AA, Yasmin H, Uddin S. Thermo-
mechanical analysis of non-Newtonian peristaltic mechanism: 
modified heat flux model. Phys A Statist Mech Its Appl. 2020;550: 
124014.

	25.	 Vaidya H, Rajashekhar C, Mebarek-Oudina F, Animasaun IL, 
Prasad KV, Makinde OD. Combined effects of homogeneous and 
heterogeneous reactions on peristalsis of Ree-Eyring liquid: appli-
cation in hemodynamic flow. Heat Transf. 2021;50(3):2592–609. 
https://​doi.​org/​10.​1002/​htj.​21995.

	26.	 Rajashekhar C, Mebarek-Oudina F, Vaidya H, Prasad KV, Man-
junatha G, Balachandra H. Mass and heat transport impact on the 
peristaltic flow of Ree-Eyring liquid with variable properties for 
hemodynamic flow. Heat Transf. 2021;50(5):5106–22. https://​doi.​
org/​10.​1002/​htj.​22117.

	27.	 Vaidya H, Choudhari R, Prasad KV, Khan SU, Mebarek-Oudina 
F, Patil A, Nagathan P. Channel flow of MHD Bingham fluid due 
to peristalsis with multiple chemical reactions: an application to 
blood flow through narrow arteries. SN Appl Sci. 2021;3:186. 
https://​doi.​org/​10.​1007/​s42452-​021-​04143-0.

	28.	 Maqbool K, Shaheen S, Mann AB. Exact solution of cilia 
induced flow of a Jeffrey fluid in an inclined tube. Springer Plus. 
2016;5:1379. https://​doi.​org/​10.​1186/​s40064-​016-​3021-8.

	29.	 Tripathi D, Yadav A, Anwar BO. Electro-kinetically driven 
peristaltic transport of viscoelastic physiological fluids through 
a finite length capillary: Mathematical modeling. Math Biosci. 
2017;283:155–68.

	30.	 Yasmeen S, Asghar S, Anjum HJ, Ehsan T. Analysis of Hartmann 
boundary layer peristaltic flow of Jeffrey fluid: quantitative and 
qualitative approaches. Commun Nonlinear Sci Numer Simul. 
2019;76:51–65.

	31.	 Shaheen S, Maqbool K, Siddiqui AM. Micro rheology of Jeffrey 
nanofluid through cilia beating subject to the surrounding tem-
perature. Rheol Acta. 2020;59:565–73.

	32.	 Vaidya H, Rajashekhar C, Divya BB, Manjunatha G, Prasad KV, 
Animasaun IL. Influence of transport properties on the peristal-
tic MHD Jeffrey fluid flow through a porous asymmetric tapered 
channel. Res Phys. 2020;18: 103295.

	33.	 Abbas Z, Rafiq MY, Hasnain J, Umer H. Impacts of lorentz force 
and chemical reaction on peristaltic transport of Jeffrey fluid in 
a penetrable channel with injection/suction at walls. Alex Eng J. 
2021;60(1):1113–22. https://​doi.​org/​10.​1016/j.​aej.​2020.​10.​035.

	34.	 Manjunatha G, Rajashekhar C, Vaidya H, Prasad KV, Makinde 
OD, Viharika JU. Impact of variable transport properties and slip 
effects on MHD Jeffrey fluid flow through channel. Arab J Sci 
Eng. 2020;45:417–28.

	35.	 Divya BB, Manjunatha G, Rajashekhar C, Vaidya H, Prasad KV. 
The hemodynamics of variable liquid properties on the MHD 
peristaltic mechanism of Jeffrey fluid with heat and mass transfer. 
Alex Eng J. 2020;59(2):693–706.

	36.	 Riaz A, Ellahi R, Sait SM, Muhammad T. Magnetized Jeffrey 
nanofluid with energy loss in between an annular part of two 
micro nonconcentric pipes. Energy sources, Part A: Recovery 
Utilization, and Environ Effects. 2020. https://​doi.​org/​10.​1080/​
15567​036.​2020.​17985​68.

	37.	 Nadeem S, Akhtar S, Saleem A. Peristaltic flow of a heated Jef-
frey fluid inside an elliptic duct: streamline analysis. Appl Math 
Mech-Engl Ed. 2021;42:583–92.

	38.	 Bustamante-Marin XM, Ostrowski LE. Cilia and mucociliary 
clearance. Cold Spring Harb Perspect Biol. 2017;4: a028241.

https://doi.org/10.3390/inventions6040073
https://doi.org/10.3390/inventions6040073
https://doi.org/10.1002/elps.202100098
https://doi.org/10.1186/s13661-019-1118-z
https://doi.org/10.1007/s10973-021-10976-z
https://doi.org/10.1007/s10973-021-10976-z
https://doi.org/10.1177/00368504211025921
https://doi.org/10.1002/htj.21995
https://doi.org/10.1002/htj.22117
https://doi.org/10.1002/htj.22117
https://doi.org/10.1007/s42452-021-04143-0
https://doi.org/10.1186/s40064-016-3021-8
https://doi.org/10.1016/j.aej.2020.10.035
https://doi.org/10.1080/15567036.2020.1798568
https://doi.org/10.1080/15567036.2020.1798568


7082	 A. Ali et al.

1 3

	39.	 Pablo JL, DeCaen PG, Clapham DE. Progress in ciliary ion chan-
nel physiology. J Gen Physiol. 2016;1:37–41.

	40.	 Ghazal S, Makarov JK, De Jonge CJ. Egg transport and ferti-
lization. Glob Libr Women Med. 2014. https://​doi.​org/​10.​3843/​
GLOWM.​10317.

	41.	 Lehti MS, Sironen A. Formation and function of sperm tail struc-
tures in association with sperm motility defects. Biol Reprod. 
2017;97:522–36.

	42.	 Farooq AA, Shah Z, Kumam P, Alzahrani EO, Shutaywi M, 
Anwar T. Darcy-Boussinesq model of cilia-assisted transport of 
a non-Newtonian magneto-biofluid with chemical reactions. Appl 
Sci. 2020;10:1137. https://​doi.​org/​10.​3390/​app10​031137.

	43.	 Sadaf H, Kiani A, Mir NA. Mixed convection analysis of cilia-
driven flow of a Jeffrey fluid in a vertical tube. Canadian J Phys. 
2020;98(2):111–8. https://​doi.​org/​10.​1139/​cjp-​2018-​0753.

	44.	 Shaheen S, Maqbool K, Ellahi R, Sait SM. Metachronal propul-
sion of non-Newtonian viscoelastic mucus in an axisymmetric 
tube with ciliated walls. Commun Theor Phys. 2021;73:035006. 
https://​doi.​org/​10.​1088/​1572-​9494/​abda1c.

	45.	 Maqbool K, Shaheen S, Bobescu E, Ellahi R. Thermal and con-
centration analysis of Phan-Thien-Tanner fluid flow due to ciliary 
movement in a peripheral layer. J Cent South Univ. 2021;28:3327–
39. https://​doi.​org/​10.​1007/​s11771-​021-​4858-8.

	46.	 Maqbool K, Manzoor N, Ellahi R, SaitSM. Influence of heat trans-
fer on MHD Carreau fluid flow due to motile cilia in a channel. 
J Therm Anal Calorim. 2021;144(6):2317–26. https://​doi.​org/​10.​
1007/​s10973-​020-​10476-6.

	47.	 Munawar S. Significance of slippage and electric field in mucocili-
ary transport of biomagnetic fluid. Lubricants. 2021;9:48.

	48.	 Shaheen S, Bég OA, Gul F, Maqbool K. Electro-osmotic pro-
pulsion of Jeffrey fluid in a ciliated channel under the effect of 
nonlinear radiation and heat source/sink. ASME J Biomech Eng. 
2021;143(5):051008. https://​doi.​org/​10.​1115/1.​40498​10.

	49.	 Song YQ, Javid K, Khan SU, Khan MI, Sun TC, Khan MI, Malik 
MY. Hall device impacts on ciliated pump-assisted blood flow of 
double-diffusion convection of nanofluid in a porous divergent 
channel. Eur Phys J Plus. 2021;136:667. https://​doi.​org/​10.​1140/​
epjp/​s13360-​021-​01641-3.

	50.	 Awais M, Shah Z, Perveen N, Ali A, Kumam P, Rehman HU, 
Thounthong P. MHD effects on ciliary-induced peristaltic 
flow coatings with rheological hybrid nanofluid. Coatings. 
2020;10(2):186. https://​doi.​org/​10.​3390/​coati​ngs10​020186.

	51.	 Ramachandran S, Vajravelu K, Prasad KV, Sreenadh S. Peristaltic-
ciliary flow of a Casson fluid through an inclined tube. Commun 
Biomath Sci. 2021;4(1):23–38. https://​doi.​org/​10.​5614/​cbms.​
2021.4.​1.3.

	52.	 McCash LB, Nadeem S, Akhtar S, Saleem A, Saleem S, Issak-
hov A. Novel idea about the peristaltic flow of heated Newto-
nian fluid in elliptic duct having ciliated walls. Alex Eng J. 
2022;61(40):2697–707. https://​doi.​org/​10.​1016/j.​aej.​2021.​07.​035.

	53.	 Choi SUS. Enhancing thermal conductivity of fluids with nan-
oparticles. In: Siginer DA, Wang HP(Eds.) Developments and 
applications of non-Newtonian flows. FED-vol. 231/MD-66, 
ASME, New York, 1995; pp 99–105.

	54.	 Asogwa K, Mebarek-Oudina F, Animasaun I. Comparative inves-
tigation of Water-based Al2O3 Nanoparticles through Water-
based CuO Nanoparticles over an Exponentially Accelerated 
Radiative Riga Plate Surface via Heat Transport. Arab J Sci Eng. 
2022;47:8721–38. https://​doi.​org/​10.​1007/​s13369-​021-​06355-3.

	55.	 Sheikholeslami M, Ebrahimpour Z. Thermal improvement of 
linear Fresnel solar system utilizing Al2O3-water nanofluid and 
multi-way twisted tape. Int J Thermal Sci. 2022;176:107505. 
https://​doi.​org/​10.​1016/j.​ijthe​rmals​ci.​2022.​107505.

	56.	 Mebarek-Oudina F, Preeti, Sabu AS, Vaidya H, Lewis RW, 
Areekara S, Mathew A, Ismail AI. Hydromagnetic flow of mag-
netite-water nano-fluid utilizing adapted Buongiorno model. Int J 

Mod Phys B. 2023:2450003. https://​doi.​org/​10.​1142/​S0217​97922​
45000​36.

	57.	 Sheikholeslami M, Farshad SA. Nanoparticles transportation with 
turbulent regime through a solar collector with helical tapes. Adv 
Powder Technol. 2022;33(3):103510. https://​doi.​org/​10.​1016/j.​
apt.​2022.​103510.

	58.	 Dharmaiah G, Mebarek-Oudina F, Sreenivasa Kumar M, Chandra 
Kala K. Nuclear reactor application on Jeffrey fluid flow with 
Falkner-skan factor, Brownian and thermophoresis, non lin-
ear thermal radiation impacts past a wedge. J Ind Chem Soci. 
2023;100(2):1009. https://​doi.​org/​10.​1016/j.​jics.​2023.​100907.

	59.	 Zhang L, Bhatti MM, Shahid A, Ellahi R, Anwar Bég O, Sait SM. 
Nonlinear nanofluid fluid flow under the consequences of Lor-
entz forces and Arrhenius kinetics through a permeable surface: a 
robust spectral approach. J Taiwan Inst Chem Eng. 2021;124:98–
105. https://​doi.​org/​10.​1016/j.​jtice.​2021.​04.​065.

	60.	 Chabani I, Mebarek Oudina F, Vaidya H, Ismail AI. Numerical 
analysis of magnetic hybrid Nano-fluid natural convective flow 
in an adjusted porous trapezoidal enclosure. J Magn Magn Mater. 
2022;564(2):1701. https://​doi.​org/​10.​1016/j.​jmmm.​2022.​170142.

	61.	 Sheikholeslami M, Jafaryar M, Barzegar Gerdroodbary M, Alavi 
AH. Influence of novel turbulator on efficiency of solar collector 
system. Environ Technol Innov. 2022;26:102383. https://​doi.​org/​
10.​1016/j.​eti.​2022.​102383.

	62.	 Ramesh K, Mebarek-Oudina F, Ismail AI, Jaiswal BR, Warke 
AS, Lodhi RK, Sharma T. Computational analysis on radiative 
non-Newtonian Carreau nanofluid flow in a microchannel under 
the magnetic properties. Sci Iran. 2023;30:376–90.

	63.	 Reddy YD, Mebarek-Oudina F, Goud BS, Ismail AI. Radiation, 
Velocity and Thermal Slips Effect Toward MHD Boundary Layer 
Flow Through Heat and Mass Transport of Williamson Nanofluid 
with Porous Medium. Arab J Sci Eng. 2022;47(12):16355–69. 
https://​doi.​org/​10.​1007/​s13369-​022-​06825-2.

	64.	 Ijaz S, Iqbal Z, Maraj EN, Nadeem S. Investigate of Cu-CuO/
blood mediated transportation in stenosed artery with unique 
features for theoretical outcomes of hemodynamics. J Mol Liq. 
2018;254:421–32.

	65.	 Saleem A, Akhtar S, Alharbi FM, Nadeem S, Ghalambaz M, 
Issakhov A. Physical aspects of peristaltic flow of hybrid nano 
fluid inside a curved tube having ciliated wall. Res Phys. 2020;19: 
103431.

	66.	 Das S, Barman B, Jana RN, Makinde OD. Hall and ion slip cur-
rents’ impact on electromagnetic blood flow conveying hybrid 
nanoparticles through an endoscope with peristaltic waves. Bio-
NanoSci. 2021;11:770–92.

	67.	 Ali A, Jana RN, Das S. Significance of entropy generation and 
heat source: the case of peristaltic blood flow through a ciliated 
tube conveying Cu-Ag nanoparticles using Phan-Thien-Tanner 
model. Biomech Model Mechanobiol. 2021;20:2393–412. https://​
doi.​org/​10.​1007/​s10237-​021-​01515-8.

	68.	 Das S, Pal TK, Jana RN, Giri B. Ascendancy of electromagnetic 
force and Hall currents on blood flow carrying Cu-Au NPs in a 
non-uniform endoscopic annulus having wall slip. Microvas Res. 
2021;138: 104191.

	69.	 Ali A, Barman A, Das S. Electromagnetic phenomena in cilia 
actuated peristaltic transport of hybrid nano-blood with Jeffrey 
model through an artery sustaining regnant magnetic field. Waves 
Random Complex Media. 2022. https://​doi.​org/​10.​1080/​17455​
030.​2022.​20725​33.

	70.	 Ahmed B, Hayat T, Alsaedi A. Mixed convection peristalsis of 
hybrid nanomaterial flow in thermally active symmetric channel. 
Case Stud Therm Eng. 2021;27: 101272.

	71.	 Hayat T, Nawaz S, Alsaedi A. Modeling and analysis of peristalsis 
of hybrid nanofluid with entropy generation. J Therm Anal Calo-
rim. 2021;143:1231–49.

https://doi.org/10.3843/GLOWM.10317
https://doi.org/10.3843/GLOWM.10317
https://doi.org/10.3390/app10031137
https://doi.org/10.1139/cjp-2018-0753
https://doi.org/10.1088/1572-9494/abda1c
https://doi.org/10.1007/s11771-021-4858-8
https://doi.org/10.1007/s10973-020-10476-6
https://doi.org/10.1007/s10973-020-10476-6
https://doi.org/10.1115/1.4049810
https://doi.org/10.1140/epjp/s13360-021-01641-3
https://doi.org/10.1140/epjp/s13360-021-01641-3
https://doi.org/10.3390/coatings10020186
https://doi.org/10.5614/cbms.2021.4.1.3
https://doi.org/10.5614/cbms.2021.4.1.3
https://doi.org/10.1016/j.aej.2021.07.035
https://doi.org/10.1007/s13369-021-06355-3
https://doi.org/10.1016/j.ijthermalsci.2022.107505
https://doi.org/10.1142/S0217979224500036
https://doi.org/10.1142/S0217979224500036
https://doi.org/10.1016/j.apt.2022.103510
https://doi.org/10.1016/j.apt.2022.103510
https://doi.org/10.1016/j.jics.2023.100907
https://doi.org/10.1016/j.jtice.2021.04.065
https://doi.org/10.1016/j.jmmm.2022.170142
https://doi.org/10.1016/j.eti.2022.102383
https://doi.org/10.1016/j.eti.2022.102383
https://doi.org/10.1007/s13369-022-06825-2
https://doi.org/10.1007/s10237-021-01515-8
https://doi.org/10.1007/s10237-021-01515-8
https://doi.org/10.1080/17455030.2022.2072533
https://doi.org/10.1080/17455030.2022.2072533


7083Peristaltic transportation of hybrid nano‑blood through a ciliated micro‑vessel subject…

1 3

	72.	 Abo-Elkhair RE, Bhatti MM, Mekheimer KS. Magnetic force 
effects on peristaltic transport of hybrid bio-nanofluid (Au-Cu 
nanoparticles) with moderate Reynolds number: an expanding 
horizon. Int Commun Heat Mass Transf. 2021;123: 105228.

	73.	 Narla VK, Tripathi D, Anwar BO. Analysis of entropy generation 
in biomimetic electroosmotic nanofluid pumping through a curved 
channel with Joule dissipation. Therm Sci Eng Prog. 2020;15: 
100424.

	74.	 Ramesh K, Prakash J. Thermal analysis for heat transfer enhance-
ment in electroosmosis modulated peristaltic transport of Sut-
terby nanofluids in a microfluidic vessel. J Therm Anal Calorim. 
2019;138:1311–26.

	75.	 Gul F, Maqbool K, Mann AB. Thermal analysis of electroosmotic 
flow in a vertical ciliated tube with viscous dissipation and heat 
source effects. J Therm Anal Calorim. 2021;143:2111–23. https://​
doi.​org/​10.​1007/​s10973-​020-​09702-y.

	76.	 Akbar NS, Butt AW. Heat transfer analysis of viscoelastic fluid 
flow due to metachronal wave of cilia. Int J Biomathematics. 
2014;7(6):1450066.

	77.	 He JH. Homotopy perturbation technique. Comp Meth Appl Mech 
Eng. 1999;178:257–62.

	78.	 Liao S. Homotopy analysis method in nonlinear differential equa-
tions. Shanghai: Springer; 2011.

	79.	 Nadeem S, Sadaf H. Trapping study of nanofluids in an annulus 
with cilia. AIP Adv. 2015;5: 127204.

	80.	 Tao R, Huang K. Reducing blood viscosity with magnetic fields. 
Phys Rev E. 2011;84: 011905.

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

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1007/s10973-020-09702-y
https://doi.org/10.1007/s10973-020-09702-y

	Peristaltic transportation of hybrid nano-blood through a ciliated micro-vessel subject to heat source and Lorentz force
	Abstract
	Introduction
	Modeling
	Physical scheme
	Jeffrey liquid scheme
	Electro-hydrodynamics
	Governing equations
	Empirical relations and thermophysical properties
	Flow scrutiny in moving frame of reference

	HPM solution
	Stream function, flow rate, wall shear stress and heat transport coefficient

	Code validation
	Outcomes and discussion
	Axial velocity profile
	Temperature distribution
	Pumping features
	Axial pressure gradient
	Pressure rise per wavelength

	Wall share stress (WSS)
	Heat transport coefficient
	Streamlines pattern

	Conclusions
	Appendix A:
	Appendix B: Summary of Some important formulas:
	Acknowledgements 
	References




