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Thermal convection in nanofluids 
for peristaltic flow in a nonuniform 
channel
Sharifah E. Alhazmi1*, Ali Imran2*, Muhammad Awais2, Mazhar Abbas2, Weaam Alhejaili3, 
Haneen Hamam4, Awatif Alhowaity5 & Asif Waheed2

A magneto couple stress nanofluid flow along with double diffusive convection is presented for 
peristaltic induce flow through symmetric nonuniform channel. A comprehensive mathematical 
model is scrutinized for couple stress nanofluid magneto nanofluids and corresponding equations 
of motions are tackled by applying small Reynolds and long wavelength approximation in viewing 
the scenario of the biological flow. Computational solution is exhibited with the help of graphical 
illustration for nanoparticle volume fraction, solutal concentration and temperature profiles in 
MATHEMTICA software. Stream function is also computed numerically by utilizing the analytical 
expression for nanoparticle volume fraction, solutal concentration and temperature profiles. Whereas 
pressure gradient profiles are investigated analytically. Impact of various crucial flow parameter on the 
pressure gradient, pressure rise per wavelength, nanoparticle volume fraction, solutal concentration, 
temperature and the velocity distribution are exhibited graphically. It has been deduced that 
temperature profile is significantly rise with Brownian motion, thermophoresis, Dufour effect, also it is 
revealed that velocity distribution really effected with strong magnetic field and with increasing non-
uniformity of the micro channel. The information of current investigation will be instrumental in the 
development of smart magneto-peristaltic pumps in certain thermal and drug delivery phenomenon.

List of symbols
V, U	� Respective velocity component in Y and X directions
b	� Wave amplitude
a	� Axial distance width
E	� Induced electric field
�	� Volume fraction of nanoparticle
DB	� Brownian diffusion coefficient
Ds	� Solutal diffusion parameter
Rm	� Magnetic Reynolds number
G	� Gravitational acceleration
T	� Temperature
p	� Pressure
b0	� Half width at inlet
c	� Propagation of velocity
C	� Solutal concentration
DTC	� Dufour diffusively
Nt	� Thermophoresis parameter
NCT	� Soret parameter
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Greek symbols
σ	� Electrical conductivity
µe	� Magnetic permeability
α	� Occlusion ratio
βT	� Volumetric thermal expansion
ρp	� Mass density of nanoparticle
(ρc)f 	� Heat capacitance of fluid
γ	� Solutal concentration
θ	� Dimensionless temperature
µ	� Viscosity of fluid
�	� Nanoparticle volume fraction
�	� Wave length
ρf 0	� Fluid density at T0

βC	� Volumetric expansion
(ρc)p	� Heat capacity of nanoparticle
Nb	� Brownian motion parameter
DT	� Thermophoresis diffusion coefficient
NTC	� Dufour parameter

The nonlinear flows involving peristalsis phenomenon are achieving new horizons in view of their core appli-
cations in the transport processes in the domains of chemical and biomedical science (bile ducts, esophagus, 
uterine cavity etc.), bio plasma transport etc. Mathematical modelling involving formulation of the peristaltic 
processes has tremendous applications in engineering and industries. For-instance Ellahi1 investigated char-
acteristics of heat and mass transport for the peristaltic flow in a non-uniform rectangular duct. Authors have 
studied and presented several important results regarding the bioheat transfer model due to its applications 
in thermotherapy and human thermoregulation system. Sreenadh2 studied the peristaltic flow of conducting 
nanofluids in a non-symmetric channel with slip effects of velocity, temperature and concentration. Sharma3 
analyzed the electro-osmosis based peristaltic flow of nanofluid. Authors have investigated the double diffusive 
convection phenomenon. Awais et al.4 studied the second law properties and endoscopy applications for hydro 
magnetic peristaltic flow of nanofluid. Slippage phenomenon along with permeable surface on peristaltic flow 
of hydro magnetic Ree Eyring nanofluid has been studied by Tanveer and Malik5. They have investigated the 
comprehensive study in a curved channel with porous media by utilizing the modified Darcy’s law. Riaz et al.6 
analyzed the peristaltic propulsion of Jeffery nanomaterial. They have studied the heat transfer characteristics 
within duct with dynamic wall and permeable medium. Heat transfer properties of biological nanoliquid flow 
dynamics through ductus efferentus have been presented by Imran et al.7. Hydro magnetic analysis and heat 
transfer effects through ductus efferentus involving variable viscosity phenomenon has been analyzed by Imran 
et al.8. Thermal and micro rotation process involving Cu-CuO/blood nanoparticles in a microvascular geometry 
has been analyzed by Tripathi et al.9. Blood flow of hydro magnetic non-Newtonian nanomaterial involving 
heat transfer and slip effect has been analyzed by Aasma et al.10. Qureshi et al.11 analyzed impacts of radially 
magnetic field axioms in a peristaltic flow with internally generated heat phenomena. Parveen et al.12 studied 
thermophysical axioms of chemotactic microorganisms in bio-convective peristaltic flow dynamics of nanoliquid 
with slipp and Joule heating effects. Some latest studies on the recent development on peristaltic phenomenon 
are presented in Refs.7,8,13–21.

Divya et al.22 presented the biological dynamics of a Casson fluid within a non-uniform channel along with 
radially applied magnetic field. Analytical investigation for unsteady dynamics of a Rabinowitsch fluid through 
afore mentioned geometry is revealed for variable liquid properties23.

Note that with the advent of modern computers, numerical computing (one of the latest technique) to per-
form highly parallel computing involving difficult navigation and recognition tasks have been utilized by many 
researcher to tackle the complex problems. The approximate solutions have lost some of their significance since 
recently developed numerical algorithms are available to tackle the progressively realistic and complex problems. 
It is due to the fact the a computed numerical result, requiring nominal effort with significant precision is mostly 
useful for scientist, engineers and applied mathematician who may acquire the core insight of the problem eas-
ily. Researcher have employed numerical computing recently in a variety of domains. For-instance Singh et al.24 
computed numerical results of micropolar fluid. Authors have considered the flow situation over a stretching 
surface with chemical reaction along with melting heat transfer. They have employed the Keller-Box method 
to compute the results. Pandey25 experimentally investigated with the aid of numerical simulation thermal and 
flow properties of a shear-thinning non-Newtonian fluid in a varyingly heated cavity. Awais et al.26 examined 
the fluid rheology of bioconvective nanofluid possessing dynamic microorganisms with the help of numerical 
computations and revealed heat and mass transfer phenomena. Salmi et al.27 also presented numerical study with 
heat and mass transfer development in Prandtl fluid magnetohydrodynamic flow using Cattaneo-Christov heat 
flux theory. Awais et al.28 analyzed generalized MHD impacts in a Sakiadis flow of polymeric nano liquids. In this 
communication our objective is to explore further in the regime of biological flow computations via numerical 
computing. The tendency of numerical computing to deal with the complex nature of biological/peristaltic flow 
model motivates the authors to investigate the double-diffusive convection process via thermal and concentra-
tion properties for the non-uniform biological geometry. Flow dynamics of couple-stress nanomaterial under 
the application of magnetic field are computed. Mathematical modellings have been performed and dataset is 
computed and comprehensive studies for emerging physical quantities are performed to examine the outcome 
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of each term. Tackling such bio-mathematical problems are important to modernize the diagnostic processes of 
several issues arise in peristaltic phenomenon.

Further physiological impacts are explored for the biological flow of rheological fluid through inclined geom-
etries by29–33. Hayat et al.34 elaborated the effect of thermal radiation along with MHD for the Jeffrey fluid. A 
mathematical investigation for the peristaltic flow of couple-stress fluid in a transverse non-symmetric channel 
with bon-isothermal scenario has been reported35. One may find related heat transfer analysis for peristaltically 
induce flow for couple stress fluid21,36,37.

Mathematical interpretation of physical problem
Let us emphasis on the flow dynamics of electrically conducting couple stress fluid in a nonuniform channel in 
an incompressible MHD flow. Waves pass alongside the channel walls, causing flow. Assume we have a rectan-
gular coordinate system with the X-axis aligned with wave propagation and the Y-axis parallel to it. The induced 
magnetic field is led by a continuous magnetic area of strength acting in a transverse direction. The magnetic 
field in general is defined as (Fig. 1)

The following is the geometrical description of the physical problem21–33,33–37:

with a(X) = a0 + a1X.
Within equation the parameters �,a0 , t, a , b, c, represents wavelength, half width at inlet, time, half breadth 

of channel, wave amplitude, speed of the wave and respectively.
The continuity, momentum, energy, concentration, and nanoparticle volume fraction equations33,34 are:

H+(h̃X(X, Y , t),H0 + h̃Y (X, Y , t), 0).

(1)H(X, t) = b sin

(

2π

�1
(X − ct)

)

+ a(X),

(2)
(

∂U

∂X
+

∂V

∂Y

)

= 0,

Figure 1.   Problem’s geometry.
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In order to further simplified the flow analysis, the following transformations would be used to examine the 
flow from laboratory frame of situation to wave frame scenario.

Making use of underneath transformations one may have.

Making use of above quantities in Eqs. (2–7) along with long wavelength and low Reynolds numbers we get.

(3)

ρf

(

∂

∂t
+ U

∂

∂X
+ V

∂

∂Y

)

U =−
∂P

∂X
+ µ

(

∂2U

∂X2
+

∂2U

∂Y2

)

− η

(

∂4

∂X4
+

∂4

∂Y4
+ 2

∂4

∂X2∂Y2

)

U

−
µe

2

(

∂H+2

∂Y

)

+ µe

(

hX
∂

∂X
+ hY

∂

∂Y
+H0

∂

∂Y

)

hX

+ g{ρf 0(1−�){βT (T − T0)+ βC(C − C0)}

− (ρ − ρf 0)(�−�0)}.

(4)

ρf

(

∂

∂t
+ U

∂

∂X
+ V

∂

∂Y

)

V =−
∂P

∂Y
+ µ

(

∂2V

∂X2
+

∂2V

∂Y2

)

− η

(

∂4

∂X4
+

∂4

∂Y4
+ 2

∂4

∂X2∂Y2

)

V

−
µe

2
(
∂H+2

∂Y
)+ µe

(

hX
∂hX

∂X
+ hY

∂hX

∂Y
+H0

∂hX

∂Y

)

+ gρf 0{(1−�){βT (T − T0)+ βC(C − C0)}

− (ρ − ρf 0)(�−�0)}.

(5)

(ρc)f

(

U
∂

∂X
+ V

∂

∂Y
+

∂

∂t

)

T =σ

(

∂2

∂Y2
+

∂2

∂X2

)

T

+ (ρc)f

{

DB

(

∂�

∂X

∂

∂X
+

∂�

∂Y

∂

∂Y

)

T

(

DT

T0

)

[

(

∂T

∂X

)2

+

(

∂T

∂Y

)2
]}

+ DTC

(

∂2C

∂X2
+

∂2C

∂Y2

)

,

(6)
(

∂

∂t
+ U

∂

∂X
+ V

∂

∂Y

)

C = Ds

(

∂2C

∂X2
+

∂2C

∂Y2

)

+ DTC

(

∂2T

∂X2
+

∂2T

∂Y2

)

,

(7)
(

∂

∂t
+ U

∂

∂X
+ V

∂

∂Y

)

� =

(

DT

T0

)(

∂2T

∂X2
+

∂2T

∂Y2

)

+ DB

(

∂2

∂X2
+

∂2

∂Y2

)

�,

(8)

⌢
x = X − ct,

⌢
u = U − c,

⌢
y = Y .

⌢
v = V , p(

⌢
x ,

⌢
y) = P(X,Y , t),

⌢

C(
⌢
x,

⌢
y) = C(X,Y , t)

⌢

T(
⌢
x,

⌢
y) = T(X,Y , t),

⌢

�(
⌢
x,

⌢
y) = �(X,Y , t).

(9)

⌢
x =

x

�1
, y =

y

b0
,

⌢
v =

v

c
,

⌢
u =

u

c
, p =

b20p

µc�1
, t =

ct

�1
, θ =

⌢

T − T0

T1 − T0
, Rm = σµeb0c,

� =
�−�0

�1 −�0
, NCT =

DCT (T1 − T0)

(C1 − C0)Ds
, NTC =

DCT (C1 − C0)

σ (T1 − T0)
, h =

h

b0
, � =

�

H0b0
,

Nb =
(ρc)pDB(�1 −�0)

σ
, Nt =

(ρc)pDT (T1 − T0)

T0σ
, � =

C − C0

C1 − C0
, hX =

∂�

∂y

(10)−
∂p

∂x
+

∂3ψ

∂y3
−

1

k2
∂5ψ

∂y5
+ Grtθ + Grc�− GrF� = 0

(11)
∂2θ

∂y2
+ NTC

∂2�

∂y2
+ Nb

(

∂θ

∂y

∂�

∂y

)

+ Nt

(

∂θ

∂y

)2

= 0,
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The above-mentioned equations are associated with following boundary conditions

where h = 1 + m1x + α sin(2πx).
where m1 non dimensional width of the inlet, α is the non-uniform width22,23 of the channel.
The expression for current density and axial induced magnetic field is defined as.

To explore pressure rise per wavelength we may have.

Solution of the problem
Equations (11–13) are tackled numerically in Mathematica, whereas the Eq. (15) after capitalizing exact expres-
sions from Eqs. (21–23) is also solved computationally.

The expression for nanoparticle volume fraction is obtained from Eq. (13) as,

Similarly, the expression for solutal concentration is obtained from Eq. (12) as,

By utilizing Eq. (11) the temperature expression is obtained as,

The constants c1 through c6 are determined using boundary conditions (16, 17). The following are the values 
of these constants:

(12)
∂2�

∂y2
+ NTC

∂2θ

∂y2
= 0

(13)
∂2�

∂y2
+

Nt

Nb

∂2θ

∂y2
= 0,

(14)�yy = Rm(E − ψy),

(15)
∂6ψ

∂y6
− k2

∂4ψ

∂y4
− k2M2

(

∂2ψ

∂y2

)

+ k2(Grtθy + Grc�y − GrF�y) = 0,

(16)θ = 0, � = 0, � = 0 on y = 0,

(17)θ = 1, � = 1, � = 1 on y = h,

(18)� = 0 on y = h, and
∂�

∂y
= 0 at y = 0,

(19)
ψ = 0,

∂2ψ

∂y2
= 0,

∂4ψ

∂y4
= 0 on y = 0,

ψ = F,
∂ψ

∂y
= −1,

∂3ψ

∂y3
= 0 on y = h,

(20)Jz = −
∂hX

∂y
, hx =

∂�

∂y

�p =

1
∫

0

d
⌢
p

dx
dx

(21)
� = −

Nt

(

c5(NCTNTC − 1)e
c2yNb

NCTNTC−1 + c6

)

Nb
+ c1 + c2y,

(22)� = c3+ c4y −



−
1

e
c2hNb

−1+NCTNTC

+
e

c2yNb
−1+NCTNTC

−1+ e
c2hNb

−1+NCTNTC



NCT ,

(23)θ = c6+
e

c2yNb
NCTNTC−1 c5(−1+ NCTNTC)

c2Nb
,



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:12656  | https://doi.org/10.1038/s41598-022-16600-w

www.nature.com/scientificreports/

Graphical observations
A magneto couple stress nanofluid flow involving double diffusive convective process has been investigated for 
peristaltic induced biological problem through non uniform channel. A comprehensive mathematical model is 
examined for couple stress nanofluid magneto nanofluids. A comparative analysis of current investigation with 
Afzal et al.33 are made in Tables 1, 2 and 3. It is evident from Tables 1, 2 and 3 very small absolute error for temper-
ature, concentration and nanoparticle fraction which validate current study. Computations explored with the help 
of graphical illustration for several biophysical quantities are portrayed in Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28 and 29 for GrF = 1.5, Grc = 1.5, Grt = 1.5, α = 0.3, k = 1.4. 
The impacts of several important variables on the nanoparticle fractions, pressure gradient, pressure rise per 
wavelength, current density distribution, temperature profiles, solutal concentration, axial induced magnetic field 
and stream function profiles are displayed in graphical and tabular form. Figures 2 and 3 elucidate the influence 
of non-uniformity parameter m1 and thermophoresis parameter Nt on pressure gradient dp/dx. It is revealed 
from Fig. 2 that an incremental increase in non-uniformity parameter m1, the pressure gradient diminishes 

c1 = 0, c2 = −
−Nb − Nt

hNb
,

c3 = 0, c4 = −
−1− NCT

h
,

c5 =
c2Nb

(

−1+ e
c2hNb

−1+NCTNTC

)

(−1+ NCTNTC)

,

c6 = −
1

−1+ e
c2hNb

−1+NCTNTC

,

Table 1.   Comparison of temperature profile solution with 
x = 1, m1 = 0.5, α = 0.5, NTC = 0.8, Nb = 0.1, Nt = 0.8, NCT = 0.8.

y Afzal et al.33 Current investigation Absolute error

0 0 0 0

0.2 0.308818 0.308818 1.27191× 10−9

0.4 0.530096 0.530096 2.6099× 10−9

0.6 0.688648 0.688648 4.13253× 10−9

0.8 0.802256 0.802256 4.94762× 10−9

1 0.88366 0.88366 6.35472× 10−9

1.2 0.941988 0.941988 2.20791× 10−9

1.4 0.983782 0.983782 1.74327× 10−9

1.6 1.01373 1.01373 1.18178× 10−9

1.8 1.03519 1.03519 3.02418× 10−10

2 1.05056 1.05056 4.40595× 10−10

Table 2.   Comparison of concentration profile solution with 
x = 1, m1 = 0.5, α = 0.5, NTC = 0.8, Nb = 0.1, Nt = 0.8, NCT = 0.8.

y Afzal et al.33 Current investigation Absolut error

0 0 0 0

0.2 − 0.00705441 − 0.00705441 1.01753× 10−9

0.4 0.0559234 0.0559234 2.08791× 10−9

0.6 0.169081 0.169081 3.30601× 10−9

0.8 0.318195 0.318195 3.95808× 10−9

1 0.493072 0.493072 5.08375× 10−9

1.2 0.68641 0.68641 1.7663× 10−9

1.4 0.892975 0.892975 1.39458× 10−9

1.6 1.10902 1.10902 9.45387× 10−10

1.8 1.33185 1.33185 2.4189× 10−10

2 1.55955 1.55955 3.52426× 10−10
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asymptotically. From physical point of view, it is natural phenomenon since the channel width is enhanced 
naturally pressure profile will decrease. From Fig. 3, we observed that as the value of thermophoresis parameter 
Nt enhances, reduction in the pressure gradient is observed. Physically thermophoresis phenomenon results into 
higher molecular movement which results into a decay in pressure gradient. Figures 4 and 5 exhibit the impacts 
of non-uniformity parameter m1 and thermophoresis parameter Nt on the pumping mechanism. It is observed 
that pumping phenomenon is greatly influenced by these parameters, pressurize profile is depreciated in region 
y ∈ [−2, 1] and is surges in y ∈ [−1, 4] as non-uniformity parameter m1 is enhanced. Further, it is reported that 
pressure rise is compactly surges as thermophoresis parameter Nt is strengthened. Figures 6 and 7 show the effects 

Table 3.   Comparison of nanoparticle volume fraction profile solution with 
x = 1, m1 = 0.5, α = 0.5, NTC = 0.8, Nb = 0.1, Nt = 0.8, NCT = 0.8.

y Afzal et al.33 Current investigation Absolute error

0 0 0 0

0.2 − 1.27054 − 1.27054 1.01753× 10−8

0.4 − 1.84077 − 1.84077 2.08792× 10−8

0.6 − 1.90919 − 1.90919 3.30603× 10−8

0.8 − 1.61805 − 1.61805 3.9581× 10−8

1 − 1.06928 − 1.06928 5.08377× 10−8

1.2 − 0.335902 − 0.335902 1.76632× 10−8

1.4 0.529746 0.529746 1.39461× 10−8

1.6 1.49017 1.49017 9.45423× 10−9

1.8 2.51851 2.51851 2.41931× 10−9

2 3.59551 3.59551 3.52471× 10−9

Figure 2.   dp
dx profile for m1.

Figure 3.   dp
dx profile for Nt.
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of magnetic Reynolds number Rm and Hartmann number M on the axial induced magnetic field hx. It is quite 
evident from Fig. 6 that axial induced magnetic field rises in one region y ∈ [−1, 0] and is repressed in other 
region y ∈ [0, 1].[0, 1]. It is due to the fact that magnetic Reynolds number is the ratio of induction and diffusion, 
it provides a guess of the relative impacts of induction due to magnetic field due to the dynamics of a conduct-
ing medium. Figure 7 shows opposite trends for positive values of magnetic field M. Since Hartmann number 
provides an estimate of the relative significance of drag forces which are generated from magnetic induction 
and viscous forces during the flow. It may be deduced that axial induced magnetic field distribution is declined 
initially and then turn around is seen. In order to observe the influences of magnetic Reynolds number Rm and 

Figure 4.   �p impact for varying m1.

Figure 5.   �p impact for varying profile for Nt.

Figure 6.   hx variations for Rm.



9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:12656  | https://doi.org/10.1038/s41598-022-16600-w

www.nature.com/scientificreports/

Hartmann number M on the current density JZ, we have prepared Figs. 8 and 9. Current density is referred as 
charge per unit time that flows within some specified region. It is quite evident from the Fig. 8 that the magnetic 
Reynolds number reinforce current density distribution. Further, as narrated above the magnetic number retard 
the flow, in the similar manner a declined in the current density distribution is observed as magnetic field is 
become stronger (Fig. 9). Figures 10, 11, 12 and 13 have been prepared in order to investigate the phenomenon 
of Brownian motion Nb, thermophoresis parameter Nt, Soret parameter NCT and Dufour parameter NTC on the 
temperature profile θ . It is noticed that temperature profile enhances with an incremental change in Brownian 
motion Nb, thermophoresis parameter Nt, Soret parameter NCT and Dufour parameter NTC. The qualitative 

Figure 7.   hx variations for M.

Figure 8.   Jz variations for Rm.

Figure 9.   Jz variations for M.
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behavior of Brownian motion Nb, thermophoresis parameter Nt, Soret parameter NCT and Dufour parameter NTC 
on the temperature profile θ is similar. The effects of Brownian motion Nb, thermophoresis parameter Nt, Soret 
parameter NCT and Dufour parameter NTC on the solutal concentration profile � are portrayed in Figs. 14, 15, 
16 and 17. We observed that the solutal concentration profile increases with an increase in Nb, Nt, NCT and NTC. 
Figures 18, 19, 20 and 21 depict the effect of Brownian motion Nb, thermophoresis parameter Nt, Soret param-
eter NCT and Dufour parameter NTC on nanoparticle fraction � . From Fig. 18, it is noted that as the value of Nb 
increases, the magnitude of nanoparticle fraction � increases in magnitude whereas opposite trend is noted for 
Nt, NCT and NTC. It is also observed maximum variation in nanoparticle fraction � is noted near the lower part of 

Figure 10.   θ variations for Nb.

Figure 11.   θ variations for Nt.

Figure 12.   θ variations for NCT.
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the channel. Trapping phenomenon play a predominant role in all physiological and its significance is explored 
in Figs. 22, 23, 24, 25, 26 and 27. It has been experienced that the shape of the trapped bolus is significantly 
reduced with rising values of K. Furthermore, it is quite obvious from Figs. 24, 25, 26 and 27 that size of trapped 
bolus is enhanced by increasing the values of Hartmann number M and strengthening the non-uniformity 
parameter m1. A statistical analysis of temperature and concentration profile as function of thermophoresis Nt 
is presented in Figs. 28 and 29, it is noticed that temperature profile is lifted with Nt and reverse phenomenon 
is seen for concentration profile.

Figure 13.   θ variations for NTC.

Figure 14.   � profile for Nb.

Figure 15.   λ profile for Nt.
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Conclusion
A mathematical model has been presented for couple stress magneto nanofluids and corresponding equations of 
motions are handled by applying low Reynolds and long wavelength approximation in viewing the scenario of 
the physical flow. Computational solution has been explored for nanoparticle volume fraction, solutal concentra-
tion and temperature profiles in MATHEMTICA software. The crux of the current study may be interpreted as:

•	 The pressure gradient decreases by enhancing the values of thermophoresis and non-uniformity parameter.

Figure 16.   λ variations for NCT.

Figure 17.   λ variations for NTC.

Figure 18.   Ω variations for Nb.
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•	 Pressure rise shows increasing behavior by strengthening the values of thermophoresis and non-uniformity 
parameter.

Figure 19.   Ω variations for Nt.

Figure 20.   Ω profile for NCT.

Figure 21.   Ω profile for NTC.
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•	 Current density distribution is becoming strong as the magnetic Reynolds number grows and possesses 
parabolic profile.

•	 Temperature profiles is lifted with Soret, Brownian motion, thermophoresis diffusion parameter show oppo-
site behavior for concentration profile.

•	 The Brownian motion parameter shows inverse relation with nanoparticle fraction Ω.
•	 The trapping bolus is enhanced with strengthening magnetic field and nonuniformity.

Figure 22.   Streamlines of K = 2.5.

Figure 23.   Streamlines of K = 3.5.
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Figure 24.   Streamlines of M = 2.0.

Figure 25.   Streamlines of M = 2.2.
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Figure 26.   Streamlines of m1 = 0.5.

Figure 27.   Streamlines of m1 = 1.0.
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In this investigation, a comprehensive study has been made to reveal electro
osmosis flow through a tapered ciliated symmetric porous channel. The flow is
initiated due to metachronal dynamics of cilia. Axial electric field is deployed
and thermal radiation phenomenon is scrutinised by applying convective condi-
tions. The equations tackling the flow are non dimensionalized and simplified
by capitalizing the low Reynolds number and long wave length approxima-
tions. Analytical solution is presented for well reputed Poissson equation and
the axial velocity. Whereas, traverse velocity, temperature and nanofluids con-
centration profiles are examined numerically in MATHEMATICA. Variation of
emerging crucial parameters on the velocity profile, temperature and concentra-
tion profiles, pressure gradient, pressure rise per wavelength, and on the velocity
distribution inside the micro ciliated are exhibited with the aid of graphical
deliberations. It worth to mention in this work that in case of tapered chan-
nel transverse velocity also has significant contribution in the flow, which is
observed trivial in symmetric and non-symmetric channel flows. Temperature
of the nanofluid in the ciliated tapered channel is raised with permeability and
thermal radiations phenomena and can be controlled with Helmholtz Smolu-
chowski velocity, and electroosmotic parameter. Pumping phenomena is affected
with increase in Helmholtz Smoluchowski velocity and permeability. Reported
investigation cover a informative insight about biological fluid system, may be
beneficial for the understanding the flow through ductus efferentes of human
reproductive tract since it assumed that cilia are responsible for the transport
of sperm from rete testis to the epididymis, also have worth in cilia designed
bio-sensors and in certain drug delivery systems.

1 INTRODUCTION

A cilium is a projection from the surface of free cells that looks like a hair. It has been observed in practically every species.
Cilia are divided into two categories: motile and non-motile. The significance ofmotile cilia intend to be highlighted. They
are involved in a variety of main phenomena as a result of their motility, all of which are physiologically significant [1].
Rivera [2] has supplied a number of valuable general information and relative data on the cilia of the gills of a variety of
species, which can be summarised as follows: (a) In some random tissues, all cilia beat at the same pace. (b) Lashings
of cilia on neighbouring cells are meticulously observed. (c) A series of metachronal rhythms. A metachronal rhythm

Z Angew Math Mech. 2024;e202300838. © 2024 Wiley-VCH GmbH. 1 of 13www.zamm-journal.org
https://doi.org/10.1002/zamm.202300838

https://orcid.org/0000-0002-4349-1570
https://orcid.org/0000-0002-4557-9533
https://orcid.org/0000-0001-9953-822X
mailto:saeed.ehsan@cuiatk.edu.pk
http://www.zamm-journal.org
https://doi.org/10.1002/zamm.202300838


2 of 13 IMRAN et al.

controls the lashing of cilia from one row to the next. Any substance that lives on the premises of cilia persists to travel
in a fixed direction. Since the ciliary rhythm adds a constant water passage to the outer part of the cilia over time, it
may be impractical to trigger cilia beats over a large area, and it is hypothesised that cilia lashes in a metachronal rhythm
rather than in a coordinated fashion. In any event, the cilia’s arrangement can bemanipulated by themetachronal pattern
outside of them. Respiratory path and reproductive system are carpeted with ciliated epithelium, which are the part of
human body for fluid flow which express this movement. In the respiratory tract, cilia are found in the trachea, which aid
in the inhalation of oxygen and the removal of dust and other hazardous particles to the outside. Various cilia may merge
together to produce cirri in some animals. The cirri consists of tiny structures that serve as leg-like features. Lardner and
Shack [1] claim that cilia rhythm is important in several physical processes in animals, including reproduction, rotation,
breathing, alimentation, and locomotion. Ren et al. [3] devised an electrically controlled soft robotic polypyrrole bending
actuators carpeted with cilia epidermis.
Nonetheless, metachronal rhythm may modify the curvature of cilia over their surface. It is quite worthy of discussion

that metachronal rhythm develops the operative lash of the ciliary beat or the beating of the cilia is perpendicular to the
direction of wave rhythm. There is some information available. In a conduit with two parallel oscillating walls, Akbar
et al. [4] demonstrated physiological fluid flow rheology. Javed et al. [5] by relying on curvilinear system discussed the
flow dynamics of aqueous electrolytic Newtonian fluid and provided a numerical model for the time-subordinate ciliary
propulsion. Numerous biological fluids have non-Newtonian axioms, in view of the reported investigations [6–12]. Non-
satisfactory consequences for the simple Newtonian fluid are investigated. The Power-Law Model is the most vibrantly
used model for investigating rheological fluid transfer [13]. Because of its physiological nature, this power-law model
relies on the fluid behaviour index 𝑛. This model gets close to both shear-thinning and shear thickening over a wide vari-
ety of rheological conditions. There are two methods for examining cilia motility irregularities: (i) The sublayer model
(ii) The envelope model: it computes the forces along with twisting moments developed by each cilium toward adjoining
fluid by obtaining the mean flow initiated by the ciliary layer. Hydrodynamic representation, on the other hand, is time-
consuming and can be accomplished arithmetically. The envelope model has edge over other available models because
it capitalizes on layer metachronal beats while ignoring sub-layer dynamic factors. Additionally, the envelope model is
employed for quantitative investigations, such as velocities of swimming motion of microorganisms in water, which are
measured quantitatively. Heat transfer analysis of ciliary driven nanofluids flow through ductus effrentes were compre-
hensively interrogated by Imran et al. [14, 15] and Bhatti et al. [16]. The heat phenomena along with mass transfer on
dynamics of particle-fluid within an annulus were caused by cilia. The fluid transport characteristics in an inclined tube
for a ciliary flow of fractional generalised Burgers and a Power law fluid model has been reported [17, 18] looked into it.
Asghar et al. [19] focused on themathematical analysis of aNewtonian system fluid transfer in a curved permeable channel
due to ciliary metachronal waves. Saleem et al. [20] report on peristaltic flow as well as heat transfer of hybrid and phase
ow for nano fluid models in a curved channel with ciliate tube. Elmaboud and Emam [21] investigated the effect of cilia
in micropolar fluid transfer in a uniformly ciliated tube. Cilia oriented electro osmosis flow has been revealed by [22–26].
Researchers reported some useful result relating to EMHD flows [27–30]. Ramesd et al. [31] elaborated magnetohydro-
dynamic pumping of electro-conductive rheological fluid within ciliated micro-channel. The blood induced nanofluid
transport through non-symmetric micro-channel with peristaltic phenomenon and revealed [32, 33] with the effects of
radiation, buoyancy forces, and EMHD. Electrokinetics is chemical phenomenon in which relative dynamics of electrical
field and a charged electric double layer is studied. Because of its enormous applications in bio-chemical engineering,
mechanical miniaturization systems, electro-mechanical settings it has emerged as key research area nowadays [34–37].
Jang and Lee [38] pioneered the experimental investigation on electromagnetohydrodynamic (EMHD) for micro-pumps.
The fluid transport in microchannel with EHMD was elaborated [39]. Jian and Chang [40] investigated numerical study
for the EMHD flow along a slit microchannel. Inspired by contemporary novelty of joint investigations of electroosmo-
sis, cilia wave and nanofluids, a mathematical model is proposed to reveal flow in microchannel governed by the mutual
effects of cilia wave and electroosmosis. The crux of current investigation may be interpret as:

1. To model the cilia induce electro osmosis flow for nano fluids through tapered porous channel.
2. Non dimensionlize the governing equations and simplify them by utilizing low Reynolds number and long wavelength

approximation.
3. Analytical solution intend to be extracted, wherever not possible numerical computations are employed.
4. Extensive graphical illustrations are presented to analyze the impact of various crucial emerging parameters.

Further the work is presented in systematic order as, Mathematical Interpretation of the Fluidic Problem, Dimensionless
Analysis, Solution for the Novel Scheme, Graphical Analysis, and lastly Conclusion.
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F IGURE 1 Geometry of cilia induce electro-osmotic flow through a tapered symmetric microchannel.

2 MATHEMATICAL INTERPRETATION OF THE PHYSICAL PROBLEM

Let us evolve unsteady incompressible Newtonian nanofluid flow occupying in the permeable space in the symmetric
tapered wavy ciliated channel. It is assumed that waves travels along the walls of the tapered ciliated symmetric micro-
channel and this physiological phenomena is exhibited in Figure 1 and it can be presented as:

𝐻̃(𝑋, 𝑡) = 𝑎 + 𝑏𝑠𝑖𝑛

(
2𝜋

𝜆

)
(𝑋 − 𝑐𝑡), (1)

in the above narrated equation 𝑎 = 𝑎0 + 𝑘𝑋 is the mean breadth of the tapered channel, 𝑎0 is the width of the inlet and 𝑘

is the non-uniform parameter, c is wave speed and 𝜆 is the wavelength.
The governing equations for fluid transport like continuity, momentum, energy, and relevant nanoparticle concentra-

tion can be provided as [24–26]:

𝜕𝑈

𝜕𝜉
+

𝜕𝑉

𝜕𝜂
= 0, (2)

𝜌𝑓

[
𝜕

𝜕𝑡′
+ 𝑈

𝜕

𝜕𝜉
+ 𝑉

𝜕

𝜕𝜂

]
𝑈 = −

𝜕𝑃

𝜕𝜉
+ 𝜇

[
𝜕𝑈2

𝜕𝜂2
+

𝜕𝑈2

𝜕𝜉2

]
−

𝜇

𝑘
𝑈 + 𝜌𝑒𝐸𝑥, (3)

𝜌𝑓

[
𝜕

𝜕𝑡′
+

(
𝑈

𝜕

𝜕𝜉
+ 𝑉

𝜕

𝜕𝜂

)]
𝑉 = −

𝜕𝑃

𝜕𝜂
+ 𝜇

[
𝜕2

𝜕𝜉2
+

𝜕2

𝜕𝜂2

]
𝑉 −

𝜇

𝑘
𝑉, (4)

(
𝜌𝑐′

)
𝑓

[
𝜕

𝜕𝑡′
+

(
𝑈

𝜕

𝜕𝜉
+ 𝑉

𝜕

𝜕𝜂

)]
𝑇 = 𝜅

[
𝜕2

𝜕𝜉2
+

𝜕2

𝜕𝜂2

]
𝑇 −

𝜕𝑞𝑟

𝜕𝜂
+ 𝜇

⎡⎢⎢⎣4
(

𝜕𝑈

𝜕𝜉

)2

+

(
𝜕𝑉

𝜕𝜉
+

𝜕𝑈

𝜕𝜂

)2⎤⎥⎥⎦
+
(
𝜌𝑐′

)
𝑝

[
𝐷𝐵(

𝜕𝐶

𝜕𝜉

𝜕

𝜕𝜉
+

𝜕𝐶

𝜕𝜂

𝜕

𝜕𝜂

)
𝑇 +

𝐷𝑇

𝑇𝑚

⎡⎢⎢⎣
(

𝜕𝑇

𝜕𝜉
+

(
𝜕𝑇

𝜕𝜂

)2
)2⎤⎥⎥⎦, (5)

[
𝜕

𝜕𝑡′
+

(
𝑈

𝜕

𝜕𝜉
+ 𝑉

𝜕

𝜕𝜂

)]
𝐶 = 𝐷𝐵

[
𝜕2𝐶

𝜕𝜉2
+

𝜕2𝐶

𝜕𝜂2

]
+

𝐷𝑇

𝑇𝑚

[
𝜕2𝑇

𝜕𝜉2
+

𝜕2𝑇

𝜕𝜂2

]
, (6)
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𝑈,𝑉 representing components of velocity along 𝜉 and 𝜂 axes, 𝑡′, 𝑐′ showing time, volumetric expansion coefficient,
𝑃 signifying pressure 𝜎′ nanoliquid’s electrical conductivity, 𝜌𝑓 , 𝜌𝑝 signifyng density for nanoliquid and nanoparticles
respectively, 𝜅 thermal conductivity, 𝑄0 heat generation/absorption, 𝐷𝐵,𝐷𝑇, 𝑇𝑚, and 𝜏 Brownian diffusion coefficient,
thermophoretic diffusion coefficient, mean temperature of the nanoliquid and ratio of the effective heat capacity of
nanoparticles substance and heat capacity of the nanoliquid respectively. The Poisson is introduced as

𝜌𝑒 = −𝜖∇2𝜙. (7)

3 DIMENSIONLESS ANALYSIS

Introducing a wave frame (𝜉, 𝜂) believe to have wave velocity 𝑐 and is situated at some distance from stationary frame(
𝜉, 𝜂

)
, the reliable forth coming transformations may be utilised:

𝜉 + 𝑐𝑡′ = 𝜉, 𝜂 = 𝜂, 𝑈 + 𝑐 = 𝑈, 𝑉 = 𝑉, 𝑃 = 𝑃, 𝐶 = 𝐶, 𝑇 = 𝑇. (8)

𝑈,𝑉 representing velocity components in axial and transverse directions respectively, 𝑃 is pressures, 𝑇 is the tempera-
ture, and𝐶 nanoparticle volume fractions in thewave frame of references, respectively. Additionally to nondimensionalize
the system of equations, it is worth to rely on the following non-dimensional quantities in Equations (1)–(6):

𝑥 =
𝜉

𝜆
, 𝑦 =

𝜂

𝑎
, 𝛿 =

𝑑

𝜆
, 𝑡 =

𝑐𝑡′

𝜆
, 𝑢 =

𝑈

𝑐
, 𝑣 =

𝑉

𝑐
,

𝑝 =
𝑑2𝑃

𝑐𝜆𝜇
, 𝑅𝑒 =

𝜌𝑓𝑐𝑎

𝜇
, 𝜎 =

𝐶 − 𝐶0

𝐶1 − 𝐶0

, Pr =
𝜇𝑐𝑓

𝜅
, 𝜃 =

𝑇 − 𝑇0

𝑇1 − 𝑇0
,

𝑁𝑡 =
𝜏𝐷𝑇(𝑇1 − 𝑇0)

𝜐𝑇𝑚
, 𝑁𝑏 =

𝜏𝐷𝐵(𝐶1 − 𝐶0)

𝜐
, 𝛽 =

𝑄0𝑎
2

(𝑇1 − 𝑇0)𝜐𝑐𝑝
, 𝑅𝑛 =

16𝜎𝑇3
0

3𝜅𝜇𝑐𝑓
, 𝜙 =

𝜙

𝜁
.

Invoking Debye–Hückel linearization, the reputed Poisson-Boltzmann Equation may take simplified form as:

𝜕2𝜙

𝜕𝑦2
= 𝑚2𝜙, (9)

Moreover, utilising the low Reynolds number and long wave length simplifications, the governing Equations become

𝜕𝑝

𝜕𝑥
=

𝜕2𝑢

𝜕𝑦2
−

1

𝑘
𝑢 + 𝛽 𝑚2𝜙, (10)

𝜕𝑝

𝜕𝑦
= 0, (11)

(1 + Pr 𝑅𝑛)
𝜕2𝜃

𝜕𝑦2
+ (𝐵𝑟)

(
𝜕𝑢

𝜕𝑦

)2

+ (Pr𝑁𝑏)

(
𝜕𝜎

𝜕𝑦

𝜕𝜃

𝜕𝑦

)
+ (Pr𝑁𝑡)

(
𝜕𝜃

𝜕𝑦

)2

= 0, (12)

𝜕2𝜎

𝜕𝑦2
+

𝑁𝑡

𝑁𝑏

𝜕2𝜃

𝜕𝑦2
= 0. (13)

Equation (13) forecast that 𝑝 ≠ 𝑝(𝑦), so

𝑑𝑝

𝑑𝑥
=

𝜕2𝑢

𝜕𝑦2
−

1

𝑘
𝑢 + 𝛽 𝑚2𝜙, (14)

𝑢 = −1 − 2𝜋𝜖𝛼𝛿 𝐶𝑜𝑠 2𝜋𝑥, Φ = 1, 𝜃 = 1, 𝜎 = 1, at

𝑦 = ℎ = 1 + 𝑚1𝑥 + 𝛼 sin 2𝜋𝑥, (15)
𝜕𝑢

𝜕𝑦
= 0, 𝜎 = 0, 𝜃 = 0,Φ = 0 at

𝑦 = 0, (16)
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4 SOLUTION FOR THE NOVEL SCHEME

Extracting the exact analytical solution for the Equation (9) as

𝜙(𝑦) =

(
𝑒2𝑚𝑦 − 1

)
𝑒ℎ𝑚−𝑚𝑦

𝑒2ℎ𝑚 − 1
. (17)

Exact Expression for the axial velocity may gathered as

𝑢(𝑦) =
1(

𝑒2ℎ𝑚 − 1
)
(𝑘𝑚2 + 1)

𝑒−𝑚𝑦 sec

(
ℎ√
𝑘

)(
2𝛽𝑘3∕2𝑚3𝑒𝑚(ℎ+𝑦) sin

(
ℎ − 𝑦√

𝑘

)

−
(
𝑒2ℎ𝑚 − 1

)
𝑒𝑚𝑦 cos

(
𝑦√
𝑘

)(
𝑘2𝑚2 𝑑𝑝

𝑑𝑥
+ 𝑘

(
𝑚2(𝛽 − u0) +

𝑑𝑝

𝑑𝑥

)
− u0

)
− 𝑘 cos

(
ℎ√
𝑘

)
(
−

𝑑𝑝

𝑑𝑥

(
𝑘𝑚2 + 1

)
𝑒𝑚(2ℎ+𝑦) + 𝛽𝑚2𝑒ℎ𝑚 − 𝛽𝑚2𝑒𝑚(ℎ+2𝑦) +

𝑑𝑝

𝑑𝑥

(
𝑘𝑚2 + 1

)
𝑒𝑚𝑦

))
. (18)

The expression for volume flux is obtained as

𝑄 =
1(

−1 + 𝑒2ℎ𝑚
)
(1 + 𝑘𝑚2)

√
𝑘

(√
𝑘

((
−1 + 𝑒2ℎ𝑚

)
ℎ
(
1 + 𝑘𝑚2

)𝑑𝑝
𝑑𝑥

− 𝑚
(
−1 − 𝑒2ℎ𝑚 + 2𝑒ℎ𝑚

(
1 + 𝑘𝑚2

))
𝛽

)

+ 2𝑒ℎ𝑚𝑘3∕2𝑚3𝛽Sec

[
ℎ√
𝑘

]
−
(
−1 + 𝑒2ℎ𝑚

)(
𝑘2𝑚2 𝑑𝑝

𝑑𝑥
− u0 + 𝑘

(
𝑑𝑝

𝑑𝑥
+ 𝑚2(−u0 + 𝛽)

))
Tan

[
ℎ√
𝑘

])
. (19)

Expression stream function may be obtained using the relation 𝑢 =
𝜕𝜓

𝜕𝑦

𝜓(𝑦) = −

⎛⎜⎜⎜⎜⎝
𝑦

(√
𝑘

(
−2𝛽𝑘3∕2𝑚3𝑒ℎ𝑚 −

(
𝑒2ℎ𝑚 − 1

)
sin

(
ℎ√
𝑘

)(
−𝑘𝛽𝑚2 + 𝑘𝑚2u0 + u0

))
+

𝑘
(
𝑒2ℎ𝑚 − 1

)
(𝑘𝑚2 + 1)

(√
𝑘 sin

(
ℎ√
𝑘

)
− ℎ cos

(
ℎ√
𝑘

))
cos

(
ℎ√
𝑘

)(
𝛽𝑘𝑚

(
2𝑒ℎ𝑚

(
𝑘𝑚2 + 1

)
− 𝑒2ℎ𝑚 − 1

)
+ 𝑄

(
𝑒2ℎ𝑚 − 1

)(
𝑘𝑚2 + 1

))
𝑘
(
𝑒2ℎ𝑚 − 1

)
(𝑘𝑚2 + 1)

(√
𝑘 sin

(
ℎ√
𝑘

)
− ℎ cos

(
ℎ√
𝑘

))
⎞⎟⎟⎟⎟⎠
, (20)

Expression for the pressure gradient is obtained from solving Equation (19) for
𝑑𝑝

𝑑𝑥
,

𝑑𝑝

𝑑𝑥
=

1(
𝑒2ℎ𝑚 − 1

)
(𝑘𝑚2 + 1)

(
ℎ𝑘 − 𝑘3∕2 tan

(
ℎ√
𝑘

)) (
𝛽𝑘3∕2𝑚2𝑒2ℎ𝑚 tan

(
ℎ√
𝑘

)
− 𝛽𝑘3∕2𝑚2 tan

(
ℎ√
𝑘

)

+ 𝑘3∕2𝑚2u0
(
−𝑒2ℎ𝑚

)
tan

(
ℎ√
𝑘

)
+ 𝑘3∕2𝑚2u0 tan

(
ℎ√
𝑘

)
+ 2𝛽𝑘2𝑚3𝑒ℎ𝑚 − 2𝛽𝑘2𝑚3𝑒ℎ𝑚 sec

(
ℎ√
𝑘

)
+ 𝑘𝑚2𝑄𝑒2ℎ𝑚

+ 2𝛽𝑘𝑚𝑒ℎ𝑚 − 𝛽𝑘𝑚𝑒2ℎ𝑚 −
√

𝑘u0𝑒2ℎ𝑚 tan

(
ℎ√
𝑘

)
+
√

𝑘u0 tan

(
ℎ√
𝑘

)
+ 𝑄𝑒2ℎ𝑚 − 𝑘𝑚2𝑄 − 𝛽𝑘𝑚 − 𝑄

)
. (21)

If we put 𝛼 = 0, 𝛽 = 0, 𝛿 = 0 in Equation (10) and Equation (15) the result of ref. [26] are recovered.



6 of 13 IMRAN et al.

F IGURE 2 Investigation of 𝛽 on velocity profile with 𝛼 = 0.2, 𝜖 = 0.12, 𝑄 = 0.6, 𝑥 = 1, 𝛿 = 0.01, 𝑘 = 0.29,𝑚 = 0.7.

F IGURE 3 Investigation of 𝑘 on velocity profile with 𝛼 = 0.2, 𝜖 = 0.12, 𝑄 = 0.6, 𝛿 = 0.01, 𝛽 = 2,𝑚 = 0.7.

F IGURE 4 Investigation of𝑚 on velocity profile with 𝛼 = 0.8, 𝜖 = 0.12, 𝑄 = 0.6, 𝛿 = 0.01, 𝑘 = 2, 𝛽 = 2.

5 GRAPHICAL ANALYSIS

In this investigation, a comprehensive study has beenmade to reveal electro osmosis flow through a tapered ciliated porous
channel. It is assumed the flow is initiated because of metachronal dynamics of cilia. Axial electric field is deployed and
thermal radiation phenomenon is scrutinized by applying convective conditions. In this juncture of investigation vari-
ation of pertinent crucial parameters on the velocity profile, temperature and concentration profiles, pressure gradient,
pressure rise per wavelength, and on the velocity distribution inside the micro ciliated is presented. In Figures 2–4 impact
of Helmholtz—Smoluchowski velocity 𝛽, permeability parameter 𝑘, and electro osmotic parameter 𝑚 on the axial and
transverse segment of velocity are exhibited. Figure 2 reveal that as the value of 𝛽 is strengthened both axial and trans-
verse components of velocity show deterioration in regions 𝑦 ∋ [0, 1] and then surge in the velocity profiles is observed in
𝑦𝜖[1, 3]. It is worth to know that the electric field presence with ions near the vicinity of the double layer, retard nanofluid
flow and initiate a productive slip velocity in exterior regime of double layer, is known as Helmholtz–Smoluchowski
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F IGURE 5 Plots of nanoparticle temperature and concentration as function of 𝛽 with 𝛼 = 0.3, 𝜖 = 0.12,𝑚 = 1.5,
𝛿 = 0.01, 𝑝𝑟 = 0.5,𝑁𝑡 = 0.1, 𝑘 = 1.5, 𝑄 = 0.6, 𝑥 = 0.9, 𝑅𝑛 = 0.1.

F IGURE 6 Variation of 𝑘 nanoparticle temperature and concentration with 𝛼 = 0.3, 𝜖 = 0.12,𝑚 = 1.5,𝑚1 = 0.1

𝛿 = 0.01, 𝑝𝑟 = 0.5,𝑁𝑡 = 0.1, 𝛽 = 1.5, 𝑄 = 0.6, 𝑥 = 0.9, 𝑅𝑛 = 0.1.

velocity. Effect of permeability parameter 𝑘 is interrogated in Figure 3. Axial velocity is initially suppressed near flow
regime 𝑦𝜖[0, 1.5] and then rise in the fluid is seen in the region 𝑦𝜖[1.2, 3], whereas, mere surge in transverse velocity is
evident. The behaviour of electro osmotic parameter on flow dynamic in the ciliated tapered microchannel is exhibited
in Figure 4. Electroosmotic transport is initiated by Coulomb force which is induced due to electric field for net mobile
electric charge. Due to prevalence of chemical equilibrium of a solid surface with an electrolyte solution results in inter-
face hiring of net electrical charge, and electrical double layer or Debye layer develops in the vicinity interface. Axial
velocity due to increase in 𝑚 is elevated at the start of the flow and in the middle of flow regime quite opposite scenario
is observed, on other hand transverse velocity is quit appreciably reduced. The nanoparticles temperature along with
concentration profiles are examined for different value of Helmholtz–Smoluchowski velocity 𝛽, permeability parame-
ter 𝑘, electro osmotic parameter 𝑚, radiation parameter 𝑅𝑛, and Brinkman number 𝐵𝑟 in Figures 5–9. Figure 5 exhibit
that nanoparticle temperature is lowered as value of 𝛽 is strengthened, in contrary nanoparticle concentration become
vigorous. One can easily noticed from Figure 6, with the rise in the permeability phenomenon there is rise in the tem-
perature of the nanofluid, which mean in this case suction effect is dominating, on other hand diffusion phenomena of
the nanofluid is affected with enhancing permeability. It is concluded from Figure 7 that electro osmotic parameter 𝑚

slow down the heat transfer phenomenon and on other hand it give rise to nano particles concentration profile. Impact of
thermal radiation parameter on the nanoparticle temperature and concentration profiles is revealed in the Figure 8. Rise
in temperature profile is evident fromwith enhancement in thermal radiation phenomenon, which is quite natural obser-
vation. Additionally, contrast behaviour in nanoparticle concentration is recorded. It signifies that the external radiation
escalate the temperature, and simultaneously movement of the particle is diluted. This phenomenonmay prove great sig-
nificance in the biological fluid dynamic in the field of medical science. In Figure 9, Impact of Brinkman number 𝐵𝑟 on
nanoparticle temperature and concentration is exhibited. The temperature of the nano fluid particles is enhancedwith the
augmented value of of Brinkman number. It is quite established fact in a scenario when the temperature is enhanced, the
gap around the molecules enhances due to decline in cohesiveness. Which result decrease in the viscosity of nanofluids
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F IGURE 7 Variation of𝑚 nanoparticle temperature and concentration with 𝛼 = 0.3, 𝜖 = 0.12, 𝑘 = 1.2,
𝛿 = 0.01, 𝑝𝑟 = 0.5,𝑁𝑡 = 0.1, 𝛽 = 2, 𝑄 = 0.6, 𝑘 = 1,𝑚1 = 0.1, 𝑥 = 0.9, 𝑅𝑛 = 0.1.

F IGURE 8 Impact of thermal Radion nanoparticle temperature and concentration with 𝛼 = 0.3, 𝜖 = 0.12, 𝑘 = 1.2,
𝛿 = 0.01, 𝑝𝑟 = 0.5,𝑁𝑡 = 0.1, 𝛽 = 2, 𝑄 = 0.6, 𝑥 = 0.9, 𝑅𝑛 = 0.1.

F IGURE 9 Analysis of 𝐵𝑟 on nanoparticle temperature and concentration with 𝛼 = 0.3, 𝜖 = 0.12, 𝑘 = 1.2,
𝛿 = 0.01, 𝑝𝑟 = 0.5,𝑁𝑡 = 0.1, 𝛽 = 2, 𝑄 = 0.6, 𝑥 = 0.9, 𝑅𝑛 = 0.1,𝑚1 = 0.1.

happened when the nanoparticle temperature is raised. Pumping mechanism for the flow inside the non uniform ciliated
micro channel is investigated in Figure 10. It has been revealed that pressure gradient profile is suppressed for enhancing
value of 𝛽 and 𝑘, its means these parameters ultimately play a role in slowing down the transport phenomenon inside
the channel. Figure 11 illustrate that effect of 𝛼 and 𝑚 on the pumping mechanism. It has been observed that pumping
phenomena is dominating in 𝑥𝜖[0, 0.5] flow regime and weak in 𝑥𝜖[0.5, 1]. On other hand appreciable rise in the pressure
gradient profile is reported for electro osmotic parameter 𝑚. Figure 12 demonstrate that pressure rise per wave length
profile is also declined for augmented values of 𝛽 and 𝑘. Trapping phenomenon which has pivotal role in the physio-
logical processes is explored in Figures 13–14. It is reported that size of the trapped bolus is magnified with escalation in
Helmholtz–Smoluchowski velocity 𝛽. Furthermore it is quite evident fromFigure 14 that size of the trap bolus is squeezed
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F IGURE 10 Analysis of 𝛽 and 𝑘 on pressure gradient along with 𝛼 = 0.3, 𝜖 = 0.12, 𝛿 = 0.01,𝑚1 = 0.1, (𝑎) 𝑘 = 1, (𝑏) 𝛽 = 1.

F IGURE 11 Analysis of 𝛼 and𝑚 on pressure gradient along with 𝛽 = 1, 𝑘 = 1 𝜖 = 0.12, 𝛿 = 0.01,𝑚1 = 0.1, (𝑎) 𝑚 = 1, (𝑏) 𝛼 = 0.3.

F IGURE 1 2 Analysis of 𝛽 and Permeability parameter 𝑘 on pressure rise profile with 𝛼 = 0.3, 𝜖 = 0.12,
𝛿 = 0.01,𝑚1 = 0.1, (𝑎) 𝑘 = 2, (𝑏) 𝛽 = 1.

with increasing permeability. Variations of heat transfer coefficient is extensively elaborated in Figure 15. It is reported
that heat transfer coefficient is enhanced with Prandtl number and declined with radiations parameter (see Figure 15a).
Whereas the heat transfer coefficient remain invariant for𝑚, 𝑘, and 𝛽.

6 CONCLUSION

A broad study has been made to reveal electro osmosis flow through a tapered ciliated symmetric porous channel. It
was assumed that flow initiated due to metachronal dynamics of cilia and axial electric field is taken along thermal radia-
tion phenomenon and convective boundary conditions. The pertinent equations of motionwere non dimensionalized and
simplified by capitalizing the low Reynolds number and long wave length approximations. Exact novel analytical solution
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F IGURE 13 Analysis of 𝛽 on the velocity distribution profile with 𝛼 = 0.8, 𝜖 = 0.12,
𝛿 = 0.01,𝑚 = 0.8,𝑚1 = 0.1, 𝑘 = 2, (𝑎) 𝛽 = 1, (𝑏) 𝛽 = 2.

F IGURE 14 Streamlines variation as function of 𝑘 𝛼 = 0.8, 𝜖 = 0.12, 𝑄 = 0.6, 𝛿 = 0.01,𝑚 = 1.5, 𝛽 = 1, (𝑎) 𝑘 = 2, (𝑏) 𝑘 = 3.

is gathered for Poisson equation and the axial velocity. Additionally, traverse velocity, temperature and nanofluids con-
centration profiles are scrutinized via numerical computations. The main outcomes of current investigation may be
culminated as:

1. Axial velocity is declined with Helmholtz–Smoluchowski velocity 𝛽 and permeability parameter 𝑘, whereas transverse
velocity shows the same behaviour for 𝛽, but for 𝑘 it only shows increase in the velocity profile.

2. Temperature profile is declined 𝛽, 𝑘, and electro osmotic parameter 𝑚, but the concentration profile is declined with
𝛽 and is elevated for 𝑘 and𝑚.

3. Temperature profile is improved for the increasing values of thermal radiation and for Brinkman number and reverse
behaviour is seen for nano particle concentration profile.

4. Pumping phenomenon is retarded as Smoluchowski velocity and permeability are strengthened.
5. Smoluchowski velocity and permeability play a predominant role in trapping mechanism.
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F IGURE 15 Analysis of heat transfer coefficient along with 𝛽 = 1, 𝑘 = 1 𝜖 = 0.12, 𝛿 = 0.01,𝑚1 = 0.1,𝑚 = 1, 𝛼 = 0.3.

In future electro osmosis flow through a tapered ciliated symmetric porous channelmay be considered for non-Newtonian
fluid by adding further physical effects double diffusive convection and implementing slip at thewall.Moreover for further
analysis onemay investigate stochastic numerical computing based solver [41–44] for the investigation of Electro Osmotic
Flow of Nanofluids [45].
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