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The present study investigates the flow, heat, and mass transfer analysis in the bioconvection of nanofluid containing
motile gyrotactic microorganisms through a semi-porous curved oscillatory channel with a magnetic field. These microor-
ganisms produce density gradients by swimming, which induces macroscopic convection flows in the fluid. This procedure
improves the mass and heat transfer, illustrating the interaction between biological activity and fluid dynamics. Further-
more, instead of considering traditional Fourier’s and Fick’s law the energy and concentration equations are developed
by incorporating Cattaneo–Christov double diffusion theory. Moreover, to examine the influence of thermophoresis and
Brownian diffusions in the fluid we have adopted the Buongiorno nanofluid model. Due to the oscillation of the surface
of the channel, the mathematical development of the considered flow problem is obtained in the form of partial differential
equations via the curvilinear coordinate system. The convergent series solution of the governing flow equations is ob-
tained after applying the homotopy analysis method (HAM). The effects of different pertinent flow parameters on velocity,
motile microorganism density distribution, concentration, pressure, temperature, and skin friction coefficient are examined
and discussed in detail with the help of graphs and tables. It is observed during the current study that the density of mi-
croorganisms is enhanced for higher values of Reynolds number, Peclet number, radius of curvature variable, and Lewis
number.

Keywords: semi-porous oscillatory curved channel, gyrotactic microorganisms, magnetohydrodynamic, vis-
cous nanofluid, Cattaneo–Christov double diffusion, homotopy analysis method
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1. Introduction
The study of numerous boundary layer flow problems in

tubes or semi-permeable/permeable channels has fascinated
the attention of engineers and scholars over the past few
years owing to its extensive range of reasonable applications
in biomedical and mechanical manufacturing. Such appli-
cations include semi-permeable or permeable pipe develop-
ment, capillary blood flow, and movement of blood in oxy-
genators, filter drawing, and blood dialysis in synthetic kid-
neys. Berman[1] investigated the steady motion of viscous liq-
uid in a permeable channel and provided its exact solution.
After Berman,[1] numerous scholars have extended his con-
cept for both viscous and non-Newtonian liquids in various
directions containing both flat and curved channels. Abbas
et al.[2] performed an analytical inspection for the magneto-
hydrodynamic flow Maxwell fluid inside a permeable chan-
nel. Ali et al.[3] evaluated the effects of applied magnetic field
on Oldroyd-B liquid flow inside a channel. Heat transmis-
sion analysis in flow of MHD Jeffery liquid through a chan-
nel was conveyed by Aleem et al.[4] The investigation of the
peristaltic flow of Casson liquid via a permeable channel was
carried out by Ali et al.[5] Hamza et al.[6] scrutinized the con-

vective flow of exothermic Arrhenius fluid across a vertical
channel. Sajid et al.[7] analyzed the influence of Joule heat-
ing and magnetic field in the motion of nanoparticles through
a curved semi-porous channel. Numerical simulation for the
movement of non-Newtonian liquid through a curved channel
with Cattaneo–Christov heat flux theory was accomplished by
Abbas et al.[8] In another article, Abbas et al.[9] examined the
thermally radiative and convectively heated flow of Carreau
liquid via a curved channel. Heat transmission examination for
flow of hybrid nanofluid via a curved channel was examined
by Abbasi et al.[10] Naveed et al.[11] investigated the signifi-
cance of melting heat transmission in the chemically reactive
motion of Eyring–Powell liquid inside a curved channel. The
study of oscillatory flow is a vital theory in the arena of bi-
ological and manufacturing developments such as oil extrac-
tion, lung respiratory functions processing, blood flow con-
trol during surgical treatment, processing and developing of
papers and foods, cosmetic products, chemical and blood al-
location modeling in clinical and biochemistry laboratories,
etc. Misra et al.[12] analyzed the heat transport features in a
flow of viscoelastic liquid in a oscillatory channel. Ali and
Asghar[13] have conducted an analytical inspection for Jef-
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fery liquid flow over an oscillating channel. Khan et al.[14]

considered the heat transmission examination in magnetohy-
drodynamic movement of Maxwell fluid inside an oscillatory
channel. Raghunatha and Vinod[15] studied the motion of cou-
ple stress fluid inside a porous channel in the presence of the
magnetic field. Devi and Srinivas[16] computed heat transferal
effects on magnetohydrodynamic oscillatory flow in a porous
channel with two immiscible liquids. Naveed et al.[17] de-
tected the outcomes of homogeneous heterogeneous chemical
reactions in unsteady motion of couple stress liquid through
the oscillation of a curved stretched surface. Imran et al.[18]

assessed the impacts of Soret and Dufour numbers in the os-
cillatory motion of couple stress liquid due to a curvy wall. In
another article, Imran et al.[19] inspected the curvilinear oscil-
latory motion of hybrid nanoliquid over a curved oscillating
surface.

To improve the efficiency of modern cooling technology
and biomedical or industrial processes that involve heat trans-
fer, it is essential to enhance the thermophysical properties of
traditional liquids like ethylene glycol, oil, and water. This can
be accomplished by incorporating nano-sized metal particles
termed nanoparticles in above-defined liquids. A remarkable
number of scholars have paid special attention to detecting the
features of such nanoparticles. Abbas et al.[20] scrutinized
thermal radiation effects in the time-dependent flow of Cas-
son nanoliquid towards a curvy stretched wall. Azam et al.[21]

detected the three-dimensional (3D) motion of Cross nanoliq-
uid with Cattaneo-Christov heat flux past a moving surface.
Inspection of entropy production in a chemically reactive Bla-
sius nanoliquid motion on a curved surface was completed by
Naveed et al.[22] Sadighi et al.[23] conducted heat and mass
transport scrutiny for hydromagnetic stretchable nanoliquid
motion across flat walls.

The study of heat and mass transport features via revised
Fourier and Fick’s concepts has engaged noteworthy scholars
because of their massive involvement in numerous industrial
and manufacturing procedures including food processing, air
conditioning, damage of crops, heat exchangers, refrigeration,
and equipment power collectors. Imran et al.[24] considered
the oscillatory flow of non-Newtonian fluid in the presence of
thermal and concentration relaxation time parameters. Khan
and Mao[25] conducted a comprehensive analysis of nanoflu-
ids via Cattaneo–Christov idea across a curved sheet. Abbas et
al.[26] evaluated the features of the Cattaneo–Christov double
diffusive theory in micropolar liquid motion across a curvy
Riga sheet. Faisal et al.[27] detected the effects of activation
energy and entropy production in double-diffusive flow via a

stretching cylinder.
In view of the above-mentioned significant applications

of oscillatory channel in various technological disciplines,
the ultimate objective of this current research is to discuss
the features of heat and mass transfer in the bioconvective
flow of nanofluid containing motile gyrotactic microorganisms
through a semi-porous curved oscillatory channel. The effect
of magnetic field is also considered in flow equation. The
swimming of the motile organism (bacteria or fungi) gener-
ates the density gradient which enhances the heat and mass
transfer rate. Heat and mass transfer analysis is carried out by
adopting double diffusive theory. For nanofluid, Buongiorno
nanofluid model is considered. The effects of pertinent phys-
ical variables on curves of velocities, concentration, pressure
and temperature are interpreted graphically in detail. Due to
curved oscillatory channel the proposed study may be incorpo-
rated into massive technological and physical procedures such
as lung respiratory function processing, equipment power col-
lectors, oil exploration, heat exchangers, the development and
processing of foods and control of blood flow during surgical
treatment.

2. Mathematical development
A boundary layer two-dimensional (2D) and time-

dependent flow of an incompressible nanoliquid inside a semi-
permeable curvy channel of radius Aα is considered (as shown
in Fig. 1).

B
0

H
(s,v)

(x,w)

O

A
α

v/V
w
sin ωt

Fig. 1. Flow configuration.

The wall at a distance H of the channel is measured to
be permeable and a viscous liquid is injected through it. The
lower wall is taken to be oscillatory with periodic velocity
v=Vw sinωt around the origin, where Vw and ω denote the ve-
locity and the frequency of the wall oscillations, respectively.
A magnetic field of strength B0 is imposed in the radial x-
direction. The associated boundary layer equations are termed
as follows:

∂v
∂ s

Aα +
∂

∂x
{(Aα + x)w}= 0, (1)

1
ρα

∂ p∗

∂x
=

v2

x+Aα

, (2)
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∂v
∂ t

+
∂v
∂x

w+
vw

Aα + x
+

(
Aα v

Aα + x

)
∂v
∂ s

=− Aα

Aα + x
1

ρα

∂ p
∂ s
− σα

ρα

B2
0v

− 1
ρα

(n−n1)g∗γ∗ (ρm−ρα)+να

(
∂ 2v
∂x2 −

v

(Aα + x)2 +
1

Aα + x
∂v
∂x

)

+
1

ρα

(
(1− c1)ρα β

∗g∗ (T −T1)−
(
ρp−ρα

)
g∗ (c− c1)

)
, (3)

∂T
∂ t

+
Aα v

Aα + x
∂T
∂ s

+
∂T
∂x

w = κ

(
∂ 2T
∂x2 +

1
Aα + x

∂T
∂x

)
+

σα

(ρc)p
B2

0v2 + ε

(
Db

(
∂c
∂x

∂T
∂x

)
+

DT

T1

(
∂T
∂x

)2
)
−ψEΩE, (4)

∂c
∂ t

+ v
(

Aα

Aα + x

)
∂c
∂ s

+
∂c
∂x

w = Db

(
∂ 2c
∂x2 +

∂c
(Aα + x)∂x

)
+

DT

T1

(
∂ 2T
∂x2 +

∂T
(Aα + x)∂x

)
−ψCΩC, (5)

∂n
∂ t

+
∂n
∂ s

Aα v
(Aα + x)

+
∂n
∂x

w = Dm

(
∂ 2n
∂x2 +

∂n
(Aα + x)∂x

)
− beWc

(cw− c1)

∂

∂x

(
n

∂c
∂x

)
, (6)

where w and v are reflected normal and axial velocity parts, ρα and p∗ are the density and the pressure of the fluid, which
indicate the thermophoretic diffusion, ρp and ρm are the density of nanoparticles and the density of microorganisms particles, g∗

and γ∗ are the gravity and the average volume of microorganisms, β ∗ is the volume expansion coefficient, Wc is the maximum
cell swimming velocity, ΩE and ΩC are the relaxation of heat and concentration fluxes respectively, κ characterizes the thermal
diffusivity, be is the chemotaxis constant, cp is the specific heat capacity at identical pressure, Db exemplifies the constant factor
of Brownian diffusion, ε = (cpρp)/(ρfcf) is the relation variable of the heat capability to the material ration of the liquid, vα is the
kinematic viscosity, c and n are the concentrations of nanoparticles and microorganisms, Dm is the coefficient of microorganism
diffusion, and T is the fluid temperature.

In the above equations, the terms ψE and ψc are stated as

ψE =
∂ 2T
∂ t2 +

∂w
∂ t

∂T
∂x

+2w
∂ 2T
∂ t∂x

+
Aα

x+Aα

∂v
∂ t

∂T
∂ s

+
2Aα v

x+Aα

∂ 2T
∂ t∂ s

− vwAα

(x+Aα)
2

∂T
∂ s

+w2 ∂ 2T
∂x2

+
v2A2

α

(x+Aα)
2

∂ 2T
∂ s2 +

(
w

∂w
∂x

+
vAα

x+Aα

∂w
∂ s

)
∂T
∂x

+
2vwAα

x+Aα

∂ 2T
∂x∂ s

+

(
Aα w

x+Aα

∂v
∂x

+
A2

α v

(x+Aα)
2

∂v
∂ s

)
∂T
∂ s

, (7)

ψC =
∂ 2c
∂ t2 +

∂w
∂ t

∂c
∂x

+2w
∂ 2c

∂ t∂x
+

Aα

x+Aα

∂v
∂ t

∂c
∂ s

+
2Aα v

x+Aα

∂ 2c
∂ t∂ s

− vwAα

(x+Aα)
2

∂c
∂ s

+w2 ∂ 2c
∂x2

+
v2A2

α

(x+Aα)
2

∂ 2c
∂ s2 +

(
w

∂w
∂x

+
vAα

x+Aα

∂w
∂ s

)
∂c
∂x

+
2vwAα

x+Aα

∂ 2c
∂x∂ s

+

(
Aα w

x+Aα

∂v
∂x

+
A2

α v

(x+Aα)
2

∂v
∂ s

)
∂c
∂ s

, (8)

The correlated boundary conditions are

T = Tw, v = (sinωt)Vw, c = cw, n = nw, 0 = w, at x = 0,

0 = v, T → T1, w =
−Vw Aα

(Aα + x)
, c→ c1, n = n1, as x = H, (9)

where, Vw < 0 signifies injection and Vw > 0 designates the suction velocity respectively.
We will now commence the following non-dimensional constants as

x
H

= y, Fy (y,τ)
Vws
H

= v, tω = τ,
−AαVw

Aα + x
F (y,τ) = w,

ραV 2
ws2

H2 P∗ (y,τ) = p,

T −T1 = (Tw−T1)θ (y,τ) , n−n1 = (nw−n1)χ (y,τ) , c− c1 = (cw− c1)ϕ (y,τ) . (10)

Through the devotion of Eq. (10), equation (1) is validated, and lasting equations (2)–(6) yields

P∗y =
1

(C0 + y)
F2

y , (11)

P∗ (y,τ) =
C0 + y
2C0Re


Fyyy +

Fyy

(y+C0)
−

Fy

(y+C0)
2 −M2Fy −SFyτ

−F2
y

β

(y+C0)
+

β

(y+C0)
F Fyy +FFy

β

(y+C0)
2

+λ (θ −Nrϕ−Rbχ)

 , (12)
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1
Pr

(
θyy +

θy

(y+C0)

)
+Re

(
C0Fθy

(y+C0)
+M2EcF2

y −Sθτ

)
+
(
Ntθ

2
y +Nbθyϕy

)

−α1


S2θττ −

SC0

(C0 + y)
Fτ θy−

2SC0

(C0 + y)
Fθyτ +

C2
0

(C0 + y)2 F2θyy

+
C2

0

(y+C0)
2 FyFθy−

C2
0

(y+C0)
3 F2θy

= 0,
(13)

1
Le

(
ϕyy +

ϕy

(y+C0)

)
+Re

(
C0

(y+C0)
Fϕy−ϕτ S

)
+

Nt

LeNb

(
θyy +

θy

(C0 + y)

)

−α2


ϕττ S2− SC0

(C0 + y)
ϕyFτ −

2SC0

(C0 + y)
Fϕyτ +

C2
0

(C0 + y)2 F2ϕyy

+
C2

0

(y+C0)
2 FyFϕy−

C2
1

(y+C0)
3 F2ϕy

= 0,
(14)

1
Lb

(
χyy +

χy

(y+C0)

)
−ReSχτ −

Peχyyδ

Lb
−

Peϕyyχ

Lb
−

Peϕyχy

Lb
+Re

C0

(y+C0)
Fχy = 0, (15)

where, C0 (= Aα/H) implies the term of the ra-
dius of curvature, Nt (= εDT (Tw−T1)/να T1) is
the thermophoresis constant, Le (= να/Db) is the
Lewis number, Pr (= να/κ) is the Prandtl number,
Nr
(
=
(
ρp−ρα

)
(cw− c1)/β ∗ρα (1− c1)(Tw−T1)

)
is the

buoyancy ratio parameter, S (= Hω/Vw) is the relation
of the wall oscillation frequency to the wall velocity,
Re (= HVw/να) is the Reynolds number, Pe (= beWc/Dm)

is the Peclet number, M2
(
= σα B2

0H/ραVw
)

is the mag-
netic parameter, λ

(
= H2β ∗g∗ (1− c1)(Tw−T1)/V 2

ws
)

is the
mixed convection parameter, Ec

(
=V 2

ws2/cp (Tw−T1)H2
)

is

the Eckert number, α1
(
= ΩEV 2/να

)
and α2

(
= ΩcV 2/να

)
are the thermal and concentration relaxation parameters,
Rb (= γ∗ (ρm−ρα)(nw−n1)/β ∗ρα (1− c1)(Tw−T1)) is
the bioconvection Rayleigh number, Lb (= να/Dm) is the
bioconvection Lewis number, δ (= n1/(nw−n1)) is the
microorganism concentration difference parameter, and
Nb (= εDb (cw− c1)/να) represents the parameter of Brow-
nian motion.

After confiscating the pressure term from Eqs. (11) and
(12), the velocity equation can be determined in the following
expression:

Fyyyy +
2Fyyy

(C0 + y)
−

Fyy

(C0 + y)2 +
Fy

(C0 + y)3 −
(

Fyyτ +
Fyτ

C0 + y

)
SRe−

ReC0Fy Fyy

(C0 + y)

+
ReC0FyyyF
(C0 + y)

−
C0ReF2

y

(C0 + y)2 +
C0ReFyy F

(C0 + y)2 +λRe
(

θy +
θ

C0 + y

)
−M2ReFyy

−
M2ReFy

C0 + y
−

C0ReFy F

(C0 + y)3 −λReNr
(

ϕy +
ϕ

C0 + y

)
−λReRb

(
χy +

χ

C0 + y

)
= 0, (16)

with the following boundary conditions:

θ (0,τ) = 1, Fy (0,τ) = sinτ, χ (0,τ) = 1, ϕ (0,τ) = 1,

F (0,τ) = 0, Fy (1,τ) = θ (1,τ) = χ (1,τ) = ϕ (1,τ) = 0,

F (1,τ) = 1. (17)

The physical quantities along the curved wall are specified by
the following expressions:

C F =
τxs

ραV 2
w
, N us =

sqw

(Tw−T1)k∗α
,

Shs =
s jw

(cw− c1)Db
, N ns =

sqn

(nw−n1)Dm
, (18)

where τxs,qw, qn, and jw are depicted by

τxs = µ

(
∂v
∂x
− v

Aα + x

)∣∣∣∣
x=0

, qw = −
(

k∗α
∂T
∂x

)∣∣∣∣
x=0

,

qn = −
(

Dm
∂n
∂x

)∣∣∣∣
x=0

, jw = −
(

Db
∂C
∂x

)∣∣∣∣
x=0

. (19)

Making use of Eq. (10) in Eqs. (18) and (19), we attain

Re1/2
s CF =

1
C0

[C0Fyy (0, τ)−Fy (0,τ)] , (20)

Re−1/2
s Nus =−θy (0,τ) , (21)

Re−1/2
s Shs =−ϕy (0,τ) , (22)

Re−1/2
s Nns =−χy (0,τ) , (23)

where Re1/2
s =Vw s

/
να represents the Reynolds number.

3. Solution methodology
The key motivation of this segment of the novel is to con-

cisely explicate the approach that we incorporate to compute
the resolution of leading nonlinear partial differential equa-
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tions (13)–(16) with ultimate boundary conditions (17). For
this delineation, we induct the following expressions:

F0 (y,τ) = (sinτ−2)y3− (2sinτ−3)y2 +(sinτ)y,

ϕ0 (y,τ) = (1− y) , χ0 (y,τ) = (1− y) ,

θ0 (y,τ) = (1− y) , (24)

𝑁F (F) = Fyyyy, 𝑁θ (θ) = θyy, 𝑁χ (χ) = χyy,

𝑁ϕ (ϕ) = ϕyy (25)

with

𝑁F
[
A4y3 +A3y2 +A2y+A1

]
= 0,

𝑁θ [A6y+A5] = 0,

𝑁ϕ [A8y+A7] = 0,

𝑁χ [A10y+A9] = 0. (26)

The general solution is given as

F∗r (y,τ) = Fr (y, τ)+A1 +A2y+A3y2 +A4y3, (27)

θ
∗
r (y,τ) = θr (y,τ)+A5 +A6y, (28)

ϕ
∗
r (y,τ) = φr (y,τ)+A7 +A8y, (29)

χ
∗
r (y,τ) = χr (y,τ)+A9 +A10y, (30)

where Fr (y,τ) ,θr (y,τ), χr (y,τ), and ϕr (y,τ) suggest a partic-
ular solution. With the help of ending boundary conditions,
the constants Ai (i = 1,2,3,4,5,6,7,8,9,10) are computed as
follows:

A1 =−Fr (0,τ) , A2 =−
∂Fr (0,τ)

∂y
,

A3 =
2∂Fr (0,τ)

∂y
+

∂Fr (1,τ)
∂y

+3Fr (0,τ)−3Fr (1,τ) ,

A4 =−
∂Fr (1,τ)

∂y
+2Fr (1,τ)−

∂Fr (0,τ)
∂y

−2Fr (0,τ) ,

A5 =−θr (0,τ) , A6 = θr (0,τ)−θr (1,τ) ,

A7 =−ϕr (0,τ) , A8 = ϕr (0,τ)−ϕr (1,τ) ,

A9 =−χr (0,τ) , A10 = χr (0,τ)−ϕr (1,τ) . (31)

3.1. Results and discussion

This part of the novel briefly enlighten the upshots of nu-
merous involved parameters comprising the radius of curva-
ture variable C0, thermophoresis parameter Nt, Reynolds num-
ber Re, proportion of oscillatory wall frequency to the velocity
of the wall constant S, dimensionless Lewis number Le, buoy-
ancy ratio parameter Nr, magnetic parameter M, Peclet num-
ber Pe, Brownian motion parameter Nb, bioconvection Lewis
number Lb, Prandtl number Pr, mixed convective parameter
λ , thermal relaxation parameter α1, Eckert number Ec, bio-
convection Rayleigh number Rb, concentration relaxation pa-
rameter α2, microorganism concentration difference variable
δ on pressure field, liquid velocity field, concentration distri-
bution, microorganism distribution profile, temperature distri-
bution, skin friction coefficient, rate of communication of heat
and mass via tables and graphs.

Table 1 illuminates that the arithmetic magnitude of
CFRe1/2

s shrinks for improving values of Rb, Nr, and M, and
it inclines up with Re, C0, and λ at τ = 0.5π . Table 2 high-
lights a growing trend in the magnitude of the heat transfer
rate under the influence of Re, and C0, and for upward values
of α1, Nt, Pr, Ec, and Nb, the magnitude of the rate of heat
transmission coefficient falls downward.

Table 1. Numerical assessment of CFRe1/2
s for some values of Re, Rb, C0, Nr,

λ , and M by using Pr = Le = Ec = Pe = Lb = δ = S = 0.5,α1 = α2 = Nt =
Nb = 0.1 at τ = 0.5π .

Re Rb C0 Nr λ M CFRe1/2
s

0.5 0.3 1.0 0.1 0.5 0.1 1.04370
2.0 1.06646
3.5 1.08923
0.5 0.5 1.04355

1.5 1.04280
2.5 1.04205
0.3 1.5 1.41827

2.0 1.63854
2.5 1.80096
1.0 0.5 1.04340

1.5 1.04265
2.5 1.04190
0.1 0.2 1.04343

0.6 1.04379
1.0 1.04415
0.5 0.5 1.04364

2.0 1.04268
3.5 1.04060

Table 2. Numerical assessment of NusRe−1/2
s for some values of α1,

Pr, Re, Nt, C0, Ec, and Nb by using S = M = λ = Le = Pe = Lb = δ =
0.5,α2 = Rb = Nr = 0.1 at τ = 0.5π .

α1 Pr Re Nt C0 Ec Nb NusRe−1/2
s

0.1 1.0 0.5 0.1 1.0 0.5 0.2 1.01245
0.3 1.01165
0.5 1.01086
0.1 1.5 1.00964

2.0 1.00683
2.5 1.00402
1.0 1.0 1.01490

2.5 1.02228
4.0 1.02967
0.5 0.2 1.00989

0.5 1.00221
0.8 0.99454
0.1 0.5 1.00576

1.5 1.01938
2.5 1.02581
1.0 0.1 1.01409

0.4 1.01286
0.7 1.01163
0.5 0.1 1.01501

0.3 1.00989
0.5 1.00476

Figures 2(a) and 2(b) are constructed to elaborate the
three-dimensional (3D) reflection of the physical de-manner
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of the axial velocity component v(x, t) over the lower oscilla-
tory and upper porous wall of the channel by assuming x→ 0
and x = 1.
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Fig. 2. The 3D view ofv(x, t)(a) for lower curvy oscillatory wall (b) for upper
permeable wall. For lower wall x = 3×10−5 and for upper wall x = 1 .
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Fig. 3. Distinctions in streamlines of v(x, t) by taking x → 0, i.e.,
x = 3× 10−5 with C0 = Rb = Pr = Le = Pe = 1.0, M = Nb = λ =
Ec = δ = Lb = 0.5, Re = 3.0, Nt = α1 = α2 = 0.1, and S = 1.0.
(a) t ∈ (0,10π), (b) t ∈ (0,2π), and (c) t ∈ (−0.5π,0.5π).

Figures 3(a)–3(c) and 4(a)–4(c) characterize that the
streamlines of velocity components show a symmetrical man-
ner and deviate from the origin for a time interval t ∈
[−0.5π,0.5π], and remarked oscillatory response for t ∈
[0,10π] and t ∈ [0,2π] respectively.
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Fig. 4. Variations in stream lines of v(x, t) by taking x → 0, i.e.,
x = 3× 10−5 with C0 = Rb = Pr = Le = Pe = 1.0, M = Nb = λ =
Ec = δ = Lb = 0.5, Re = 3.0, Nt = α1 = α2 = 0.1, and S = 1.0.
(a) t ∈ (0,10π), (b) t ∈ (0,2π), and (c) t ∈ (−0.5π,0.5π).

Figures 5(a)–5(d) give the results of disparate flow vari-
ables like C0, λ , Re, and S on F ′ (y,τ) for y= 0.1 from the wall
of the channel. It is perceived from this figure that F ′ (y,τ) am-
plitude depicts an uphill manner with upward values of S and
λ . Whereas, F ′ (y,τ) amplitude is diminished with Re and C0.

The significances of Rb, C0, Nr, M, Re, S, and λ on
F ′ (y,τ) at τ = 0.5π are expounded via Figs. 6(a)–6(d). This
graph viewed that with elevating values of C0, λ , and Re, the
liquid profile F ′ (y,τ) initially grows, but after y = 0.5 it illus-
trates reducing behavior. However, for varying values of M,
Nr, Rb and S, the F ′ (y,τ) profile shows a contrary response.

Figures 7(a)–7(d) clarify that the amplitude of P∗ (y,τ)
enlarges with upward values of Re and declines for Nr, M,
and Rb in time intervals τ ∈ (0,10π). One can detect from
Figs. 8(a)–8(d) that P∗ (y,τ) is a reducing function of C0, λ ,
M, and Re and P∗ (y,τ) improves with improving values of Rb

and at τ = 0.5π .
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Fig. 5. The variation in velocity field F ′ (y,τ) at τ = (0,10π) for (a) effect of C0, (b) effect of Re, and (c) effect of λ , and (d) effect of S.
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Fig. 7. The variation in pressure profile P(y,τ) at τ ∈ (0,10π) for (a) effects of Nr, (b) effects of Re, (c) effects of M, and (d) effects of Rb.
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Fig. 8. The variation in pressure profile P(y,τ) at τ = 0.5π for (a) effects of M and Nr, (b) effects of C0 and Rb, (c) effects of Re, and (d) effects of λ .

Figures 9(a)–9(d) identify the response of the liquid temperature profile θ(y,τ) due to the varying values of dissimilar
variables in the time interval τ = 0.5π . It is perceived from this figure that the temperature of the liquid shows a positive trend
with growing values of Nt, Ec, α1, Nb, and M, and it declines with altering values of the Reynolds number Re, the Prandtl number
Pr, and the parameter C0.
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The change in concentration profile under the influence of various involved parameters likely Nt, Pr, C0, α2, Le, Re, S, and
Nb is noticed in Figs. 10(a)–10(d). This figure witnesses that with upward values of Nt, Pr, Le, Re, S, C0, and Nb, the profile
ϕ (y,τ) presents falling fashion. However, it inclines gradually for α2.
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Fig. 9. The variation in temperature profile θ (y,τ) for τ = 0.5π . (a) Effects of C0 and Pr, (b) effects of Re and Nb, (c) effects of Nt and α1, and (d) effects of
M and Ec.
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Fig. 10. The variation in concentration profile ϕ (y,τ) for τ = 0.5π . (a) Effects of Nt and Pr, (b) effects of C0 and α2, (c) effects of Nb and Le, and (d) effects
of Re and S.
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Figures 11(a)–11(d) are portrayed to explain the out-
comes of dissimilar variables such as Pe, C0, Lb, δ , Re, and
S on the microorganism profile χ (y,τ). This figure depicts
that the microorganism profile is declined with all the above-
mentioned variables.

The consequences of the Lewis number Le versus Nb and

the Prandtl number Pr versus Nt on the local Sherwood num-
ber are scrutinized via Figs. 12(a)–12(d). It can be observed
from this figure that for higher values of the Prandtl number,
the magnitude of the local Sherwood number shows a contrary
manner, and it demonstrates increasing fashion for the other
mentioned variables.
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Fig. 13. The variation in Motile number Re−1/2
s Nns for τ = 0.5π .

Figures 13(a)–13(d) present the alteration in the magni-
tude of the local Motile number under the consequences of
divergent parameters such as Lb versus C0 and the Reynolds
number Re versus Pe. For increasing values of all defined pa-
rameters, the magnitude of the local Motile number elucidates
a positive trend.

4. Conclusions
In this research communication, we have scrutinized the

features of motile gyrotactic microorganisms and relaxation
of heat and concentration fluxes on nanoliquid motion by in-
corporating Buongiorno’s concept in a semi-permeable curved
oscillatory channel. The following specific conclusions are
predicted.

(i) The velocity amplitude portrays falling demeanor with
rising values of λ , C0, and Re. Whereas, it develops with S.

(ii) The liquid velocity profile states enhancing behav-
ior for growing Re and C0 at τ = π/2. However, it displays
decreasing reaction with Rb, M, Nr, and S.

(iii) For uplifting values of Re the pressure field ampli-
tude amplifies. While, it diminishes with Nr, M, and Rb.

(iv) At τ = 0.5π , the pressure profile is reduced with al-
tering values of Re, λ , C0, and M.

(v) With improving values of Nt, α1, Ec, M, and Nb, the
thermal boundary layer thickness and the temperature of the
liquid are enlarged. And, they drop with varying Pr, Re, and
C0.

(vi) The concentration distribution portrays reducing re-
sponse for increasing Nt, Pr, Le, Re, S, C0, and Nb. However,

it enhances gradually with raising α2.
(vii) Microorganism profile shows mounting manner for

all the parameters Pe, C0, Lb, δ , Re, and S.
(viii) With mounting values of the variables Lb, Re, Pe,

and C0, the magnitude of Motile number depicts upward man-
ner.

(ix) The local Sherwood number magnitude improves
with Le, Nb, and Nt. However, it reduces steadily for advanced
values of Pr.

(x) The absolute values of surface drag force is uplifted
with Re, λ , and C0. Whilst, it drops mounting values of M, Rb,
and Nr.

(xi) With amplifying Nt, α1, Ec, M, Nb, and Pr, the ab-
solute magnitude of heat transmission rate decays.
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