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Abstract: The bioconvective flow of non-Newtonian fluid induced by a stretched surface under
the aspects of combined magnetic and porous medium effects is the main focus of the current
investigation. Unlike traditional aspects, here the viscoelastic behavior has been examined by a
combination of both micropolar and second grade fluid. Further thermophoresis, Brownian motion
and thermodiffusion aspects, along with variable thermal conductivity, have also been utilized for
the boundary process. The solution of the nonlinear fundamental flow problem is figured out via
convergent approach via Mathematica software. It is noted that this flow model is based on theoretical
flow assumptions instead of any experimental data. The efficiency of the simulated solution has been
determined by comparing with previously reported results. The engineering parameters’ effects are
computationally evaluated for some definite range.

Keywords: bioconvection flow; viscoelastic micropolar fluid; heat transfer; double diffusion; variable
thermal conductivity

1. Introduction

At present, noteworthy attention is being paid to the study of nanofluids, due to their
advanced warm transportation features. Experimental-based investigations report that
the thermal performances of nanoparticles may intestinally affect the shape and size of
particles, the volume fraction of nanoparticles, the material of particles and traditional
base liquids. Several prospective applications of nanofluids related to chemical, biological,
mechanical and engineering areas may include cooling of laptop processors, fuel chambers,
enhancement of chemical reactions, air purifiers, fission reactions, turbine engines, diagno-
sis and treatment of tumors, damaging risky tissues in the human body and improving
thermal efficiency of raw petroleum materials. Such nanoparticles, originally proposed
by Choi, are in the micro-size range (1–100 nm) [1]. Based on the excrementally based
observations of [1], nanoparticles have been recommended as the most convenient, cheap
and environmentally friendly source for improving thermal conductivity, as comparison to
conventional base liquids. Due to such illustrious features, a variety of contributions have
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been listed by numerous researchers. Buongiorno [2] advised on the most interesting slip
features and thermo-physical aspects of nanoparticles, namely thermophoresis and Brow-
nian motion, by developing a non-homogeneous model for the transportation equations.
Reddy et al. [3] constituted the slip effects in an unsteady MHD flow of nanofluid along
with thermophoresis and Brownian movement features endorsed by a slendering surface.
Usman et al. [4] derived a numerical solution for the movement of Casson fluid immersed
in nanoparticles with slip effects. The desired flow was objected over a cylinder and the
treated numerical method was a collocation technique. Another attempt, focusing on the
transportation of disk flow of nanomaterial was predicted by Yin et al. [5]. Madhu et al. [6]
performed a theoretical simulation for unsteady Maxwell nanofluid flow via a stretched
surface. Turkyilmazoglu [7] initiated the transportation mechanism nanofluid extrusion for
free as well as circular jets, and governed equations were treated exactly. We acknowledge
another continuation of Turkyilmazoglu [8] regarding the channel flow of nanofluid by
using the famous Buongiorno model. Interestingly, the results were also predicted for the
pure fluid case and results were reported via the integration technique. Abbasi et al. [9]
visualized the Hall mechanism of nanofluid with peristaltic movement under the object of
entropy generation. The microorganisms of nanofluid with behavior of slip effects were
depicted by Waqas et al. [10]. Some more research on this topic can be seen in [11–15].

It is commonly noted that various transportation systems involve simultaneous heat
and mass transfer effects in a moving fluid. In such circumstances, the flux is intricate with
respect to both temperature and concentration gradients and notifies as thermodiffusion
effects. Such effects may attain prime importance in cases where flow regime governs the
different densities. The double diffusion convection phenomenon has key applications
in the evaluation of systems which happen with various densities. Agarwal et al. [15]
performed investigations for diffusion convective flow of nanofluid in a rotating frame.
Raghunatha et al. [16] proved the thermal stability of viscoelastic material for triple dif-
fusion phenomena. Daba et al. [17] discussed the injection onset for tripe diffusive flow
in vertical surfaces. Gireesha et al. [18] observed the 3D analysis for tripe diffusion flow
numerically. The numerical approach for Prandtl nanofluid flow under double diffusion
phenomena was justified by Bilal et al. [19]. Hayat et al. [20] used Cattaneo–Christov
relation for double diffusion phenomena with Jeffrey material. Irfan et al. [21] used the
variable thermal impact for double diffusion flow. The Soret effects for Maxwell material in
a bidirectional regime was investigated by Prasannakumara et al. [22].

The analogous characteristics of non-Newtonian fluids have intrigued engineers
and scientist recently owing to their peculiar rheological properties. Various industrial
and biological applications have been found for non-Newtonian fluid paints, petroleum
products, fiber coating, food industries, engine oils, glass blowing, blood, pharmaceuticals,
etc. Due to the diverse features of nonlinear liquids, research is undertaken by scientists in
different manners and indicates different mathematical relations for each non-Newtonian
model. Listing such rheological models, micropolar fluid is one which explains the behavior
of materials under the assessment of a micro-level approach and on a micro basis. The
justifications of mathematical expressions for linear as well as couple models can be retained
as a limiting case. The basic concept of micropolar fluid was deduced by Eringen [23–26]
and later on many successful contributions were carried out by numerous scientists. For
instance, Kabeir [27] examined the stagnation point flow of a micropolar fluid model
under the action of a magnetic field. Nazeer et al. [27] and Abbasi et al. [28] worked on
heat transport in fluid flow over a diverse geometries. Turkyilmazoglu [29] established
some interesting exact solutions for micropolar fluid induced by a flat plate. Sui et al. [30]
utilized nonlinear diffusive flow of micropolar fluid over a stretched surface. Sajid et al. [31]
numerically analyzed the stagnation point flow over a spiraling disk.

Owing to the above-mentioned chemical, mechanical and engineering significance,
the aim here is to present a study of double diffusion flow of viscoelastic micropolar fluid
by appending magnetized nanoparticles containing the microorganisms. The viscoelastic
micropolar fluid refers to the decomposition of second grade fluid and micropolar fluid
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refers to the generalized viscoelastic model. The present analysis extends the work of [6] by
considering the bioconvection phenomenon, combining magnetic and porous medium ef-
fects, interacting the nanoparticles and interpolating double diffusion effects. The analytical
expressions which govern the solution of the modeled problem are conveyed through the
most pragmatic convergent method, namely the homotopy analysis technique. The realistic
physical description and significance are evaluated for each physical parameter. These
results can be attributed to the enhancement of thermal efficiency in engineering devices.
Further, this model enables us to present simultaneous results for viscous, viscoelastic,
micropolar and couple stress fluid.

2. Flow Problem

Current continuation reports the bioconvective determination of viscoelastic micropo-
lar nanofluid under the influence of a magnetic field and porous medium. The flow model
is based on theoretical flow assumptions. The Buongiorno model is incorporated to see the
significance of Brownian motion and thermophoresis impact. We originate a coordinate
system from the edge of a stretched surface where velocity component u is considered in
the x-direction while the v component is utilized in the y-direction. The magnetic field
effects are targeted vertically. Further, the temperature, solutal nanofluid concentration
and volume fraction are denoted by (T, C, ϕ). The ambient fluid is retracted by velocity
u = bx, where b is constant. Keeping these assumptions in mind, the associated model is
explicated as [27,32]:

∂u
∂x

+
∂v
∂y

= 0, (1)

u
∂u
∂x

+ v
∂u
∂y

=
k1

ρ f

∂N
∂y

+

(
ν +

k1

ρ f

)
∂2u
∂y2 − k0

[
u

∂3u
∂x∂y2 +

∂u
∂x

∂2u
∂y2 −

∂u
∂y

∂2u
∂x∂y2 + v

∂3u
∂x3

]
−
(

σeB2
0

ρ f
+

νϑ

k∗

)
u, (2)

u
∂N
∂x

+ v
∂N
∂y

=
γ

ρ f j
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∂y2 −
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ρ f j

(
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)
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∂y + DT
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(
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(4)

u
∂C
∂x

+ v
∂C
∂y

= Ds
∂2C
∂y2 + DKCT

∂2T
∂y2 , (5)

u
∂ϕ

∂x
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∂ϕ

∂y
= DB

∂2 ϕ
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DT
T∞

∂2T
∂y2 , (6)

u
∂n
∂x

+ v
∂n
∂y

+
bWc

(Cw − C∞)

[
∂

∂y

(
n

∂C
∂y

)]
= Dm

(
∂2n
∂y2

)
, (7)

Here k1 determines the fluid constant, k0 denotes the viscoelastic parameter, σe signifies
the electrical conductivity, ϑ stands for the permeability of porous medium, γ spin gradient
viscosity, ρ f fluid density, j symbolizes the microinertia per unit mass, N relates the micro-
rotation, α1 stands for thermal diffusivity, DB denotes the Brownian diffusion coefficients,
DKTC is Dufour diffusivity, Ds determine solutal diffusivity, DT notify the thermophoretic
diffusion coefficient, DKCT denote Soret diffusivity, τT = (ρc)p/(ρc) f highlights the heat
capacity of nanoparticles to heat capacity of fluid ratio.

Current analysis has been performed by articulating the following boundary conditions

u = uω = bx, v = 0, N = 0, T = Tw, C = Cw, ϕ = ϕw, n = nw at y = 0, (8)

u→ 0,
∂u
∂y
→ 0, u→ 0, N → 0, T → T∞, C → C∞, ϕ→ ϕ∞, n→ n∞ at y→ ∞. (9)



Bioengineering 2023, 10, 73 4 of 13

For variable conductivity, Equation (4) may be amended by introducing

K(T) = K∞

[
1 + ε

(T − T∞)

∆T

]
, (10)

with K∞ (material conductivity) and ε (thermal dependence conductivity factor).
Let us insinuate the appropriate variables to attain the non-dimensional forms [33]

u = bx f
′
(η), v = −

√
bx f (η), N =

√
b
ν

bxg(η), η =

√
a
ν

y, (11)

θ(η) =
T − T∞

Tw − T∞
, s(η) =

C− C∞

Cw − C∞
, φ(η) =

ϕ− ϕ∞

ϕw − ϕ∞
, χ(η) =

n− n∞

nw − n∞
. (12)

After invoking above quantities, Equations (3)–(5) are re-established into following forms

(1 + K) f ′′′ + Kg
′
+ ff ′′ −

(
f
′)2
− Ha f

′ − k
[
2 f
′
f ′′′ − ( f ′′ )2 − ff

′′′′]
= 0, (13)(

1 +
K
2

)
g′′ − K(2g + f ′′ )− f

′
g + g

′
f = 0, (14)

(1 + εθ)θ′′ + ε
(

θ
′)2

+ Pr
[

f φ
′
+ Nbθ

′
φ
′
+ Nt

(
θ
′)2

+ (Nd)s′′
]
= 0, (15)

s′′ + Le
(

f φ
′)

+ Ldθyy = 0, (16)

φ′′ + Ln
(

f φ
′)

+
Nt
Nb

θ′′ = 0, (17)

χ′′ + Lb f χ
′ − Pe

(
φ′′ (χ + δ1) + χ

′
φ
′)

= 0. (18)

Governing dimensionless boundary conditions are

f
′
(0) = 1, f (0) = 0, g(0) = 0, θ(0) = 1, s(0) = 1, φ(0) = 1, χ(0) = 1, (19)

f
′
(∞)→ 0, f ′′ (∞)→ 0, g(∞)→ 0, θ(∞)→ 0, s(∞)→ 0, φ(∞)→ 0, χ(∞)→ 0. (20)

We define the most important engineering parameters, such as viscoelastic parameter k,
combined parameter Ha, vortex viscosity parameter K, Prandtl number Pr,, thermophoresis
parameter Nt, Brownian motion parameter Nb, modified Dufour number Nd, regular
Lewis number Le, Dufour Lewis number Ld, Peclet number Pe, bioconvection Lewis Lb,
microorganism concentration difference δ1 and nano Lewis number Ln as follows

k = bk0/νρ f ,

Ha =
√

σeB2
0/ρ f b + νϑ/bk∗,

K = k1/ρ f ν,
Pr = ν/α f ,
Nt = (ρc)pDT(Tw − T∞)/(ρc) f T∞ν,Nb = (ρc)pDB(Cw − C∞)/(ρc) f ν,
Sc = ν/Dm,
Le = ν/Ds,
Ld = DCT(Tw − T∞)/αm(Cw − C∞), Lb = ν

Dm
, Pe = bwc

Dm
, Ln = ν/DB, δ1 = n∞

nw−n∞
,

Nd = DTC(Cw − C∞)/αm(Tw − T∞).
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To illustrates the physical features of shear stress, one must determine the skin friction
coefficient in following, which is of flowing form

C f =
τw

ρu2
w

, τw =

[
(µ + k1)

∂u
∂y

+ k1N
]

y=0
, C f
√

Rex = (1 + K) f ′′ (0). (21)

Moreover, the relation for wall couple stress is actuated as

Mx =
γ
(

∂N
∂y

)
y=0

ρb2x3 , Mx
√

Rex = KGg
′
(0). (22)

The definitions of the dimensionless local Nusselt number, local Sherwood number
and local nano Sherwood number results in the following expressions

NuxRe−1/2
x = −θ

′
(0), ShxRe−1/2

x = −s
′
(0), ShnRe−1/2

x = −φ
′
(0), Re−1/2

x Nn = −χ
′
(0). (23)

where Rex = uwx/ν is mentioned for the local Reynolds number.

3. Homotopy Analysis Method

The nonlinear problems play essentially decisive roles in various disciplines of science,
applied engineering and mathematics. Such exciting nonlinearity compels scientists to
compose analytical or numerical approaches. Taking into account such analytical methods,
the homotopy analysis method (HAM) technique is noted as the preferred dynamical
technique due to its well confined accuracy. Unlike the perturbation method, no restriction
is noticed for small or larger flow factors. This renewed technique was formerly advocated
by Liao [34], and subsequently many equations based on mathematical and interdisciplinary
sciences have been successfully treated by introducing this method. Since this technique is
familiar from recent years, the details of this method have been omitted here. Readers are
referred to some continuations in the literature [33,35–37].

4. Convergent Region and Solution Confirmations

The classical homotopic solution contains some interesting aspects, namely h f , hg, hθ ,
hφ and hs in which are confined some specified regions, to examine the convergence of
the HAM method. Obviously, apposite selection of these parameters conferred accurate
convergence path and can be determined by h − curves. Figure 1 utilizes such h − curves
for f ′′ (0), g

′
(0), θ

′
(0), s

′
(0) and φ

′
(0), χ

′
(0). Based on observations, the convergence regions

for f ′′ (0), g
′
(0), θ

′
(0), s

′
(0), φ

′
(0) and χ

′
(0) have been listed in Table 1.

Table 1. Numerical evaluation for convergence region for h f , hg, hθ , hs, and hφ.

Approximation Solutions Auxiliary Parameters Convergence Region

f h f −1.8 ≤ h f ≤ −0.1

g hg −1.8 ≤ hg ≤ 0

θ hθ −1.2 ≤ hθ ≤ −0.1

s hs −1.3 ≤ hs ≤ −0.2

φ hφ −1.7 ≤ hφ ≤ −0.2

χ hχ −1.5 ≤ hχ ≤ 0.0
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Figure 1. Curves for f ′′ (0), g
′
(0), θ

′
(0), s

′
(0), φ

′
(0) and χ

′
(0).

5. Verification of Results

The results are validated in Table 2 for the limiting case with the investigation of El-
Kabeir [38]. The claimed results show fine accuracy with these available numerical results.

Table 2. Results verification for f ′′ (0) when α = 0.

Ha El-Kabeir [38] Present Results

0.2 1.24857 1.24856

0.4 1.29537 1.29535

0.6 1.36988 1.36980

6. Analysis of Results

In this section, graphical results for the involved parameters are presented for k = 0.0
and k = 0.5.

It is mentioned that in order to vary the flow, parameters have been assigned constant
values like K = 0.5, Ha = 0.2, ε = 0.5, Nd = 0.2, Pr = 0.7, Lb = 0.3, Pe = 0.2, Le = 0.3,
Ld = 0.3 and Ln = 0.3.

The effects of vortex viscosity factor K, variable thermal conductivity parameter ε,
thermophoresis constant Nt, modified Dufour number Nd, Prandtl number Pr, and vis-
coelastic parameter k on temperature profile θ are visualized by plotting Figure 2a–f. Here,
it is remarked that the physical observations for each parameter have been examined for
viscoelastic behavior (k = 0.5) and without the viscoelastic parameter i.e., k = 0.0. First,
the variation of K is listed in Figure 2a. The temperature profile decreases by increasing K.
In Figure 2b, we conclude that the temperature of nanoparticles for both k = 0.0 and k = 0.5
declines by varying Pr. This declining trend is relatively dominant for the viscoelastic
case k = 0.5 as compared to k = 0.0. Physically, smaller physical attribution of thermal
diffusivity for increasing Pr is noticed, which depressed the temperature. The response of
variable thermal conductivity ε on θ is reported in Figure 2c. Following the graphical trend,
it is concluded that variable thermal conductivity is more useful to enhance the temperature
profile. Further, in contrast to k = 0.0, the increasing trend seems to be dominant for k = 0.5.
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From Figure 2d, θ gradually increases when Nt is enlarged, that is, due to thermophoresis,
the tiny fluid particles shift to the relatively cold region, with a resulting enhancement of
temperature. Moreover, the thermal boundary layer is thicker for k = 0.5 than k = 0.0.
The output of θ for modified Dufour number Nd is reported in Figure 2e. The variation of
Nd leads to improving the temperature profile and enlarge the thickness of boundary layer.
The observations for θ against various values of k are provided in Figure 2f. The reflection
of viscoelastic factor reduced thermal flow due to presence of viscosity for both K = 0.0
and K = 0.5.
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In order to look the significance of solutal concentration profile s for combined pa-
rameter Ha, vortex viscosity parameter K, Dufour Lewis number Ld and regular Lewis
number Le for two different values of k i.e., k = 0.0 and k = 0.5, Figure 3a–d are suggested.
Figure 3a reveals that solutal concentration profile s gets maximum values for Ha for both
k = 0.0 and k = 0.5. Since the combined parameter is a combination of both Hartmann num-
ber and porosity parameter. Since Hartmann number has primary relation with Lorentz
force which enables the considered profile to enhance. However, the solutal concentration
layer is relatively thicker in absence of viscoelastic parameter k = 0.0. The influence of
K on s has been nominated in Figure 3b. Here a decreasing profile of s has been noted as
K varies. Figure 3c reveals that solutal concentration profile s reached at peak as Ld increase.
From Figure 3d, it is noted that s increases by increasing Le. Such a trend can be justified
physically as the Lewis factor reversely reflects with mass diffusivity. The diffusion rate
becomes poor for enlarged values of Le which leads to the decrement of the resulting
solutal concentration.
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To examine how various involved parameters like vortex viscosity parameter K,
nano Lewis number Ln, Brownian motion parameter Nb and thermophoresis parameter
Nt influences the concentration of nanoparticles φ, Figure 4a–d is prepared. First, we
look the graphical illustration of K on φ. Like the previous profile, the variation in φ for
various parameters is observed for the highly viscoelastic case k = 0.5 and in absence of
second grade fluid, k = 0.0. Figure 4a reveals that with the increase of K, the concentration
profile for both k = 0.0 and k = 0.5 decrease effectively. Physically higher values of K are
concerned with relatively poor viscosity and hence φ declined. Similar to the temperature
and solutal concentration profile, the concentration profile is also relatively largely reduced
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for k = 0.5. Figure 4b punctuates that φ declines as Ln gets varied. The explanation for
the profile of φ for Nb is notified in Figure 4c. Again, the larger values associated with
Nb depressed the concentration of nanoparticles. The dependence of Nt on φ is dis-
cussed via Figure 4d. It is easily noted that concentration profile, by varying Nt, enhances.
However, for k = 0.0, the concentration boundary layer is relatively thin as compared
to k = 0.5. The results of Figure 5a,b pronounces the change of the microprism profile
χ for Peclet number Pe and bioconvection Lewis number Lb. Both parameters reduce the
microorganism profile.
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The numerical data for of f ′′ (0) and −g
′
(0) for combined parameter Ha and vis-

coelastic parameter k are reported in Table 3. Here it is observed that both f ′′ (0) and
−g

′
(0) increases for both Ha and k. However, the such demising variation in −g

′
(0) is

slower as compared to f ′′ (0). Table 4 is made to understand the influence of involved
parameters like Ha, Pr, Nt, Nb, ε and K on Nusselt physical quantity, Sherwood constant
and motile density number when k = 0.1. Here an increasing trend for these quantities
has been noted for Pr and K while low numerical values are reported for Ha, Nt, Nb
and ε. Studies [39–41] highlight the physical significance of heat transfer rate and flow
mechanisms [42,43] over diverse surfaces.

Table 3. Numerical values of f ′′ (0) and −g
′
(0) for number Ha and k.

Ha k f”(0) −g’(0)

0.1
0.3
0.7

0.2
0.763453
0.810542
0.845234

0.0542344
0.0585465
0.0621414

0.2
0.3
0.5
0.7

0.78522
0.823455
0.893443

0.042234
0.051355
0.5579554

Table 4. Numerical values of local Nusselt number and local Sherwood number when k = 0.5.

Ha Pr Nt Nb ε K −θ’(0) −φ’(0) −χ’(0)

0.0
0.5
1.0

0.7 0.3 0.3 0.1 0.1
0.67456
0.63345
0.60945

0.52678
0.48635
0.44743

0.5056578
0.46658
0.43665

0.5
0.2
0.7
1.0

0.433435
0.48467

0.510535

0.464367
0.51046
0.54426

0.46065
0.48456
0.49547

0.7
0.0
0.3
0.5

0.432345
0.4165
0.3978

0.550768
0.50235
0.46436

0.452075
0.43867
0.40655

0.3
0.1
0.3
0.6

0.49361
0.45546
0.43436

0.54646
0.58643
0.60266

0.4568
0.49846
0.51754

0.0
0.3
0.6

0.440241
0.43656
0.40567

0.492345
0.46654
0.43742

0.4345456
0.4054545
0.391123

0.1
0.0
0.4
0.7

0.4437
0.5159

0.53755

0.50436
0.53576
0.56747

0.50423
0.53366
0.570547

7. Conclusions

This continuation directed an analytical approach to the double diffusion flow of
viscoelastic micropolar fluid by utilizing nanoparticles. Thermophoresis and Brownian
effects are also elaborated on in the current analysis. Physical phenomena are formulated
by using boundary layer approximations and, later on, analytical simulations have been
suggested by using HAM. Some further studies on fluid flow are listed in [44–48]. Main
results are given as

a. The thermal profile decreases by increasing vortex viscosity parameters while the op-
posite behavior is visualized for the variable thermal conductivity parameter and ther-
mophoresis parameter. Such a variation trend is more dominant for viscoelastic cases.
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b. The combined parameter and Dufour Lewis number progressively enlarge the heat-
ing and solutal concentration phenomena.

c. The lower effects for volume fraction of nanofluid due to nano Lewis number
are noted.

d. The Nusselt quantity and Sherwood number declined for variable thermal conduc-
tivity parameters and thermophoresis parameters.

e. The observations made here may play vital role for suggesting and improving
manufacturing and diffusion processes.
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Nomenclature

u velocity
b stretching constant constant
Ha combined parameter
k viscoelastic parameter
Nt thermophoresis parameter
Nd modified Dufour number
Pe Peclet number
δ1 microorganism concentration difference
Ln nano Lewis number
ε thermal dependence conductivity factor
σe electrical conductivity
ϑ stands for permeability of porous medium
ρ f fluid density
N micro-rotation
DB Brownian diffusion coefficients
Ds solutal diffusivity
DKCT Soret diffusivity
C concentration
T temperature
K vortex viscosity parameter
Pr Prandtl number
Nb Brownian motion parameter
Le regular Lewis number
Ld Dufour Lewis number
Lb bioconvection Lewis
k1 fluid constant
K∞ material conductivity
k0 viscoelastic parameter
γ spin gradient viscosity
j microinertia per unit mass
α1 thermal diffusivity
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DKTC Dufour diffusivity
DT thermophoretic diffusion coefficient
τT = (ρc)p/(ρc) f heat capacity of nanoparticles to heat capacity of fluid ratio.

References
1. Choi, S.U.S. Enhancing thermal conductivity of fluids with nanoparticles. Int. Mech. Eng. Cong. Exp. 1995, 99–105.
2. Buongiorno, J. Convective Transport in Nanofluids. J. Heat Transfer. 2006, 128, 240–250. [CrossRef]
3. Ramana Reddy, J.V.; Sugunamma, V.; Sandeep, N. Thermophoresis and Brownian motion effects on unsteady MHD nanofluid

flow over a slendering stretching surface with slip effects. Alex. Eng. J. 2018, 57, 2465–2473. [CrossRef]
4. Usman, M.; Soomro, F.A.; Haq, R.U.; Wang, W.; Defterli, O. Thermal and velocity slip effects on Casson nanofluid flow over an

inclined permeable stretching cylinder via collocation method. Int. J. Heat Mass Transf. 2018, 122, 1255–1263. [CrossRef]
5. Yin, C.; Zheng, L.; Zhang, C.; Zhang, X. Flow and heat transfer of nanofluids over a rotating disk with uniform stretching rate in

the radial direction. Propuls. Power Res. 2017, 6, 25–30. [CrossRef]
6. Madhu, M.; Kishan, N.; Chamkha, A.J. Unsteady flow of a Maxwell nanofluid over a stretching surface in the presence of

magnetohydrodynamic and thermal radiation effects. Propuls. Power Res. 2017, 6, 31–40. [CrossRef]
7. Turkyilmazoglu, M. Free and circular jets cooled by single phase nanofluids. Eur. J. Mech.-B/Fluids 2019, 76, 1–6. [CrossRef]
8. Turkyilmazoglu, M. Buongiorno model in a nanofluid filled asymmetric channel fulfilling zero net particle flux at the walls. Int. J.

Heat Mass Transf. 2018, 126, 974–979. [CrossRef]
9. Abbasi, F.M.; Shanakhat, I.; Shehzad, S.A. Entropy generation analysis for peristalsis of nanofluid with temperature dependent

viscosity and Hall effects. J. Magn. Magn. Mater. 2019, 474, 434–441. [CrossRef]
10. Waqas, H.; Shehzad, S.A.; Khan, S.U.; Imran, M. Novel Numerical Computations on Flow of Nanoparticles in Porous Rotating

Disk with Multiple Slip Effects and Microorganisms. J. Nanofluids 2019, 8, 1423–1432. [CrossRef]
11. Sun, L.; Wang, G.; Zhang, C.; Jin, Q.; Song, Y. On the rheological properties of multi-walled carbon nano-polyvinylpyrrolidone/

silicon-based shear thickening fluid. Nanotechnol. Rev. 2021, 10, 1339–1348. [CrossRef]
12. Li, J.; Liang, Z.; Chen, Z.; Zhang, Z.; Liu, H.; Liu, Z.; Xu, Z. Engineering unsaturated sulfur site in three-dimension MoS2@rGO

nanohybrids with expanded interlayer spacing and disordered structure for gaseous elemental mercury trap. Chem. Eng. J. 2023,
453, 139767. [CrossRef]

13. Li, Z.; Zhang, Q.; Shen, H.; Xiao, X.; Kuai, H.; Zheng, J. Buckling performance of the encased functionally graded porous
composite liner with polyhedral shapes reinforced by graphene platelets under external pressure. Thin-Walled Struct. 2023,
183, 110370. [CrossRef]

14. Yang, Y.; Wang, S.; Wen, H.; Ye, T.; Chen, J.; Li, C.; Du, M. Nanoporous Gold Embedded ZIF Composite for Enhanced
Electrochemical Nitrogen Fixation. Angew. Chem. Int. Ed. 2019, 58, 15362–15366. [CrossRef]

15. Agarwal, S.; Rana, P. Analysis of periodic and aperiodic convective stability of double diffusive nanofluid convection in rotating
porous layer. Appl. Math. Mech. 2016, 37, 215–226. [CrossRef]

16. Raghunatha, K.R.; Shivakumara, I.S. Stability of triple diffusive convection in a viscoelastic fluid-saturated porous layer. Appl.
Math. Mech. 2018, 39, 1385–1410. [CrossRef]

17. Daba, M.; Devaraj, P. Unsteady double diffusive mixed convection flow over a vertically stretching sheet in the presence of
suction/injection. J. Appl. Mech. Tech. Phys. 2017, 58, 232–243. [CrossRef]

18. Gireesha, B.; Archana, M.; Prasannakumara, B.C.; Gorla, R.R.; Makinde, O.D. MHD three dimensional double diffusive flow of
Casson nanofluid with buoyancy forces and nonlinear thermal radiation over a stretching surface. Int. J. Numer. Methods Heat
Fluid Flow 2017, 27, 2858–2878. [CrossRef]

19. Bilal, S.; Rehman, K.U.; Malik, M.; Hussain, A.; Awais, M. Effect logs of double diffusion on MHD Prandtl nano fluid adjacent to
stretching surface by way of numerical approach. Results Phys. 2017, 7, 470–479. [CrossRef]

20. Hayat, T.; Qayyum, S.; Shehzad, S.A.; Alsaedi, A. Cattaneo–Christov double-diffusion model for flow of Jeffrey fluid. J. Braz. Soc.
Mech. Sci. Eng. 2017, 39, 4965–4971. [CrossRef]

21. Irfan, M.; Khan, M.; Khan, W.A. On model for three-dimensional Carreau fluid flow with Cattaneo–Christov double diffusion
and variable conductivity: A numerical approach. J. Braz. Soc. Mech. Sci. Eng. 2018, 40, 577. [CrossRef]

22. Prasannakumara, B.; Reddy, M.G.; Thammanna, G.; Gireesha, B. MHD Double-diffusive boundary-layer flow of a Maxwell
nanofluid over a bidirectional stretching sheet with Soret and Dufour effects in the presence of radiation. Nonlinear Eng. 2018,
7, 195–205. [CrossRef]

23. Eringen, A.C. Microcontinuum Field Theories; Springer: New York, NY, USA, 2001; Volume I, II.
24. Eringen, A.C. Simple micro fluids. Int. J. Eng. Sci. 1964, 2, 205–217. [CrossRef]
25. Eringen, A.C. Theory of micropolar fluid. J. Math. Mech. 1966, 16, 1–18. [CrossRef]
26. Eringen, A.C. Theory of thermomicro fluids. J. Math. Anal. Appl. 1972, 38, 480–496. [CrossRef]
27. Nazeer, M.; Hussain, F.; Khan, M.I.; Khalid, K. Theoretical analysis of electrical double layer effects on the multiphase flow of

Jeffrey fluid through a divergent channel with lubricated walls. Waves Random Complex Media 2022, 1–15. [CrossRef]
28. Abbas, Z.; Sheikh, M.; Sajid, M. Hydromagnetic stagnation point flow of a micropolar viscoelastic fluid towards a stretch-

ing/shrinking sheet in the presence of heat generation. Can. J. Phys. 2014, 92, 1113–1123. [CrossRef]

http://doi.org/10.1115/1.2150834
http://doi.org/10.1016/j.aej.2017.02.014
http://doi.org/10.1016/j.ijheatmasstransfer.2018.02.045
http://doi.org/10.1016/j.jppr.2017.01.004
http://doi.org/10.1016/j.jppr.2017.01.002
http://doi.org/10.1016/j.euromechflu.2019.01.009
http://doi.org/10.1016/j.ijheatmasstransfer.2018.05.093
http://doi.org/10.1016/j.jmmm.2018.10.132
http://doi.org/10.1166/jon.2019.1702
http://doi.org/10.1515/ntrev-2021-0087
http://doi.org/10.1016/j.cej.2022.139767
http://doi.org/10.1016/j.tws.2022.110370
http://doi.org/10.1002/anie.201909770
http://doi.org/10.1007/s10483-016-2026-8
http://doi.org/10.1007/s10483-018-2376-8
http://doi.org/10.1134/S0021894417020067
http://doi.org/10.1108/HFF-01-2017-0022
http://doi.org/10.1016/j.rinp.2016.11.008
http://doi.org/10.1007/s40430-017-0793-x
http://doi.org/10.1007/s40430-018-1498-5
http://doi.org/10.1515/nleng-2017-0058
http://doi.org/10.1016/0020-7225(64)90005-9
http://doi.org/10.1512/iumj.1967.16.16001
http://doi.org/10.1016/0022-247X(72)90106-0
http://doi.org/10.1080/17455030.2022.2126025
http://doi.org/10.1139/cjp-2013-0329


Bioengineering 2023, 10, 73 13 of 13

29. Turkyilmazoglu, M. Mixed convection flow of magnetohydrodynamic micropolar fluid due to a porous heated/cooled deformable
plate: Exact solutions. Int. J. Heat Mass Transf. 2017, 106, 127–134. [CrossRef]

30. Sui, J.; Zhao, P.; Cheng, Z.; Zheng, L.; Zhang, X. A novel investigation of a micropolar fluid characterized by nonlinear constitutive
diffusion model in boundary layer flow and heat transfer. Phys. Fluids 2017, 29, 023105. [CrossRef]

31. Sajid, M.; Sadiq, M.; Ali, N.; Javed, T. Numerical simulation for Homann flow of a micropolar fluid on a spiraling disk. Eur. J.
Mech.-B/Fluids 2018, 72, 320–327. [CrossRef]

32. Abdelmalek, Z.; Khan, S.U.; Awais, M.; Mustfa, M.S.; Tlili, I. Analysis of generalized micropolar nanofluid with swimming of
microorganisms over an accelerated surface with activation energy. J. Therm. Anal. Calorim. 2020, 144, 1051–1063. [CrossRef]

33. Turkyilmazoglu, M. Determination of the correct range of physical parameters in the approximate analytical solutions of nonlinear
equations using the Adomian decomposition method. Mediterr. J. Math. 2016, 13, 4019–4037. [CrossRef]

34. Liao, S.J. Advance in the Homotopy Analysis Method. 5 Toh Tuck Link; World Scientific Publishing: Singapore, 2014.
35. Khan, S.; Ali, N.; Hayat, T. Analytical and Numerical Study of Diffusion of Chemically Reactive Species in Eyring-Powell Fluid

over an Oscillatory Stretching Surface. Bulg. Chem. Commun. 2017, 49, 320–330.
36. Khan, S.U.; Shehzad, S.A.; Ali, N. Interaction of magneto-nanoparticles in Williamson fluid flow over convective oscillatory

moving surface. J. Braz. Soc. Mech. Sci. Eng. 2018, 40, 195. [CrossRef]
37. Turkyilmazoglu, M. The analytical solution of mixed convection heat transfer and fluid flow of a MHD viscoelastic fluid over a

permeable stretching surface. Int. J. Mech. Sci. 2013, 77, 263–268. [CrossRef]
38. El-Kabeir, S. Hiemenz flow of a micropolar viscoelastic fluid in hydromagnetics. Can. J. Phys. 2005, 83, 1007–1017. [CrossRef]
39. Shi, M.; Zhu, H.; Chen, C.; Jiang, J.; Zhao, L.; Yan, C. Synergistically coupling of graphene quantum dots with Zn-intercalated

MnO2 cathode for high-performance aqueous Zn-ion batteries. Int. J. Miner. Met. Mater. 2022, 30, 25–32. [CrossRef]
40. Feng, X.; Jiang, L.; Li, D.; Tian, S.; Zhu, X.; Wang, H.; He, C.; Li, K. Progress and key challenges in catalytic combustion of lean

methane. J. Energy Chem. 2022, 75, 173–215. [CrossRef]
41. Huang, Z.; Li, T.; Huang, K.; Ke, H.; Lin, M.; Wang, Q. Predictions of flow and temperature fields in a T-junction based on

dynamic mode decomposition and deep learning. Energy 2022, 261, 125228. [CrossRef]
42. Yang, J.; Fu, L.-Y.; Zhang, Y.; Han, T. Temperature- and Pressure-Dependent Pore Microstructures Using Static and Dynamic

Moduli and Their Correlation. Rock Mech. Rock Eng. 2022, 55, 4073–4092. [CrossRef]
43. Xiao, D.; Hu, Y.; Wang, Y.; Deng, H.; Zhang, J.; Tang, B.; Xi, J.; Tang, S.; Li, G. Wellbore cooling and heat energy utilization method

for deep shale gas horizontal well drilling. Appl. Therm. Eng. 2022, 213, 118684. [CrossRef]
44. Chu, Y.-M.; Khan, M.I.; Abbas, T.; Sidi, M.O.; Alharbi, K.A.M.; Alqsair, U.F.; Khan, S.U.; Malik, M. Radiative thermal analysis for

four types of hybrid nanoparticles subject to non-uniform heat source: Keller box numerical approach. Case Stud. Therm. Eng.
2022, 40, 102474. [CrossRef]

45. Bafakeeh, O.T.; Raza, A.; Khan, S.U.; Khan, M.I.; Nasr, A.; Ben Khedher, N.; Tag-Eldin, E.S.M. Physical Interpretation of Nanofluid
(Copper Oxide and Silver) with Slip and Mixed Convection Effects: Applications of Fractional Derivatives. Appl. Sci. 2022,
12, 10860. [CrossRef]

46. Ali, Q.; Al-Khaled, K.; Omar, J.; Raza, A.; Khan, S.U.; Khan, M.I.; Najati, S.A.; Oreijah, M.; Guedri, K.; Galal, A.M. Analysis for
advection–diffusion problem subject to memory effects and local and nonlocal kernels: A fractional operators approach. Int. J.
Mod. Phys. B 2022, 2350099. [CrossRef]

47. Ali, Q.; Al-Khaled, K.; Khan, M.I.; Khan, S.U.; Raza, A.; Oreijah, M.; Guedri, K. Diffusion phenomenon for natural convection
flow of classical Hartmann problem due to a cylindrical tube by generalized Fourier’s theories: A Fractional analysis. Int. J. Mod.
Phys. B 2022, 2350104. [CrossRef]

48. Harshavardhan, A.; Matt, S.B.; Khan, M.I.; Prakash, K.K.; Alnuwaiser, M.A.; Betageri, V.S.; Sidlinganahalli, M. Synthesis of Tin
oxide nanoparticles using Nelumbo nucifera leaves extract for electrochemical sensing of dopamine. Int. J. Mod. Phys. B 2022.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ijheatmasstransfer.2016.10.056
http://doi.org/10.1063/1.4976642
http://doi.org/10.1016/j.euromechflu.2018.06.008
http://doi.org/10.1007/s10973-020-09474-5
http://doi.org/10.1007/s00009-016-0730-8
http://doi.org/10.1007/s40430-018-1126-4
http://doi.org/10.1016/j.ijmecsci.2013.10.011
http://doi.org/10.1139/p05-039
http://doi.org/10.1007/s12613-022-2441-4
http://doi.org/10.1016/j.jechem.2022.08.001
http://doi.org/10.1016/j.energy.2022.125228
http://doi.org/10.1007/s00603-022-02829-4
http://doi.org/10.1016/j.applthermaleng.2022.118684
http://doi.org/10.1016/j.csite.2022.102474
http://doi.org/10.3390/app122110860
http://doi.org/10.1142/S0217979223500996
http://doi.org/10.1142/S0217979223501047
http://doi.org/10.1142/S0217979223501084

	Introduction 
	Flow Problem 
	Homotopy Analysis Method 
	Convergent Region and Solution Confirmations 
	Verification of Results 
	Analysis of Results 
	Conclusions 
	References

