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Abstract: Nonlinear thermal transport of non-Newtonian polymer flows is an increasingly important
area in materials engineering. Motivated by new developments in this area which entail more refined
and more mathematical frameworks, the present analysis investigates the boundary-layer approx-
imation and heat transfer persuaded by a symmetrical cylindrical surface positioned horizontally.
To simulate thermal relaxation impacts, the bioconvection Cross nanofluid flow Buongiorno model
is deployed. The study examines the magnetic field effect applied to the nanofluid using the heat
generated, as well as the melting phenomenon. The nonlinear effect of thermosolutal buoyant forces
is incorporated into the proposed model. The novel mathematical equations include thermophoresis
and Brownian diffusion effects. Via robust transformation techniques, the primitive resulting partial
equations for momentum, energy, concentration, and motile living microorganisms are rendered
into nonlinear ordinary equations with convective boundary postulates. An explicit and efficient
numerical solver procedure in the Mathematica 11.0 programming platform is developed to engage
the nonlinear equations. The effects of multiple governing parameters on dimensionless fluid profiles
is examined using plotted visuals and tables. Finally, outcomes related to the surface drag force, heat,
and mass transfer coefficients for different influential parameters are presented using 3D visuals.

Keywords: symmetrical cylinder; nanofluid; numerical platform; bioconvection; swimming microbes;
melting heat transfer

1. Introduction

Several researchers have conducted investigations into the thermophysical importance
of nanoparticles. Nanofluids are formed by mixing nanomaterials and a base liquid, with
the suspensions consisting of various metals or nonmetals, such as aluminum, copper,
silver, and graphite, and water, glycerol, and ethylene glycol being used as base liquids.
Nanofluids play an important role in various processes, such as polymer, wire- coating, and
biomedical processes. These processes are used in heat transportation, nuclear reactors, and
electronic devices, as well as in medical applications such as the diagnosis and treatment of
several diseases. Ferrofluids, which are a special type of magnetized fluid, have significant
applications in various engineering processes such as microfluid pumps, ferrofluid lubrica-
tion of bearings, lithographic design, electromechanical and chemical devices, electrical
engines, as well as in medicine and in magnet therapy for treating migraines and arthritis,
among other conditions [1–5].
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The Buongiorno nanofluid model [6] describes two unusual processes to enhance the
rate of heat transfer. Venkatadri et al. [7] examined the melting heat exchange between an
electrically conductive flow of nanofluid across an exponentially expanding permeable
channel with Cattaneo–Christov heat flux in the presence of an external magnetic field.

Mondal et al. [8] explored the effects of MHD flow and heat exchange on the flow
of stagnation-point nanofluids over an extended surface with chemical reaction and
thermal radiation effect. Ying et al. [9] explored the radiative heat transfers of molten
salt-based nanofluids over cooling coils with non-uniform heat flow. Zainal et al. [10]
monitored the MHD hybrid nanofluid stream to a porous expanding/shrinking channel
with the emergence of quadratic momentum. Eid et al. [11] studied the variable thermal
conductivity effect and heat transfer phenomena on an MHD flow of nanofluid across a
porous channel with velocity slip. Many researchers have used the Buongiorno model
to study nanofluids, as evidenced by references [12–19]. Kamal et al. [20] conducted an
analytical investigation of a viscoelastic nanofluid with a twofold diffusion problem
resulting from the stagnation-point flow induced by heat transfer in a space environ-
ment. Anuar et al. [21] investigated the numerical solution of the stagnation-point flow
and the heat transfer analysis of radiative Maxwell hybrid nanofluids over a nonlinear
stretching channel. Rizwana et al. [22] examined the slip effects on radiative oblique
stagnation-point nanofluid with convective heat-transfer effect in the presence of the
inclined magnetic field. In their research, Giri et al. [23] investigated the nanoparticle
diameter effect and the interfacial layer effect on the MHD flow of nanofluid and the
melting heat flow inside a rotating plate channel positioned horizontally. Meanwhile,
Sharma et al. [24] studied the impact of variable thickness and melting heat exchange
on the flow of MHD nanofluids through a slender elongated surface. Bioconvection is a
phenomenon in which microorganisms swim upwards in less dense fluids than water,
resulting in an increased concentration of microorganisms at the upper layer, leading to
breakdowns due to the frailty of the substances. Microorganisms like bacteria or algae
use this up-swimming technique for their growth and development. The bioconvection
process has various applications in biochemistry and bioengineering, including diesel-
fuel products, bioreactors, and fuel-cell engineering, making it an important field in
biomedical engineering. The discovery of the bioconvection phenomenon is attributed
to Platt [25], while Kuznetsov [26] is believed to have been the first to use the term
“nanofluid bioconvection.” Kuznetsov [27] further developed this concept by focusing
on the role of gyrotactic motile microorganisms in nanofluids and demonstrating that the
large-scale fluid movement generated by these self-propelled microorganisms improves
mixing and prevents nanomaterial buildup in nanofluids. In their study, Haq et al. [28]
considered the flow properties of the natural bioconvective process of nanofluid flow
with living gyrotactic microbes under the influence of a uniform magnetic field and
the Arrhenius activation energy effect. Ahmad et al. [29] explored the bioconvection
nanofluid flow of gyrotactic motile bacteria with chemical reactions in a porous medium
over a stretched surface. Finally, Elanchezhian et al. [30] studied the heat and mass trans-
fer of an Oldroyd-B mixed bioconvection flow of nanofluid using a stratified medium
containing swimming microorganisms and nanoparticles under the influence of an in-
clined magnetic field. In a study by Bhatti et al. [31], a theoretical investigation was
carried out on living microbes in a blood-based nanofluid flow through anisotropically
tapered arteries. Khan et al. [32] studied important aspects of activation energy and
effective Prandtl number in Jeffrey nanofluid flow containing gyrotactic living microor-
ganisms. Shafiq et al. [33] investigated heat and mass flow in second-grade bioconvective
flow with buoyancy effect and first-order chemical reaction. Kotnurkar et al. [34] stud-
ied the bioconvective peristaltic flow of a nanofluid containing microorganisms in the
presence of Cu-blood nanoparticles across a permeable channel. Muhammad et al. [35]
established the impact of time-dependent bioconvection magnetized Carreau fluid flow
under the velocity slip effect in the presence of motile microorganisms. Farooq et al. [36]
introduced the effect of thermally radioactive bioconvection flow of Carreau fluid in the
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presence of Cattaneo–Christov heat flux and an exponential space-based heat source
over a stretching cylinder under the influence of magnetic effect. Hosseinzadeh et al. [37]
investigated cross-fluid flow containing living microbes and tiny particles through a 3D
stretching cylinder. Heat transfer analysis in non-Newtonian fluids is more important in
applications such as drug delivery or heat optimization [38,39]. This concept is also of
more interest in the case of nanofluids/hybrid nanofluids for enhancing the heat transfer
rate of traditional fluids [40,41].

Other important theoretical and experimental studies recently carried out on bio-
convection involving living microorganisms have been explored analytically by various
researchers and can be viewed in citations [42–48].

These studies cite the fact that no survey has yet been offered on 2D bioconvectional
Cross nanofluid flow in the presence of living motile microbes along a cylindrical channel
positioned horizontally and subject to melting heat rheology and convective boundary
conditions. The present analysis aims to introduce an effective mathematical description of
the crossflow of nanofluid along the cylindrical channel. The impact of Brownian diffusion
and the thermophoresis phenomenon are invoked simultaneously to make consideration of
the problem more efficient. The following are the precise goals of this numerical evaluation:

• To study the impact on time-dependent 2D bioconvectional Cross nanofluid flow over
a cylindrical surface subject to living microbes, thermal conductivity, and melting
phenomenon.

• To create a mathematical model of the nonlinear governing PDEs which comprises
momentum, temperature gradients, mass balances, and swimming microorganisms.

• To engage numerical techniques for attaining the computational outcomes and, addi-
tionally, to produce a convergence and stability analysis for optimizing flow fields.

• To unveil graphical profiles of the effects of diverse emerging parameters on flow fields
together with 3D visuals of skin friction, heat transfer, and mass flow coefficients.

Novelty
The novelty of the present study can be summarized as follows:

â The existing literature [48] is extended by including mixed convection in Equation (5).
â The study of microorganisms referred to in Equation (10) is the main novelty of the

existing literature [48].
â The present model includes an extension of the melting heat transfer phenomenon,

which is stated in Equation (12).
â Statistical analysis of the variation in the values of parameters is also included.

2. Flow Analysis and Mathematical Setup

In this mathematical model, we include the influence of thermal conductivity on
the viscous 2D bioconvectional flow of a Cross nanofluid bounded by a symmetrical
cylindrical surface with the melting phenomenon and in the presence of motile living
microbes. Aspects of nonlinear thermal radiation and convective boundary conditions are
invoked. The impact of Brownian diffusion and thermophoresis deposition processes are
retained in the proposed model. The ambient temperature, nanoparticle volume fraction,
and motile microorganisms are signified as T∗∞, C∗∞, and N∗∞. The implications of the
induced magnetic field and external electric field are ignored due to the small Reynolds
number. The physical scenario can be seen in Figure 1a.
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Under the above conditions, the boundary-layer approximation yields the following
governing equations [33,34]:

τ = −pI + µA1, µ = µ∞ + (µ0 + µ∞)/
(
1 + (Γγ)n) (1)

where
A1 = gradV + (gradV)t, γ =

√
0.5(trA1)

2

Herein, V is the velocity, and the shear rate is zero at infinity; accordingly, Equation (1)
may be rewritten as:

µ = µ0
(
1/1 + (Γγ)n) (2)

For 2D unsteady flow, the momentum, temperature gradient, concentration balance,
and living microbes are as follows:

V = (u∗, v∗), T∗ = T∗(r∗, x∗, t∗), C∗ = C∗(r∗, x∗, t∗) (3)
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Substituting Equation (3) in Equations (1)–(2), the resulting equations are as fol-
lows [44]:

r∗
∂u∗

∂x∗
+ r∗

∂v∗

∂r∗
= 0 (4)

∂u∗
∂t∗ + u∗ ∂u∗

∂x∗ + v∗ ∂u∗
∂r∗ = ∂Ue

∂t∗ + Ue
∂

∂z∗Ue +
ν
r∗

∂u∗
∂r∗

(
1

1+(Γ ∂u∗
∂r∗ )

n

)
+ ν ∂

∂t∗

(
∂u∗
∂r∗

1+(Γ ∂u∗
∂r∗ )

n

)
−

1
ρ f σB2(t∗)(u∗ −Ue) + β∗g

(
1− C∗f

)
(T∗ − T∗∞)− g

ρ f

(
ρp − ρ f

)
(C∗ − C∗∞)

− gγ
ρ f

(
ρm − ρ f

)
(N∗ − N∗∞)

(5)

∂T∗
∂t∗ + u∗

(
∂T∗
∂x∗

)
+ v∗

(
∂T∗
∂r∗

)
= 1

r∗(ρc) f

∂
∂r∗

(
r∗K(T∗) ∂T∗

∂r∗

)
+ 1

r∗(ρc) f

∂
∂r∗

(
αr∗ ∂T∗

∂r∗

)
+

τ

(
DB

∂C∗
∂r∗

∂T∗
∂r∗ +

DT
T∗∞

(
∂T∗
∂r∗

)2
)
− ∂

∂r∗

(
1

(ρc) f

16σ∗
3k∗ T∗3 ∂T∗

∂r∗

) (6)

K(T∗) =
(

1+ ∈ T∗ − T∗∞
∆T∗

)
k∞ (7)

∂C∗

∂t∗
+ u∗

∂C∗

∂x∗
+ v∗

∂C∗

∂r∗
=

1
(ρc) f

∂

∂r∗

[
D(T∗)

∂C∗

∂r∗

]
+

DB
r∗

∂

∂r∗

[
r∗

∂C∗

∂r∗

]
+

DT∗

T∗∞

1
r∗

∂

∂r∗

[
r∗

∂T∗

∂r∗

]
(8)

D(C∗) =
(

1+ ∈1
C∗ − C∗∞

∆C∗

)
D∞ (9)

∂N∗

∂t∗
+ u∗

(
∂N∗

∂x∗

)
+ v∗

(
∂C∗

∂r∗

)
= Dm

(
∂2N∗

∂r∗2

)
−
(

bWc

C∗w − C∗∞

)
∂

∂r∗

(
N∗

∂C∗

∂r∗

)
(10)

The corresponding boundary postulates for the proposed problem are as given be-
low [44]:

u∗ = uw(x∗, t∗), v∗ = 0,−k f
∂T∗
∂r∗ = h f (T∗ − T∗w), DB

∂C∗
∂r∗ +

DT∗
T∗∞

∂T∗
∂r∗ = 0, N∗ = N∗w at r∗ = R

u∗ → 0, T∗ → T∗∞, C∗ → C∗∞, N∗ → N∗∞ at r∗ → ∞
(11)

Additionally, the melting heat phenomenon is:

k f
∂T∗

∂r∗
= ρ f

(
λ∗ +

(
Cp
)

s(T
∗
w − T∗0 )u

∗) (12)

For solving the resulting Equations (5)–(11), the dimensionless quantities are imple-
mented as follows:

ψ =
√

uwνx∗Ru∗0(ξ), ξ =
√

uw
νx∗

(
r∗2−R2

2R

)
, g(ξ) = T∗−T∗∞

T∗w−T∗∞
, h(ξ) = C∗−C∗∞

C∗w−C∗∞
,

X(ξ) = N∗−N∗∞
N∗w−N∗∞

(13)

Thus, the dimensionless forms achieved are as follows:(
1 + (1− n)

(
Weu′′0

)n
)
(1 + 2αξ)u′′′0 + 2αu′′0

((
1 +

(
Weu′′0

)n(1− n
2
)))(

1 +
(
Weu′′0

)n
)2
×(

Re
(

u0u′′0 + u
′′2
0 + 1

))
− A

(
u′0 +

ξ
2 u0u′′0

)
−M2Re(u′0 − 1) + λ(g− Nrh− NcX) = 0

(14)

1
Pr (1 + 2αξ)(1+ ∈ g)g′′+ ∈ ξ(g′′ )2 + g′(2α + u0)− 1

2 Aξg′ + Nb(1 + 2αξ)
(

g′h′ + Nt
Nb g′

)
+

2
3PrR

(
(1 + (θw − 1)g)3(2αg′ + 2g′′ (1 + 2αξ)) + 6(1 + (θw − 1)g)2

)
×

(θw − 1)(g′′ )2(1 + 2αξ) = 0

(15)
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(1 + 2αξ)(1+ ∈2 g)h′′+ ∈2
(
h′
)2

+ 2αh′ + PrLe
(

u0h′ +
Nt
Nb
(
(1 + 2αξ)g′′ + 2αg′

)
− 1

2
ξh′
)
= 0 (16)

(1 + 2αξ)X′′ + (2α + Lbu0)X′ − Pe
(
(δ1 + X)h′′ + h′X′

)
= 0 (17)

The transformed boundary postulates in dimensionless form are as follows:

u′0 = 1, g′ = −Bi(1− g), h′ +
(

Nt
Nb

)
g′ = 0, X = 1 at ξ = 0

u′0 = 0, g = 0, h = 0, X = 1 at ξ = ∞
(18)

where

α = 1
R

√
νl
U0

; M =
σB2

0
ρCp

; A = c
a ; Nr = (ρp−ρ f )(C∗w−C∗∞)

β∗(1−C∗∞)(T∗w−T∗∞)
; Nc =

(
ρm−ρ f

β

)
(N∗w−N∗∞)

(T∗w−T∗∞)(1−C∗∞)
γ∗∗;

λ = gν(1−C∗∞)(T∗w−T∗∞)β∗

uw
; We = uwr∗Γ2g(1−C∗∞)(T∗w−T∗∞)β∗

(1−ct∗)3υ
; Pr =

ν f
α ; R = kk∗

4σ∗T∗3∞
;

Nb = DBE (C∗w−C∗∞)
α ; Nt = DTE (T∗w−T∗∞)

T∗∞α ; θw = T∗w
T∗∞

; Le = α
DB

; Lb = ν
Dm

; Pe = bWc
Dm

;

Ma =
cp(T∗w−T∗∞)

λ+cs(T∗w−T∗0 )
; Bi =

h f
k

√
ν f
a

are curvature parameter, magnetic parameter, time-dependent parameter, buoyancy pa-
rameter, Rayleigh number, convection parameter, Weissenberg number, Prandtl number,
radiation parameter, Brownian factor, thermophoretic force, ratio parameter, Lewis number,
bioconvection Lewis number, Peclet number, melting heat phenomenon, and Biot number,
respectively.

The melting phenomenon in dimensionless form is as follows:

Pru0(0) + Mag′(0) = 0 (19)

The skin fraction, heat transfer coefficient, mass flow rate, and gradients of living
microbes are defined as follows:

C f =
τx∗r∗

ρ f U2 , Nu =
x∗qw

k(T∗w − T∗∞)
, Sh =

x∗qm

−DB(C∗w − C∗∞)
, Nh =

x∗qj

−DB(N∗w − N∗∞)
(20)

whereas τx∗r∗ elucidates shear stress, qw heat flux, qm mass flux, and qj mass of living
microbes are characterized in this way:

τx∗r∗ = µ0
∂u∗
∂r∗

(
1

1+(Γ ∂u∗
∂r∗ )

n

)
qw = −k(T∗) ∂T∗

∂r∗

qm = −DB
∂C∗
∂r∗

qj = −DB
∂N∗
∂r∗


r∗=R

(21)

Replacing Equation (21) in Equation (20), we get the dimensionless form in Equation (22):

√
RexC fx = u′′0 (0)

(
1(

1+(We)u′′0 (0)
)n

)
Nux√

Rex
= −g′(0)

(
1 + 1

NR

(
(1 + (θw − 1)g′(0))3

))
Shx√
Rex

= −h′(0)
Nhx√

Rex
= −X′(0)


(22)

Here, Rex = x∗uw
ν is the local Reynolds number.
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3. Computational Procedure

In this section, we present the solution of nonlinear differential Equations (14)–(17)
subject to the boundary conditions represented in Equation (18). The physical system
is engaged numerically through a built-in algorithm/shooting technique (RK-4) in the
Mathematica 11.0 programming platform. The nonlinear coupled equations are first di-
minished towards a system of first-order initial value differential equations using suitable
transformation variables [38,46]:

u0 = w1, u′0 = w2, u′′0 = w3, g = w4, g′ = w5, h = w6, h′ = w7,

X = w8, X′ = w9
(23)

Typically, the RKF45 order technique is applied to solve initial value problems (IVPs),
leading to the conversion of equations into their first-order form. In the context of the
current approach, these equations are restructured as follows.

By inserting Equation (23) into Equations (14) through (18), we obtain the following
system of initial-order equations:

w′3 =

(
A
(

w2 +
ξ
2 w1w3

)
+ M2Re(w2 − 1)− λ(w4 − Nrw6 − Ncw8)−

2αw3
((

1 + (Wew3)
n(1− n

2
)))(

1 + (Wew3)
n)2 ×

(
Re
(
w1w3 + w2

3 + 1
))
)

(
1 + (1− n)(Wew3)

n)(1 + 2αξ)
(24)

u′5 =

Pr


g′(2α + w1) +

1
2 Aξw5− ∈ ξ(w′5)

2 − Nb(1 + 2αξ)w5

(
w7 +

Nt
Nb

)
−

2
3PrR

 (1 + (θw − 1)w4)
3
(

2αw5+
2w′5(1 + 2αξ)

)
−

6(1 + (θw − 1)w4)
2

× (θw − 1)(w′5)
2(1 + 2αξ)


(1 + 2αξ)(1+ ∈ w4)

(25)

w′7 = −

(
∈2 (w7)

2 + 2αw7 + PrLe
(

u0w7 +
Nt
Nb ((1 + 2αξ)w′5 + 2αw5)
− 1

2 ξw7

))
(1 + 2αξ)(1+ ∈2 w4)

(26)

w′9 =
Pe((δ1 + w9)w′7 + w7w9)− (2α + Lbw1)w9

(1 + 2αξ)
(27)

Following that, the associated boundary criteria are as follows:

w2 = 1, w5 = −Bi(1− w4), w7 +
(

Nt
Nb

)
w5 = 0, w8 = 1 at ξ = 0

w2 = 0, w2 = 0, w6 = 0, w9 = 1 at ξ = ∞
(28)

The entire nonlinear computational framework of the shooting technique is described
below in Figure 1.

It is important to note that the numerical results derived from solving the governing
equations for the problem using the abovementioned RKF45 method have been validated
against the findings presented in the work by Ishak et al. [19]. The comparison serves to
highlight the exceptional precision of the results obtained through this research effort, as
showcased in Table 1.
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Table 1. Evaluation of local skin friction coefficients for physical parameters.

M λ Nr Nc Ref [48] Present Results

0.1 0.2 0.1 0.1 1.1725 1.17274

0.4 1.2565 1.25682

0.8 1.3024 1.30257

0.5 0.5 0.1 0.1 1.2795 1.27971

1.0 1.2572 1.25743

1.5 1.2453 1.24536

0.0 0.2 0.5 0.1 1.2601 1.26028

1.0 1.2703 1.27053

1.2 1.2832 1.28396

0.5 0.2 0.1 0.5 1.2865 1.28672

1.0 1.2902 1.29343

1.2 1.2974 1.29792

4. Graphical Outcomes

In this section we examine the physical insights into the Cross nanofluid problem as
provided by the numerical solution, in which a built-in algorithm allows a computational
framework to be obtained by the use of a shooting procedure. These include the action of
important parameters on different flow fields, such as flow stream, temperature gradient,
concentration, concentration of microbes, skin friction, heat transfer coefficient, and mass
flow rate characteristics. The set of nonlinear computational outcomes for fluid velocity
profile, temperature gradient, mass concentration, and living microbes within the boundary
layer for varying values of dimensionless flow parameters have been computed by the
Mathematica 11.0 programming software. The relevant assorted parameters are graphically
represented in Figures 2–21.
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Figure 2a explains the effects of varying values for the Re on the u′0(ζ) profiles. With
increasing values for the Re, the resulting reduction is witnessed in the u′0(ζ) curves.
Figure 2b elucidates the role of the (α) against the u′0(ζ) field. Higher values for the (α)
cause a decline in the flow stream as well as the boundary-layer thickness. Figure 3a
sketches the impact of the (Ma) on the u′0(ζ). The velocity boundary layer experiences
upsurges when subjected to increasing values for the (Ma) parameter. The effects of the (λ)
on the u′0(ζ) profile are explained in Figure 3b. The velocity is increased with increasing
values for the (λ). Figure 4a demonstrates the effects of the (M) for various streams of
fluid. Physically, this figure describes how increasing values for the (M) cause obstructions
in the fluid flow profile. This retardation in the velocity field is due to the Lorentz forces,
which are resistive in nature and are included in the magnetic parameter and react as a
retarding force. As the magnetic effect boosts up, the Lorentz force is developed, which
acts against the flow of fluid, causing the velocity patterns to decline. On the other hand,
Figure 4b displays the effective correlation between the flow profile and the (Nc) parameter.
One can observe how, with increasing values for the (Nc) parameter, the velocity field of
the nanofluid decreases. Figure 5a presents the influence of the (We) on velocity function.
The velocity distribution diminishes with increasing values for the (We). Physically, the
velocity function dwindles for different values for the (We) because an increase in the (We)
means an increase in internal forces, which decreases fluid flow within the channel. The
impacts of the (Nr) on the u′0(ζ) profile are established in Figure 5b; it can be detected
that with increasing values for the (Nr) parameter, the u′0(ζ) field declines, and maximum
velocity is attained at (Nr = 0.1) while minimum velocity is achieved at the maximum
value (Nr = 1.3) for the buoyancy ratio parameter. From Figure 6a, it can be discerned
that the energy gradient g(ζ) upturns by increasing the (Nt). In reality, this phenomenon
occurs due to the fact that high-energy worm nanoparticles are drawn away from the heated
stretching surface and towards the colder regions by the thermophoretic diffusion effect,
triggering an upsurge in the internal heating inside the thermal boundary-layer curves.
Figure 6b explains the result of the (θw) on the energy gradient g(ζ) of the fluid profile.
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It can be seen that an increase in the (θw) raises the thermal field distribution. Figure 7a
describes the effect of the (Bi) on the energy profile g(ζ). Here, higher values for the (Bi)
result in high convective transfer of heat in the fluid nanoparticles. Consequently, the
energy field curves increase due to the increase in (Bi), which results in massive convective
heat transfer being observed. Physically, the (Bi) is related to the coefficient of heat transfer.
Therefore, g(ζ) increases, as does associated layer thickness. The effects of increasing values
for the conductivity factor (ε) on the energy g(ζ) profile is characterized in Figure 7b. Here,
the energy gradient of the fluid intensifies for increasing values for the (ε). Physically,
extra heat is added to the nanofluid with increased values for the (ε). Figure 8a,b show
the profiles of the melting parameter (Ma) and (α) fluid temperature gradient. It can be
seen from these profiles that increasing values for these parameters increase the internal
energy of the fluid. Consequently, the g(ζ) increases. The effects of the (Pr) on fluid energy
gradient g(ζ) distribution are illustrated in Figure 9a. Here, it can be seen that the energy
profile g(ζ) decreases with higher values for the (Pr). Physically, the (Pr) is defined as the
ratio of thermal conductivity to thermal diffusivity of a fluid. Increasing values for the (Pr)
cause minimum thermal diffusivity behavior of the nanofluid. Consequently, the g(ζ) and
related thermal layer thickness deteriorate. The effects of the (λ) on the energy profile g(ζ)
are plotted in Figure 9b. As can be seen, the energy profile of the nanofluid diminishes
with higher (λ) values. Figure 10a reveals the (Nt) parameter impact on the h(ς). Here,
the nanoparticles concentration profile increases with higher (Nt) values. From a physical
perspective, an increase in the thermophoretic diffusion force is perceived with increasing
values for the (Nt), which often moves the fluid molecules from a higher temperature
region towards a lower one. Figure 10b describes the effect of the (Le) number on the h(ς)
profile when the default parameters are fixed. For diversified values for the (Le) number,
the (Le) causes the decline of the h(ς) profiles. Physically, higher values cause a rapid
decline in diffusivity. Thus, the h(ς) profiles decrease. Figure 11a explains the effect of the
Brownian parameter on h(ς). Evidently, an increment in the (Nt) magnitude increases the
velocity with which fluid particles move at various speeds in different directions owing
to the (Nt) aspect. As a result, larger Brownian values create a decline in the h(ς) and the
associated concentration layer thickness. Figure 11b portrays the effect of the (∈1) on the
h(ς). Here, the nanoparticles concentration profile increases with increasing values for
the (∈1). Figure 12a,b illustrate the effects of the (Ma) and (α) on the h(ς) profiles. As
can be seen, the concentration of nanoparticles is enhanced with increasing values for the
(Ma). Thus, the effect of the melting parameter on the h(ς) depends on a number of factors,
including nanoparticle size, shape, and surface chemistry, as visualized in Figure 12a. The
concentration profile of the nanoparticles is improved for greater values of the (α), as
shown in Figure 12b.

Figure 13a illustrates how the distribution of motile swimming microbes, denoted
as X(ς), is affected by the (Lb) number. As can be seen, as the (Lb) number increases,
the thickness of the X(ς) profile declines for both the shear thickening and the shear
thinning cases. On the other hand, Figure 13b displays the effect of the (Pe) number on the
distribution of living microbes profile. When the dimensionless parameter increases, the
motile swimming outlook X(ς) declines relative to the increasing values of the (Pe) number.
The motile swimming microbes profile X(ς) is depicted in Figure 14a,b to exemplify the
characteristics of the (α) and (Ma) parameters. It can be seen that the motility of the living
microbes enhances as the (α) parameter increases. Furthermore, the swimming profiles
increase as the (Ma) parameter becomes larger.

Figures 15 and 16 are included to elucidate the role of the drag force coefficient
for various physical parameters, namely, the (Nr), (Nr), (α), (A), and (Ma), respec-
tively. From these visuals, it is clear that the surface drag force coefficient increases with
higher values for these parameters, while decreasing with increasing values of the (λ).
Figures 17 and 18 explain the impact of important physical constraints on the heat transfer
rate coefficient. The heat flow rate increases with increasing values for the physical param-
eters. Figures 19 and 20 exhibit the variation in the mass flow rate coefficient as a result
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of different parameters. It can be seen that an increase in the response of the flow rate of
mass occurs when the (Pr) number and the (Nt) parameter are increased from low-level
to high-level values. The way that the mass flow coefficient decreases significantly with a
change from low-level to higher-level values for the (Le) number, (Nb), and (α) is high-
lighted through these visuals. Also displayed here, in Figure 21, is the local microorganism
number. From Figure 21, it can clearly be seen that the microorganism number increases
with higher values for the (Ma), (Lb) number, and (Pe) number.

5. Closing Points

This study investigated the characteristics of MHD bioconvection flow of nanofluid in
the presence of melting heat transfer rheology and expanded the analysis by implementing
the swimming microbes model for heat and mass flow rate. Additionally, a homotopic
scheme was employed to obtain the nonlinear computational results of the ODEs acquired
through similarity transformations of the resulting PDEs. The computational results so
acquired were correlated with the results obtained in previously published studies, and
a reasonable degree of agreement was established, hence authenticating the nonlinear
solution. The principal outcomes of the current study are summarized below:

• The velocity field of bio-nanofluid flow rises as the values for the (α) and (Ma)
parameters are increased; however, the velocity profile reduces with increasing values
for the (We), (M), and (α) parameters.

• The fluid energy profile decreases with increased values for the (α) parameter and the
(Le) number but increases with increases in the (Ma), (Nt), and thermal (Bi) number.

• With increased values for the (Nt) parameter, (ε), and (α), the concentric layer thick-
ness increases. On the other hand, for increased values for the (Le) and (Nb) disper-
sion effect, the concentration profile decreases.

• Increasing values for the (Lb) and (Pe) numbers considerably suppress the density
profile of living microbes, whereas the (α) and (Ma) parameters boost the motile
density of microorganism profile.

• The surface drag force coefficient reduces with higher values for the (λ), but it increases
when the (Nc) and (α) parameters are increased.

• The mass flow rate increases when the (Pr) number as well as the (Nt) parameter
increase. On the other hand, it decreases when the (Nb) parameter and the (Le)
number increase.

Future work: The Cross nanofluid was used in the present model. The same model can
be extended by using the other non-Newtonian fluids, biofluids. The concepts of variable
viscosity and variable thermal conductivity are also possibilities for future work.
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Nomenclature
V velocity
T∗∞ ambient temperature
C∗∞ nanoparticle volume fraction
N∗∞ motile microorganisms
α curvature parameter
M magnetic parameter
A time-dependent parameter
Nr buoyancy parameter
Nc Rayleigh number
λ convection parameter
We Weissenberg number
Pr Prandtl number
R radiation parameter
Nb Brownian factor
Nt thermophoretic force
θw ratio parameter
Le Lewis number
Lb bioconvection Lewis number
Pe Peclet number
Ma melting heat phenomenon
Bi Biot number
τx∗r∗ elucidates shear stress
qw heat flux
qm mass flux
qj mass of living microbes
C f skin fraction
Nu heat transfer coefficient
Sh mass flow rate
Nh gradients of living microbes
Rex local Reynolds number
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