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ABSTRACT
The importance of nanoparticles has evolved over the twenty-first
century due to crucial applications in numerous thermophysical sys-
tems and increased sustainability. Based on improvements, the cur-
rent work plans to explore Darcy free convection around an isother-
mal vertical cone with a fixed apex half-angle pointing downward
in a nano liquid saturated porous medium. It is considered that the
medium consists of oxytactic microorganisms with nanoparticles.
The cone is subjected to nanoparticles concentration and oxytactic
microorganisms’ density. The impacts of Brownian movement and
thermophoresis are involved in themodel for nanoliquids. Solar radi-
ation and convective heating phenomena are added to the energy
equation to increase the thermal distributionphenomena. Zeromass
flux phenomena are applied at the boundary. Employing appropri-
ate non-dimensional parameters transforms a system of nonlinear
ordinary differential equations. These equations are solved mathe-
matically by the 4th order Runge-Kutta method along with a shoot-
ing algorithm. The leading dimensionless parameters, such as veloc-
ity, nanoparticles concentration, temperature, oxytacticmicroorgan-
ism’s density, and local numbers (Nusselt, Sherwood, density) for
microorganisms are examined in detail. Mathematical computation
is carried out for different values that define the flow properties. It is
observed that nanoparticle concentration diminishes by increasing
the Brownian movement. Furthermore, the motile organism profile
declines with an increment in bioconvection Lewis number.
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C Nanoparticle volume fraction
D1 Brownian diffusion coefficient
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D2 Thermophoresis diffusion coefficient
D3 Diffusivity of microorganisms
qr Radiative heat flux
hf Heat transfer coefficient
T∞ Ambient fluid temperature (K)
Tf Convective surface temperature (K)
g Dimensionless stream function
g1 Acceleration due to gravity (ms−2)

kf Thermal conductivity (Wm−1K−1)

K Permeability of porous medium

Lb Bioconvection Lewis number
(
α
D3

)
Le Lewis number

(
α
εD1

)
n Concentration of microorganisms

Nb Brownian motion parameter
(
ε(ρc)pD1(Cw−C∞)

(ρc)pα

)
Nr Buoyancy ratio

(
(ρp−ρf∞)(Cw−C∞)
(1−C∞)ρf∞(Tf−T∞)

)
Nt Thermophoresis parameter

(
ε(ρc)pD2(Tf−T∞)

(ρc)pαT∞

)
Nnr Density number of motile microorganisms
Nur Nusselt number
P Pressure
Pe Bioconvection Péclet number

(
b̄Ŵ
D3

)
qm Surface mass flux (kg m−2s−1)

qn Surface motile microorganisms flux (m−2s−1)

qw Surface mass flux (Jm−2s−1)

Ra Rayleigh number

Rb Bioconvection Rayleigh number
(
(ρm∞−ρf∞)γ (nw−n∞)
(1−C∞)ρf∞β(Tf−T∞)

)
Shr Sherwood number
T1 Temperature
Ŵ Maximum cell swimming speed (ms−1)

(u1, v1) Velocity components of the fluid (ms−1)

(x1, y1) Coordinate axes (m)

Rd Radiation parameter
(
4σ ∗T3∞
k∗kf

)

Greek symbols

α Thermal diffusivity of porous media
φ Dimensionless nanoparticle volume fraction
β Volumetric expansion coefficient
θ Dimensionless temperature
η Similarity variable
(ρc)p Similarity variable
(ρc)f Effective heat capacity of nanoparticle material (Jm−3k−1)

ρf Density of the fluid (kgm−3)

ρp Nanoparticle mass density(kgm−3)
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τ Ratio between the effective heat capacity of the nanoparticle material and that
of the fluid

μ Dynamic viscosity (kgm−1s−1)

γ Average volume of microorganisms
ω Half angle of the cone
 Dimensionless density of motile microorganisms
ε Porosity
σ Microorganisms concentration difference parameter
ψ Stream function

Subscripts

w Condition at the surface
f Fluid
∞ Conditions in the free stream

1. Introduction

To be more compact and extremely influential, advanced nanoscience and technology
applications have many engineering applications. However, this needs excessive heat
transport removal from the electric devices. So, applications have to enhance heat trans-
port rate and improve energy efficacy. Even though several technologies were carried out
to increase the heat transport rate, their actions are frequently confined by using the low
thermal conductivity of heat exchangers. With the developing demand for superior nano-
technology for gadgets contraction, there is a necessity to broaden new models of heat
transport fluids, powerful in terms of thermal behavior. It was shown that the diffusion of
fewer quantities of nanoparticles in base fluids, usually called nano-fluids, enhances ther-
mal efficiency and improves the heat transfer systems’ thermal conductivity. The adjourn-
ment of nanoparticles in a base liquid increases the base liquid’s thermal conductivity; such
phenomenaweredevelopedbyChoi [1]. Thermal conductivity for nano-fluid increaseswith
implicit temperature supposed by Das et al. [2]. The natural convection boundary layer
flow of a nano-liquid was reported by Kuznetsov and Nield [3]. Oztop and Abu-Nada [4]
studied the statistical approach of natural convection on nano liquids of partially heated
rectangular inclusions. Khan et al. [5] statistically investigated the nonlinear thermal radia-
tion effect on Burgers nano liquid containing oxytacticmicroorganisms. They reported that
the nanofluid temperature profile and concentration of nanoparticles are combined with
thermophoretic function and are contrary to the Brownianmovement. Abdelmalek et al. [6]
examined the bioconvection in the nanoparticle’s flow towards an enhanced stretched sur-
face. Zhang et al. [7] discussed the 3D nano-fluid movement over a revolving circular plate
that contains nanoparticles and oxytactic microorganisms. Lately, several works of com-
putational modeling of nano liquids have been interconnected with various applications
[8–20].

Nowadays, a comprehensive research about bioconvection in nanoliquids has been
reported. BiologyandBiotechnologyhave several applications inbioconvection. Themove-
ment of many microorganisms in a liquid – remarkably, free-swimming zooplankton – is
called bioconvection. It happens due to up swimming microbes, explained as oxytactic
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microorganisms like algae going to a higher part of the liquid layer, subsequently fabricat-
ing a large density layer that often becomes rickety. Bioconvection nano liquid highlights
thework that defines the impetuous creation and density layer formed by the parallel edge
of heavier self-propellingmicrobes andnanoparticles. Itmay contain gravitactic, gyrotactic,
or oxytactic organisms. The oxytactic microorganisms with nanofluid notably increase the
mass transport, microscale mixing, micro volumes, and nanofluid stability. First, Kuznetsov
[21, 22] invented the nano-fluid bioconvection. Kuznetsov [23] investigated the effects of
oxytactic microorganisms on nano liquids, grueling Buongiorno type [24]. A steady bound-
ary layer flow in a porous medium containing nanoliquid and oxytactic microorganisms is
reported by Aziz et al. [25]. Furthermore, a new attempt on the bio-convection flow can see
through research [26–28].

The models of heat transport, that is, convection, radiation, conduction, and thermal
radiation, play a significant role in heat transport—in manufacturing to design reliable
apparatuses, gas turbines, and several impulsion devices for cruise missiles, and satellite
launch vehicles. The influence of radiation on isotherm plots was carried out by Atlas et al.
[29]. Sheikholeslami et al. [30] studied nanofluid under thermo-gravitational convection in
a porous inclusion with magnetic fields. Kambhatla et al. [31] inspected the effect of the
variable properties on MHD flow of ethylene glycol as a base fluid with upper-convicted
Maxwell nanofluid and observed that the Joule heating effect strongly affects the heat
transfer across the channel. The thermal radiation effect on MHD nano liquid flow over a
rectangular squeezing channel was discovered by Raju et al. [32]. Some vital researchers
considering the impact of radiation on nanoliquid flow are mentioned here [33–37].

Heat transport development in industrial systems is most required to use the porous
medium. Because of surface area, they were used in several models as heat transport pro-
moters and insulators. Heat transport in liquid flow over porous media has an essential
role because of its significance in a wide range of applications, including cooling systems
in electronics gadgets geothermal engineering, food processing and storing, hot material
conveyors, underground chemical waste management, and heat exchangers [38, 39]. The
usage of nanofluid and porous media approaches plays an essential role in this area. The
suspension of nanoparticles strengthens real thermal conductivity; the porous medium
further enlarges the surface area b/w liquid and solid, and that appears in both nano liq-
uid and porous medium can pointedly progress the system’s thermal performance. Hanif
et al. [40] accomplished an experiment on time-dependent viscosity and heat transport
in hybrid nanofluid flow over a porous cone. This research detected that an increment
in velocity profile in flow regime – by growing the permeability results and thermal effi-
ciency of the system – upsurges in thermal radiation and magnetic field. Tlili et al. [41]
premeditated a radiative nano liquid movement over a moving thin needle in a porous
medium. Those people observe that an augmentation in the Darcy-Forcheimer parameter
intensified the velocity of nanoliquid, dust phase, skin friction, and Nusselt number. Heat
transport improvement in nano liquid with CDTE nanomaterials passed a permeable cone
that was obtainable by Hanif et al. [42]. They proved that thermal performance and a nano
liquid volume depend on the concentration, size, shape, and type of nanoparticles. Recent
investigations are made in Refs. [43–46].

Encouraged by the works mentioned above and their notable applications, the authors
studied the effect of free convection boundary layer along a convectively heated vertical
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cone. A nanoliquid saturates the porous media with oxytactic microorganisms. Accord-
ing to our information, no research has been done to examine the impact of oxytactic
microorganisms on radiative nanoliquid in a new mass flux condition. Governing nonlin-
ear partial differential equations are converted into ordinary differential equations using
suitable transformations, and then, significant equations are explained mathematically by
the shooting method. The effect of bioconvection on different profiles of velocity, temper-
ature, nanoparticle concentration andmicroorganisms’ density, in addition to local Nusselt
and microorganism numbers, is examined and obtained graphically.

2. Mathematical formulation

A 2D-flow over a vertical isothermal cone with half-angle ω fixed in a Darcian porous
mediumcontainsnanofluid andoxytacticmicroorganisms. The fluid followsan incompress-
ible steady-state flow. It displays the properties of thermophoresis and Brownian move-
ment. At the boundary, thermal convective and newly developed conditions are applied
that require zero nanomaterials. After the result of the convective heatingmethod, the sur-
face temperature is denoted by the coefficient of heat transfer hf and temperature Tf below
the surface. Constant surrounding fluid temperature T∞ gives free flow with Tf > T∞, con-
stant concentration C∞, and microorganisms concentration n∞, respectively. Besides, it
is supposed that temperature, nanoparticles volume fraction, and oxytactic microorgan-
ism’s density propose are (Tw , Cw , nw). Also, it is assumed that nanoparticle deferment is
stable (no growth in nanoparticles). The presence of nanoparticles is assumed to have no
effect on the direction in whichmicroorganisms swim and on their swimming velocity. The
nanoparticle concentration is less than one percent; this assumption is reasonable (i.e. the
nanoparticle suspension is dilute). The suspension of nanoparticles affects bioconvection
because amore significant number of nanoparticles will lead to high viscosity, which holds
back bioconvection.

A Cartesian coordinate is selected so that x1 axis is parallel to the flow on the surface
of the cone. In cone origin placed at the vertex, abscissa -parallel to the cone’s surface and
ordinate-normal to the cone surface, exposed in Figure 1. Moreover, Oberbeck–Boussinesq
estimation is authenticated and the concentration of nanoparticle is diluted. Appealing
these presumptions, the governing equations are [47]

∂(ru1)

∂x1
+ ∂(rv1)

∂y1
= 0, (1)

∂P

∂y1
= 0, (2)

μ

K
u1 = − ∂P

∂x1
+ (1 − C∞)g1βρf∞ cosω(T1 − T∞)

− (ρp − ρf∞)g1 cosω(C − C∞)− (ρm∞ − ρf∞)g1γ cosω(n − n∞), (3)

u1
∂T1
∂x1

+ v1
∂T1
∂y1

= α
∂2T1
∂y21

+ τ

(
D1
∂C

∂y1

∂T1
∂y1

+ D2

T∞

(
∂T1
∂y1

)2
)

− qr
(ρc)f

, (4)

ε−1
(
u1
∂C

∂x1
+ v1

∂C

∂y1

)
= D1

∂2C

∂y21
+ D2

T∞
∂2T1
∂y21

, (5)
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Figure 1. Graphical view and the coordinate system used for boundary layer arrangement.

u1
∂n

∂x1
+ v1

∂n

∂y1
+ b̄Ŵ

Cw − C∞
∂

∂y1

(
n
∂C

∂y1

)
= D3

∂2n

∂y21
, (6)

The above equations(u1,v1) are components of velocity along (x1, y1), μ – dynamic
fluid viscosity, α – thermal diffusivity coefficient, β – volumetric expansion coefficient,
ρf – density of the base fluid, ρp – density of nanoparticles, ρm∞ – microorganism den-
sity, γ – microorganisms average volume, Ŵ – cell swimming speed (maximum value),
K – Darcy porous medium permeability, ε – Porosity, D1,D2,D3 – diffusivity of Brownian,
thermophoresis, microorganisms coefficients, τ = ε(ρc)p/(ρc)f , g1 – acceleration due to
gravity, b̄ – Chemotaxis constant, and r – local radius of the cone.

Due to this, the dimensional boundary conditions are

v1 = 0, −kf
∂T1
∂y1

= hf (Tf − T1), D1
∂C

∂y1
+ D2

T∞
∂T1
∂y1

= 0, n = nw , at y1 = 0, (7)

u1 → 0, T1 → T∞, C → C∞, n → n∞, y1 → ∞. (8)

The radiative heat flux qr [(Daniel and Daniel [33], Daniel et al. [34])] is

qr = −4σ∗
3k∗

∂T4

∂y1
, (9)
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where σ ∗ – Stefan–Boltzmann constant and k∗ – mean absorption coefficient. Expand T4

by Taylor’s method about T∞ (higher derivatives are neglected); then

T4 ∼= 4T3∞T − 3T4∞. (10)

Using Equation (10) in Equation (9), we get

∂qr
∂y1

= −16T3∞σ∗
3k∗

∂2T

∂y21
. (11)

Using Equation (11) in Equation (4), we get

u1
∂T1
∂x1

+ v1
∂T1
∂y1

= α
∂2T1
∂y21

+ τ

(
D1
∂C

∂y1

∂T1
∂y1

+ D2

T∞

(
∂T1
∂y1

)2
)

+ 1
(ρc)f

16T3∞σ∗
3k∗

∂2T1
∂y21

. (12)

Most of the solutions are similar; it reduces one or more independent variables. Ames
[48] discussed the procedures for producing similarity forms for the equations of physical
affection. Similarity results are frequently asymptotic results to a problem and may have
efficacy in this part of restrictive results. Similarity solutions may be used to gain physical
insight into these details of complex fluid flows. Those results show the utmost of the fea-
tures and the impact of thermal and physical parameters on the original problem. Solving
Equations (1)–(3), (5), (6), and (12) subject to Equations (7)–(8), we get the following:

η = y1
x1
Ra1/2, � = αrRa1/2g(η), θ(η) = T1 − T∞

Tf − T∞
,

φ(η) = C − C∞
Cw − C∞

,(η) = n − n∞
nw − n∞

,

Ra = (1 − C∞)ρf∞Kgβ(Tf − T∞) cosω
μα

x1, (13)

Here,� – Free stream function (� satisfying equation (1) with u1 = 1
r
∂�
∂y1

, v1 = − 1
r
∂�
∂x1

). By
eliminating P from (2) & (3), and substituting (13) into Equations (2), (3), (5), (6), (12), (7) &
(8), we get the following:

g′′ − θ ′ + Nr φ′ + Rb′ = 0, (14)(
1 + 4

3
Rd

)
θ ′′ + 3

2
gθ ′ + Nbφ′θ ′ + Ntθ ′2 = 0, (15)

φ′′ + 3
2
Legφ′ + Nt

Nb
θ ′′ = 0, (16)

′′ + 3
2
Lbg′ − Pe(′φ′ + φ′′( + σ)) = 0. (17)

Subjected to dimensionless boundary constraints (7)–(8)

f (0) = 0, θ ′(0)− Bi (θ(0)− 1) = 0, Nbφ′(0)+ Nt θ ′(0) = 0, (0) = 1, (18)

f ′(η) → 0, θ(η) → 0, φ(η) → 0, (η) → 0, η → ∞. (19)
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The prime symbolizes differentiation w.r.to. η. Suppose that the thermal boundary layer
thickness is small; hence, r is estimated by local radius (r = x1 sinω). Also, in Equa-
tions (13)–(17), Ra – thermal Rayleigh number, Nr – Buoyancy ratio, Rb – bioconvec-
tive Rayleigh number, Nt – modified diffusivity ratio parameter, Rd – solar radiation
parameter,Nb – Brownian motion parameter, Le – traditional Lewis number (Sc&Pr ratio),
Lb – bioconvective Lewis number, Pe – bioconvective Péclet number, σ – bioconvective
constant, and Bi – local Biot number.

These are all defined as

Nr = (ρp − ρf∞)(Cw − C∞)
(1 − C∞)ρf∞β(Tf − T∞)

, Rb = (ρm∞ − ρf )γ (nw − n∞)
(1 − C∞)ρf∞β(Tf − T∞)

,

Nt = ε(ρc)pD2(Tf − T∞)
(ρc)fαT∞

, Rd = 4σ ∗ T3∞
k ∗ kf

,

Nb = ε(ρc)pD1(Cw − C∞)
(ρc)fα

, Le = α

εD1
, Lb = α

D3
,

Pe = b̄Ŵ

D3
, σ = n∞

(nw − n∞)
, Bi = hf x0.5

kf

[
υα

(1 − C∞)g1Kβ(Tf − T∞) cosω

]0.5
.

Theoutcomesof physical curiosity in various areas are local Sherwoodnumber (Sh), Nusselt
number (Nu), and motile microorganisms density number (Nn)written as s.

Nu = x1qw
k(Tf − T∞)

, Sh = x1qm
D1(Cw − C∞)

, Nn = x1qn
D3(nw − n∞)

, (20)

Here, qw , qm, and qn are wall heat, mass, and wall motile microorganisms’ fluxes, respec-
tively, defined as

qw = −k
∂T1
∂y1

∣∣∣∣
y1=0

, qm = −D1
∂C

∂y1

∣∣∣∣
y1=0

, qn = −D3
∂n

∂y1

∣∣∣∣
y1=0

. (21)

Using Equations (13), (20), and (21), we get:

Nu = −Ra0.5θ ′(0), Sh = −Ra0.5φ′(0), Nn = −Ra0.5′(0). (22)

The diminished local parameters are

Nur = Ra0.5Nu = −θ ′(0), Shr = Ra0.5Sh = −φ′(0), Nnr = Ra0.5Nn = −′(0). (23)

3. Numerical method

The shooting technique in MATLAB software resolutions the mathematical model in non-
linear ODEs (14)–(19). The first step applies the shooting technique that starts with the
transformingmathematical model (14)–(19) into a 1st order differential equation as shown
in the following equations:

g′(η) = p1, θ ′(η) = p2, φ′(η) = p3, ′(η) = p4, (24)

p′
1 = p2 − Nr p3 − Rb p4, (25)
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p′
2 = −

(
3

3 + 4Rd

)[
3
2
g p2 + Nb p3p2 + Nt p22

]
, (26)

p′
3 = −3

2
Le g p3 − Nt

Nb
p′
2, (27)

p′
4 = −3

2
Lb g p3 + Pe[p4 p3 + p′

3( + σ)], (28)

g(0) = 0, p2(0)+ Bi(1 − θ(0)) = 0, Nb p3(0)+ Nt p2(0) = 0, p(0) = 1,

p1(∞) → 0, θ(∞) → 0, φ(∞) → 0, (∞) → 0. (29)

Figure 2. Effect of buoyancy ratio on velocity.

Figure 3. Effect of bioconvection Rayleigh number on velocity.
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After, selecting an iterative aspect with the convergence criterion (difference of two
consecutive approximations), ≤10−5 assists the indecisive correct numerical solutions.

4. Results and discussion

The calculation is completed using approaches ascribed in the last sectionwith several gov-
erning parameters’ values to clarify the conduct of rescaled velocity, temperature, nanopar-
ticle volume fraction, and rescaled oxytacticmicroorganisms. The values areNr = 0.1, Rb =
0.1, σ = 0.2,Nt = 0.1,Nb = 0.1, Rd = 0.5, Le = 5, Lb = 2, Pe = 0.5, and Bi = 1.5. The range
of the parametric values is taken to be 0.0 ≤ Nr ≤ 4.0, 0.0 ≤ Rb ≤ 0.4, 0.1 ≤ Nt ≤ 2.4, 0.5 ≤
Bi ≤ 2.0, 0.0 ≤ Rd ≤ 2.0, 1.0 ≤ Le ≤ 15.0 and 1.0 ≤ Lb ≤ 5.0.

Figure 4. Effect of buoyancy ratio on temperature.

Figure 5. Effect of bioconvection Rayleigh number on temperature.
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Distinct values of buoyancy ratio Nr give the variation in dimensionless velocity as
shown in Figure 2. Nr equal to zero shows no buoyancy ratio. We noticed that an increase
in the buoyancy ratio decreases the velocity. Figure 3 shows the velocity profile under
the effect of Rb (bioconvective-Rayleigh number). The absence of bioconvection shows
that Rb is zero. One can notice that an enhancement in bioconvection Rayleigh number
decreases the boundary layer’s fluid velocity and thickness. The bioconvective Rayleigh
number augmentsbuoyancy forces reason todecay thevelocity of the fluid. Similar findings
are observed in Ref. [47].

Figure 4 shows the buoyancy ratio effect on a dimensionless temperature profile.
We observed that with an enhancement in buoyancy ratios, the dimensionless tempera-
ture is also enhanced. Figure 5 emphasizes that dimensionless temperature distribution

Figure 6. Effect of thermophoresis on temperature.

Figure 7. Effect of Biot number on temperature.
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upsurges with an increment of Rb. It confirms that Rb is related to bioconvection buoy-
ancy force, which increases the nano-particles temperature. Figure 6 elucidates the result
of thermophoresis Nt on temperature diffusion. From the graph, we found that rising ther-
mophoresis values augment the boundary layer thickness and temperature. Growth in
thermophoresis physically shows that the smallest nanoparticles move from hot to cold
surfaces. Because fluid temperature increases, a greater number of smaller nanoparticles
move away from the hot surface.

An increment of the Biot number gives more substantial convection outputs when the
cone surface has a higher temperature, whereas diffusion of the thermal effect in cold
fluid is noticed and a thicker thermal boundary layer is witnessed. Figure 7 displays a

Figure 8. Effect of radiation on temperature.

Figure 9. Effect of thermophoresis on nanoparticle volume fraction.
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dimensionless temperature distribution for Biot number variations. The cone surface tem-
perature increases with the Biot number and its approaches to infinity; it reduces the
constant heat transfer on the cone surface. Figure 8 gives the effect of radiation param-
eter Rd on dimensionless temperature distribution. Rd causes temperature profile increase.
The fluid particles’ kinetic energy improves withmore prominent radiation parameters and
kinematics energy increases in the fluid temperature.

Figures 9 and 10 describe the characteristics of the thermophoresis Nt and Brownian
motionNbon thenanofluid concentration field. Thegraphobserved that the concentration
distribution decreases for augmentation in Nb. In contrast, Nt follows the opposite trend.
Due to theBrownian effect, an enhancement inNb increases the rate atwhichnanoparticles
moveswithdifferent velocities indifferent randommovements. An increment in the liquid’s

Figure 10. Effect of Brownian movement on nanoparticle volume fraction.

Figure 11. Effect of Lewis number on nanoparticle volume fraction.
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Figure 12. Effect of bioconvection Rayleigh number on density motile microorganisms.

Figure 13. Effect of bioconvection Lewis number on dimensionless density motile microorganisms.

random movement leads to a reduction in convection profile and related concentration
boundary layer thickness.

Figure 11 visualizes the influence of Lewis number Le in concentration distribution. It
seems that an enhancement in Lewis number decreases the concentration distribution
and related concentration boundary layer thickness. Brownian diffusion coefficient follows
the reverse trend. Hence, the higher values of Lewis number agree on small diffusion and
the concentration profile decreases. Figure 12 shows exploring the variations in oxytac-
tic density profile for several values of bioconvection Rayleigh number Rb. We noticed
that augmentation in the oxytactic density profile increases the values of bioconvection
Rayleigh number. An increment in the bioconvective Lewis number Lbdecreases themotile
microorganism’s density as shown in Figure 13.
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Figure 14. (a) Effect of Nt and Nb on reduced Nusselt number when Rb = 0. (b) Effect of Nt and Nb on
reduced Nusselt number, when Rb = 0.4.

Figures 14 and 15 illustrate the impact of theNbon reducedNusselt and Sherwoodnum-
bers for various thermophoresis parameters Nt with the absence and presence of biocon-
vection. Rb = 0 and Rb = 0.4 reveal that the rise in thermophoresis parameter diminishes
the decreased Nusselt and Sherwood numbers. Alternatively, the Brownian movement’s
growth declines the decreased Nusselt number; however, it raises the diminished Sher-
wood number. In step with Equation (15), a rise in Nb or Nt enhances the temperature
and decreases the reduced Nusselt number. Furthermore, an upsurge in the bioconvective
parameter diminishes the decreasedNusselt number, but enhances the Sherwoodnumber.
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Figure 15. (a) Effect of Nt and Nb on reduced Sherwood number when Rb = 0. (b) Effect of Nt and Nb
on reduced Sherwood number, when Rb = 0.4.

Figure 16 depicts variations in the density number of oxytactic microorganisms for dis-
tinct Péclet numbers dealt with Rb = 0 (absent) and Rb = 0.4 (presence). A growth in
bioconvection Lewis quantity tends to enhance the decreased density number of oxytac-
tic microorganisms. The Péclet number declines the reduced density quantity of oxytactic
microorganisms. Further, the bioconvective Rayleigh number diminishes the oxytactic
microorganism’s reduced density number.
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Figure 16. (a) Effect of Pe and Lb on the local density of motile microorganisms number, when Rb = 0.
(b) Effect of Pe and Lb on the local density of motile microorganisms number, when Rb = 0.4.

5. Conclusions

In the presence of thermal radiation and zero mass flux condition, the usual convective
boundary layer flow over a previous vertical cone fixed in a porous medium filled with
Newtonian nanofluid containing oxytactic microorganisms is inspected mathematically.
The impacts of Brownian movement and thermophoresis include the model for nanofluid.
The transformed equations are solved by using the 4th order R-Kmethodwith the shooting
technique. Relevant outcomes are obtained realistically and deliberated numerically, corre-
sponding to variance in the leading parameters. The following conclusions came from our
research:
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• The rescaled density of oxytactic microorganisms increases with the bioconvective
Lewis factor.

• Reduced Nusselt number diminishes with an enhancement in Brownian movement,
thermophoresis, and bioconvection Rayleigh number.

• Reduced Sherwood number enhances with an increment in Brownian movement
and bioconvection. The Rayleigh number reduces as the thermophoresis parameter
enhances.

• Temperature elevates for the bioconvection Rayleigh number, radiation, ther-
mophoresis, Brownian movement parameters, and Biot number.

• The nanoparticle concentration diminishes for the Brownian movement and Lewis
number, while it elevates for the thermophoresis parameter.

• The microorganism concentration lessens the bioconvection Lewis number and ele-
vates the bioconvection Rayleigh factor.

The present research considered Newtonian nanofluids. Future works can be extended
for non-Newtonian bioconvection nanofluid flow considering chemically reactive species.
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Appendix

To calculate the Equation (14), we need

u1 = α

x1
Ra g′, (30)

∂u1
∂y1

= α

x21
Ra3/2g′′, (31)

v1 = − α

x1
Ra1/2

3
2
g, (32)
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T1 − T∞ = θ(Tf − T∞), (33)

C − C∞ = φ(Cw − C∞), (34)

n − n∞ = (nw − n∞). (35)

Now putting the above expressions in Equation (3), we get

μ

K

α

x1
Ra g′ = − ∂P

∂x1
+ (1 − C∞)g1βff∞ cosωθ(Tf − T∞)

− (ρp − ρf∞)g1 cosωφ(Cw − C∞)− (ρm∞ − ρf∞)g1γ cosω(nw − n∞). (36)

Now differentiate Equation (36) partially with respect to y1, and we have

μ

K

α

x1
Ra g′′ 1

x1
Ra1/2 = − ∂2P

∂x1∂y1
+ (1 − C∞)g1βff∞ cosω θ ′ 1

x1
Ra1/2(Tf − T∞)

− (ρp − ρf∞)g1 cosω φ′ 1
x1

Ra1/2(Cw − C∞)

− (ρm∞ − ρf∞)g1γ cosω′ 1
x1

Ra1/2(nw − n∞). (37)

We know that for Equation (2), ∂P
∂y1

= 0 and multiplying it with x1Ra−1/2, we have

μ

K

α

x1
Ra g′′ = (1 − C∞)g1βff∞ cosω θ ′(Tf − T∞)

− (ρp − ρf∞)g1 cosω φ′(Cw − C∞)− (ρm∞ − ρf∞)g1γ cosω′(nw − n∞). (38)

Substituting the Ra value from Equation (13) in Equation (38), we have

μ

K

α

x1

(1 − C∞)ρf∞Kgβ(Tf − T∞) cosω
μα

x1 g
′′

= (1 − C∞)g1βff∞ cosω θ ′(Tf − T∞)

− (ρp − ρf∞)g1 cosω φ′(Cw − C∞)− (ρm∞ − ρf∞)g1γ cosω′(nw − n∞). (39)

Simplifying this, we have

g′′ = θ ′ − (ρp − ρf∞)(Cw − C∞)
(1 − C∞)ρf∞β(Tf − T∞)

φ′ − (ρm∞ − ρf )γ (nw − n∞)
(1 − C∞)ρf∞β(Tf − T∞)

′. (40)

Again on simplifying,

g′′ − θ ′ + Nr φ′ + Rb′ = 0, (41)

where Nr = (ρp−ρf∞)(Cw−C∞)
(1−C∞)ρf∞β(Tf−T∞) , Rb = (ρm∞−ρf )γ (nw−n∞)

(1−C∞)ρf∞β(Tf−T∞) .
Now to calculate Equation (15), we need

T1 = θ(Tf − T∞)+ T∞,
∂T1
∂x1

= 0,

∂T1
∂y1

= (Tf − T∞)θ ′ 1
x1

Ra1/2,
∂2T1
∂y21

= (Tf − T∞)θ ′′ 1
x21

Ra, (42)

C = φ(Cw − C∞)+ C∞,
∂C

∂x1
= 0,

∂C

∂y1
= (Cw − C∞)φ′ 1

x1
Ra1/2,

∂2C

∂y21
= (Cw − C∞)φ′′ 1

x21
Ra, (43)

τ =∈ (ρc)p
(ρc)f

. (44)
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Now putting the above expression in Equation (12), we get

− α

x21
Ra

3
2
g θ ′(Tf − T∞) = αθ ′′

(
1 + 16T3∞σ ∗

3kf k∗

)
(Tf − T∞)

1

x21
Ra

+ ∈ (ρc)p
(ρc)f

⎡
⎢⎢⎣
D1(Cw − C∞)φ′ 1

x1
Ra1/2 × (Tf − T∞)θ ′ 1

x1
Ra1/2

+ D2

T∞
(Tf − T∞)2θ ′2 1

x21
Ra

⎤
⎥⎥⎦ . (45)

Multiply with
x21

αRa(Tf−T∞)

− 3
2
g θ ′ = θ ′′

(
1 + 16T3∞σ ∗

3kf k∗

)
+ ∈ (ρc)pD1(Cw − C∞)

(ρc)fα
φ′θ ′ + ∈ (ρc)pD2(Tf − T∞)

(ρc)fαT∞
θ ′2. (46)

Simplifying it, we get (
1 + 4

3
Rd

)
θ ′′ + 3

2
gθ ′ + Nbφ′θ ′ + Ntθ ′2 = 0, (47)

whereRd = 4σ∗T3∞
k∗kf , Nt = ε(ρc)pD2(Tf−T∞)

(ρc)fαT∞ ,Nb = ε(ρc)pD1(Cw−C∞)
(ρc)fα

. Now,by calculatingEquation (16),we
have

ε−1
(
u1
∂C

∂x1
+ v1

∂C

∂y1

)
= D1

∂2C

∂y21
+ D2

T∞
∂2T1
∂y21

, (48)

Substitute the above expressions in Equation (48), and we get

− α

x21
Ra

3
2
gφ′(Cw − C∞) =∈ D1(Cw − C∞)φ′′ 1

x21
Ra + ∈ D2

T∞
(Tf − T∞)θ ′′ 1

x21
Ra. (49)

Multiply with
x21

Ra(Cw−C∞)

− α
3
2
gφ′ =∈ D1φ

′′ + ∈ D2(Tf − T∞)
T∞(Cw − C∞)

θ ′′. (50)

Multiply with 1
∈D1

− α

∈ D1

3
2
gφ′ = φ′′ + D2(Tf − T∞)

T∞D1(Cw − C∞)
θ ′′. (51)

Simplifying this, we get

φ′′ + 3
2
Legφ′ + Nt

Nb
θ ′′ = 0, (52)

where Le = α
εD1

.
Finally, to calculate Equation (17), we need

n = (nw − n∞)+ n∞,
∂n

∂x1
= 0,

∂n

∂y1
= (nw − n∞)′ 1

x1
Ra1/2,

∂2n

∂y21
= (nw − n∞)′′ 1

x21
Ra. (53)

Now from Equation (6), we have

u1
∂n

∂x1
+ v1

∂n

∂y1
+ b̄Ŵ

Cw − C∞
∂

∂y1

(
n
∂C

∂y1

)
= D3

∂2n

∂y21
. (54)

Simplifying the third term, we have

u1
∂n

∂x1
+ v1

∂n

∂y1
+ b̄Ŵ

Cw − C∞

[
∂n

∂y1

∂C

∂y1
+ n

∂2C

∂y21

]
= D3

∂2n

∂y21
. (55)

From the above expressions, we have

− α

x21
Ra

3
2
g′(nw − n∞)+ b̄Ŵ

Cw − C∞

⎡
⎢⎢⎣
(nw − n∞)′ 1

x1
Ra1/2 × (Cw − C∞)φ′ 1

x1
Ra1/2

+{(nw − n∞)+ n∞} ×
(
(Cw − C∞)φ′′ 1

x21
Ra

)
⎤
⎥⎥⎦
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= D3(nw − n∞)′′ 1
x21

Ra. (56)

Multiply with
x21

Ra(nw−n∞)

− α
3
2
g′ + b̄Ŵ

[
′φ′ + φ′′

(
 + n∞

nw − n∞

)]
= D3

′′. (57)

Multiply with 1
D3

− α

D3

3
2
g′ + b̄Ŵ

D3

[
′φ′ + φ′′

(
 + n∞

nw − n∞

)]
= ′′. (58)

Simplifying this, we get

′′ + 3
2
Lbg′ − Pe(′φ′ + φ′′( + σ)) = 0. (59)

where Le = α
D3
, Pe = b̄Ŵ

D3
, σ = n∞

nw−n∞ .
Boundary conditions

v1 = 0, −kf
∂T1
∂y1

= hf (Tf − T1), D1
∂C

∂y1
+ D2

T∞
∂T1
∂y1

= 0, n = nw , at y1 = 0, (60)

Substituting the above expressions, we have

− α

x1
Ra1/2

3
2
g = 0,

− kf

(
(Tf − T∞)θ ′ 1

x1
Ra1/2

)
= hf (Tf − ((Tf − T∞)θ + T∞)),

D1(Cw − C∞)φ′ 1
x1

Ra1/2 + D2

T∞
(Tf − T∞)θ ′ 1

x1
Ra1/2 = 0,

(nw − n∞)+ n∞ = nw , at η = 0, (61)

Simplifying this, we have

g = 0, −θ ′ = hf
kf
x1Ra

−1/2(1 − θ),

φ′ + D2

T∞D1

(Tf − T∞)
(Cw − C∞)

θ ′ = 0, (nw − n∞) = nw − n∞, at η = 0, (62)

Substitute the Ra value in Equation (62) and on simplifying, we have

f (0) = 0, θ ′(0)− Bi (θ(0)− 1) = 0, Nbφ′(0)+ Nt θ ′(0) = 0, (0) = 1, (63)

where

Bi = hf x0.5

kf

[
υα

(1 − C∞)g1Kβ(Tf − T∞) cosω

]0.5
.

Similarly,

f ′(η) → 0, θ(η) → 0, φ(η) → 0, (η) → 0, η → ∞. (64)
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