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The bioconvective stagnation point flow involving carbon nanotubes along a
lengthening sheet subject to induced magnetic field and multiple stratification
effects has been considered for investigation. Relevant similarity formulas are
effectuated in converting the modelled equations into a first-order system of
ODEs and are further treated in MATLAB using ODE45 and Newton Raphson
method. Illustrations on the consequence of effectual parameters on the phys-
ical quantities and the flow profiles are achieved with the aid of graphs. It is
observed that the nanofluid temperature profile ascends with augmenting vol-
ume fraction and Eckert number. The numerical veracity of the present study
is displayed through a restrictive study with prior published works and a com-
mendable agreement is noted. Nusselt number is found to elevate with volume
fraction and lower with thermal stratification parameter. Moreover, the findings
of the present numerical exploration have applications in biomedical imaging,
hyperthermia, targeted drug delivery, and cancer therapy.
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1 INTRODUCTION

Mass and heat transfer parades a decisive role in many aspects of engineering and medical field. The penultimate aim
of scientists has been finding ways to enhance these transfer capabilities. The introduction of nanofluid (combination of
fluid with nanoparticles) in place of conventional fluids by Choi [1] marked a breakthrough in the field of fluid dynamics.
Buongiorno [2] promoted a two-phase nanofluid model including the seven slip mechanisms among which only Brow-
nian motion and thermophoresis contributed in enhancing the heat transfer of nanomaterial. However, the Buongiorno
model excludes the augmentation in the effective thermophysical properties of nanomaterial. Later, Tiwari and Das [3]
developed a simpler nanofluid model considering the effective thermophysical properties of a nanofluid. Kumar et al.
[4] utilized the Tiwari-Das nanofluid model to investigate the influence of vibrational rotations and multiple slip con-
ditions on the hydromagnetic nanomaterial flow over an elongating surface. They observed a rise in the Nusselt num-
ber for augmenting nanoparticle volume fraction. An analytical approach to study the significance of the Hall current
and Soret effect on the nanoliquid flow through an inclined channel utilizing the Tiwari-Das model was carried out
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by Sabu et al. [5]. A few recent studies on the nanomaterial flow through heterogeneous configurations can be seen
in [6–10].
CNT (carbon nanotube) is a graphene sheet rolled up into a tube having a nanoscale diameter. CNTs are categorised

into SWCNT (single-wall carbon nanotubes) and MWCNT (multi-wall carbon nanotubes) based on the number of used
graphene sheets. CNT finds its use in structural reinforcement, automotive parts, device modelling, energy storage, elec-
tromagnetic shields, etc. CNTs are also proved to be useful in the medical field. CNTs are administered in drug delivery,
cancer diagnosis and treatment, thermal ablation, delivery of genetic material, etc. The significance of nonlinear thermal
radiation and quartic chemical reactions on CNT-water nanomaterial flow over a lengthening surface has been explored
by Kumar et al. [11]. A higher Nusselt number is noted for SWCNTs than MWCNTs. In addition, the heat transfer growth
subject to different CNTs and induced magnetic field (IMF) has been examined by Raza et al. [12]. Nadeem et al. [13] con-
ducted a numerical study to reveal that water-based SWCNT-MWCNT hybrid nanoliquid has a better heat transfer rate
when balanced against SWCNT-water nanoliquid. Sreedevi and Reddy [14] performed a comparative study on the effect
of water-based SWCNTs andMWCNTsMaxwell nanoliquid flow between two stretchable rotating disks. Some important
analyses concerning CNTs are given in [15–17]. In this work, SWCNTs are preferred overMWCNTs due to the amelioration
it provides in the medical field and also due to their lower toxicity level.
Nanofluid involving microorganisms is an advancing field that has intrigued researchers due to its relevance in antibi-

otics, biofuel, toxin removal, targeted drug delivery and food digestion. Bioconvection refers to the upward and down-
ward movement of microorganisms caused by the unstable density stratification of microorganisms at the upper surface.
Changes in heat, mass and motile density profiles or the presence of different fluids trigger a formation of layers known
as stratification. Alsaedi et al. [18] elucidated the stratification effects of MHD mixed convective nanofluid flow past an
elongated surface using HAM and observed a decrease in temperature with augmenting thermal stratification parame-
ter. Muhammad et al. [19] scrutinized the influence of slip on the bioconvective Carreau nanoliquid flow and observed a
decrease in the density of the motile microorganism with augmenting bioconvection Lewis number. A numerical explo-
ration on the impact of swimming gyrotactic microorganisms for hydromagnetic nanofluid through a stretched porous
sheet using the Darcy-Forchheimer model was carried out by Shahid et al. [20]. Various articles exploring bioconvective
flows, microorganisms, and stratification effects are discussed in [21–24].
The magnetic field represents an important characteristic of hydromagnetic problems. Howbeit, studies incorporating

IMF (the additional magnetic field that gets induced on electrically conducting fluid when encountered with an external
magnetic field caused due to the impact of a largermagnetic Reynolds number) effects are limited in number. The induced
magnetic field (IMF) has applications in MRI, glass manufacturing, geophysics, and MHD generators, etc. Kumari et al.
[25] explored the fluid flow and heat transfer over an elongating sheet heeding IMF. Later, the MHD flow over a length-
ening sheet subject to an IMF was reinvestigated by Ali et al. [26]. Investigations on entropy generation and IMF effects
on 𝐶𝑢 and 𝑇𝑖𝑂2 nanofluid using Keller box method are carried out by Iqbal et al. [27] and observed an improved thermal
conductivity for water-based 𝑇𝑖𝑂2 nanofluid when compared with water based 𝐶𝑢 nanofluid.
The stagnation point corresponds to the point where the fluid’s local velocity is zero. Kumar et al. [28] explored the

stagnation flow of the Casson nanomaterial through Darcy-Forchheimer medium. They noted a drop in the velocity pro-
file of Sakiadis flow with the Casson parameter. Mahanthesh et al. [29] statistically surveyed the impact of thermal Biot
number and exponential heat source parameter on the heat transfer rate. Kumar et al. [30] employed OHAM to exam-
ine the transport of nanomaterial filled in Darcy-Forchheimer medium space. Waini et al. [31] investigated the unsteady
stagnation flow of a hybrid nanomaterial on a porous rigid surface and observed an increase in the heat transfer rate with
augmenting mass flux parameter.
Ali et al. [32] developed the study ofMahapatra andGupta [33] to analyse the hydromagnetic stagnation point fluid flow

over a lengthening sheet subject to an IMF. Later, Junoh et al. [34] broadened the work of Ali et al. [32] to study the hybrid
nanoliquid flow characteristics. Gireesha et al. [35] utilized the Runge-Kutta-Fehlberg technique to numerically explore
the significance of IMF in boundary layer stagnation point flow. Further, Ijaz et al. [36] elucidated the impact of CNTs
on stagnation flow involving quartic chemical reaction and IMF. Iqbal et al. [37] conducted a numerical investigation
to exploit the response of IMF on transfer quantities using MWCNT and SWCNT and noted a constructive effect for
nanoparticle volume fraction on the IMF profile.
However, bioconvective stagnation point flow of CNT over a lengthening sheet considering IMF, microorganisms and

stratification effects has not been a topic of study to date. This paper makes an effort in filling this gap. Additionally,
chemical reaction and viscous dissipation effects are also heeded.
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F IGURE 1 Figurative representation

2 MATHEMATICAL FRAME

Two-dimensional steady bioconvective stagnation point flowover a linearly elongating sheet (Figure 1) is considered under
the ensuing assumptions:

(i) The expanding sheet is positioned along 𝑥 axis and water-based SWCNT nanofluid containingmicroorganisms occu-
pies the region 𝑦 > 0.

(ii) 𝑈𝑊(𝑥) = 𝑐𝑥 and 𝑈𝑒(𝑥) = 𝑎𝑥 corresponds to the velocity of the lengthening sheet and the free stream, respectively.
(iii) Induced magnetic field vector, 𝐻 = (𝐻1,𝐻2) is considered with 𝐻1 & 𝐻2 being the magnetic integrants along 𝑥 and

𝑦 direction, respectively.
(iv) Chemical reaction and viscous dissipation effects are incorporated.
(v) Motile density, thermal, and solutal stratification effects are also considered.
(vi) The problem is modelled using the Tiwari-Das nanofluid model [3].

Following the aforementioned assumptions, the governing equations are written as (see [18, 37]):

𝜕𝑢

𝜕𝑥
+
𝜕𝑣

𝜕𝑦
= 0 (1)

𝜕𝐻1
𝜕𝑥

+
𝜕𝐻2
𝜕𝑦

= 0 (2)

𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
−

𝜇𝑒
4𝜋𝜌𝑛𝑓

(
𝐻1
𝜕𝐻1
𝜕𝑥

+ 𝐻2
𝜕𝐻1
𝜕𝑦

)
= 𝑈𝑒

𝑑𝑈𝑒
𝑑𝑥

−
𝜇𝑒𝐻𝑒
4𝜋𝜌𝑛𝑓

𝑑𝐻𝑒
𝑑𝑥

+

(
𝜇𝑛𝑓

𝜌𝑛𝑓

)
𝜕2𝑢

𝜕𝑦2
(3)

𝑢
𝜕𝐻1
𝜕𝑥

+ 𝑣
𝜕𝐻1
𝜕𝑦

− 𝐻1
𝜕𝑢

𝜕𝑥
− 𝐻2

𝜕𝑢

𝜕𝑦
= 𝛼𝑚

𝜕2𝐻1
𝜕𝑦2

(4)

𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
= 𝛼𝑛𝑓

𝜕2𝑇

𝜕𝑦2
+

𝜇𝑛𝑓(
𝜌𝐶𝑝

)
𝑛𝑓

(
𝜕𝑢

𝜕𝑦

)2
(5)

𝑢
𝜕𝐶

𝜕𝑥
+ 𝑣

𝜕𝐶

𝜕𝑦
= 𝐷𝐵

𝜕2𝐶

𝜕𝑦2
− 𝑘𝑟(𝐶 − 𝐶∞) (6)

𝑢
𝜕𝑁

𝜕𝑥
+ 𝑣

𝜕𝑁

𝜕𝑦
+

𝑏𝑊𝑐

𝐶𝑊 − 𝐶0

(
𝜕

𝜕𝑦

(
𝑁
𝜕𝐶

𝜕𝑦

))
= 𝐷𝑚

𝜕2𝑁

𝜕𝑦2
(7)
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with

𝑢 = 𝑈𝑊(𝑥) = 𝑐𝑥, 𝑣 = 0,
𝜕𝐻1
𝜕𝑦

= 𝐻2 = 0, 𝑇 = 𝑇𝑊 = 𝑇0 + 𝛿1𝑥, 𝐶 = 𝐶𝑊 = 𝐶0 + 𝜖1𝑥,𝑁 = 𝑁𝑊 = 𝑁0 + 𝜉1𝑥 at 𝑦 = 0

𝑢 → 𝑈𝑒(𝑥) = 𝑎𝑥,𝐻1 → 𝐻𝑒(𝑥) = 𝐻0𝑥, 𝑇 → 𝑇∞ = 𝑇0 + 𝛿2𝑥, 𝐶 → 𝐶∞ = 𝐶0 + 𝜖2𝑥,𝑁 → 𝑁∞ = 𝑁0 + 𝜉2𝑥 as 𝑦 → ∞

where 𝛼𝑚 =
1

4𝜋𝜇𝑒𝜎𝑛𝑓
represents the magnetic diffusivity.

Introducing the following similarity transformations [18, 32, 37]:

𝑢 = 𝑐𝑥𝑓 ′(𝜁), 𝑣 = −
√
𝑐𝜗𝑓𝑓(𝜁),𝐻1 = 𝐻0𝑥𝑔

′(𝜁), 𝜁 = 𝑦

√
𝑐

𝜗𝑓
,𝐻2 = −𝐻0

√
𝜗𝑓

𝑐
𝑔(𝜁),

𝜃(𝜁) =
𝑇 − 𝑇∞
𝑇𝑊 − 𝑇0

, 𝜓(𝜁) =
𝐶 − 𝐶∞
𝐶𝑊 − 𝐶0

, 𝜒(𝜁) =
𝑁 − 𝑁∞
𝑁𝑊 −𝑁0

into (1) − (7), we get:

𝑓 ′′′ − 𝐴1 𝐴2

{ (
𝑓 ′

)2
− 𝑓 𝑓 ′′ −

𝛽

𝐴2

{ (
𝑔 ′

)2
− 𝑔 𝑔 ′′ − 1

}
− 𝐴2

}
= 0 (8)

𝑔 ′′′ −
𝐴5
𝜆

{
𝑔 𝑓 ′′ − 𝑓 𝑔 ′′

}
= 0 (9)

𝜃 ′′ +
𝐴3 𝑃𝑟

𝐴4
𝑓 𝜃 ′ +

𝐸𝑐 𝑃𝑟

𝐴1 𝐴4

(
𝑓 ′′

)2
= 0 (10)

𝜓 ′′ + 𝐿𝑒 𝑓 𝜓 ′ − 𝐾𝑟 𝐿𝑒 𝜓 = 0 (11)

𝜒 ′′ + 𝐿𝑏 𝑓 𝜒 ′ − 𝑃𝑒
{
( 𝜒 + Ω ) 𝜓 ′′ + 𝜒 ′ 𝜓 ′

}
= 0 (12)

subject to the boundary conditions

𝑓(𝜁) = 0, 𝑓 ′(𝜁) = 1, 𝑔(𝜁) = 0, 𝑔 ′′(𝜁) = 0, 𝜃(𝜁) = 1 − 𝑠1, 𝜓(𝜁) = 1 − 𝑠2, 𝜒(𝜁) = 1 − 𝑠3 when 𝜉 = 0

𝑓′(𝜁) → 𝐴, 𝑔 ′(𝜁) → 1, 𝜃(𝜁) → 0, 𝜓(𝜁) → 0, 𝜒(𝜁) → 0 as 𝜉 → ∞

where the dimensionless parameters are:

𝐴 =
𝑎

𝑐
, 𝛽 =

𝜇𝑒
4𝜋𝜌𝑓

(
𝐻0
𝑐

)2
, 𝜆 =

1

4𝜋𝜇𝑒𝜎𝑓𝜗𝑓
, 𝑃𝑟 =

(𝜇𝐶𝑝)𝑓

𝜅𝑓
=
𝜗𝑓

𝛼𝑓
, 𝐾𝑟 =

𝑘𝑟
𝑐
, 𝐸𝑐 =

(𝑐𝑥)
2

(𝐶𝑝)𝑓(𝑇𝑊 − 𝑇0)
,

𝐿𝑒 =
𝜗𝑓

𝐷𝐵
, 𝐿𝑏 =

𝜗𝑓

𝐷𝑚
, 𝑃𝑒 =

𝑏𝑊𝑐

𝐷𝑚
, Ω =

𝑁∞
𝑁𝑊 −𝑁0

, 𝑠1 =
𝛿2
𝛿1
, 𝑠2 =

𝜖2
𝜖1
, 𝑠3 =

𝜉2
𝜉1
.

The nanofluid models incorporated are [14, 37]:

Effective Dynamic Viscosity∶
𝜇𝑛𝑓

𝜇𝑓
=

1

(1 − 𝜙)
2.5
=
1

𝐴1

Effective Density∶
𝜌𝑛𝑓

𝜌𝑓
= (1 − 𝜙) + 𝜙

(
𝜌𝑆𝑊𝐶𝑁𝑇
𝜌𝑓

)
= 𝐴2

Effective Specific Heat∶

(
𝜌𝐶𝑝

)
𝑛𝑓

(𝜌𝐶𝑝)𝑓
= (1 − 𝜙) + 𝜙

(
(𝜌𝐶𝑝)𝑆𝑊𝐶𝑁𝑇
(𝜌𝐶𝑝)𝑓

)
= 𝐴3
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Effective Thermal Conductivity∶
𝜅𝑛𝑓

𝜅𝑓
=

(1 − 𝜙) + 2𝜙
𝜅𝑆𝑊𝐶𝑁𝑇

𝜅𝑆𝑊𝐶𝑁𝑇−𝜅𝑓
𝑙𝑛

(
𝜅𝑆𝑊𝐶𝑁𝑇+𝜅𝑓

2𝜅𝑓

)
(1 − 𝜙) + 2𝜙

𝜅𝑓

𝜅𝑆𝑊𝐶𝑁𝑇−𝜅𝑓
𝑙𝑛

(
𝜅𝑆𝑊𝐶𝑁𝑇+𝜅𝑓

2𝜅𝑓

) = 𝐴4

Effective Electrical Conductivity∶
𝜎𝑛𝑓

𝜎𝑓
= 1 +

3

(
𝜎𝑆𝑊𝐶𝑁𝑇

𝜎𝑓
− 1

)
𝜙(

𝜎𝑆𝑊𝐶𝑁𝑇

𝜎𝑓
+ 2

)
−

(
𝜎𝑆𝑊𝐶𝑁𝑇

𝜎𝑓
− 1

)
𝜙

= 𝐴5

Physical quantities in the non-dimensional form are given by [14, 18, 37]:

Local drag coefficient∶ 𝐶𝑓𝑥 =
𝜏𝜔

𝜌𝑓 (𝑈𝑊)
2
=

𝜇𝑛𝑓
𝜕𝑢

𝜕𝑦
|
𝑦=0

𝜌𝑓 (𝑈𝑊)
2
⇒ 𝐶𝑓𝑥 𝑅𝑒

1∕2
𝑥 =

𝑓 ′′(0)

𝐴1

Local Nusselt number∶ 𝑁𝑢𝑥 =
𝑥 𝑞𝜔

𝜅𝑓 (𝑇𝑊 − 𝑇0)
=

−𝑥 𝜅𝑛𝑓
𝜕𝑇

𝜕𝑦
|
𝑦=0

𝜅𝑓 (𝑇𝑊 − 𝑇0)
⇒ 𝑁𝑢𝑥 𝑅𝑒

− 1∕2
𝑥 = −𝐴4 𝜃

′(0)

Local Sherwood number∶ 𝑆ℎ𝑥 =
𝑥 𝑞𝑚

𝐷𝐵 (𝐶𝑊 − 𝐶0)
=

−𝑥 𝐷𝐵
𝜕𝐶

𝜕𝑦
|
𝑦=0

𝐷𝐵 (𝐶𝑊 − 𝐶0)
⇒ 𝑆ℎ𝑥 𝑅𝑒

− 1∕2
𝑥 = − 𝜓 ′(0)

Local microorganism density number∶ 𝑁𝑛𝑥 =
𝑥 𝑞𝑛

𝐷𝑚 (𝑁𝑊 − 𝑁0)
=

−𝑥 𝐷𝑚
𝜕𝑁

𝜕𝑦
|
𝑦=0

𝐷𝑚 (𝑁𝑊 − 𝑁0)
⇒ 𝑁𝑛𝑥 𝑅𝑒

− 1∕2
𝑥 = − 𝜒 ′(0)

where 𝑅𝑒𝑥 =
𝑈𝑊 𝑥

𝜗𝑓
is the local Reynold’s number.

3 NUMERICAL SCHEME AND VALIDATION

Equations (8)– (12) together with the boundary conditions are numerically resolved in MATLAB employing ODE45 (for
solving) and Newton Raphson method (for shooting). This is accomplished by initially assuming:

Γ1 = 𝑓, Γ2 = 𝑓
′, Γ3 = 𝑓

′′, Γ3
′

= 𝑓 ′′′, Γ4 = 𝑔, Γ5 = 𝑔
′, Γ6 = 𝑔

′′ , Γ6
′

= 𝑔 ′′′,

Γ7 = 𝜃 , Γ8 = 𝜃
′, Γ8

′

= 𝜃 ′′ , Γ9 = 𝜓, Γ10 = 𝜓
′, Γ10

′

= 𝜓 ′′, Γ11 = 𝜒 , Γ12 = 𝜒
′, Γ12

′

= 𝜒 ′′

The reduced system of the first-order ODE is given by:

Γ′1 = Γ2

Γ′2 = Γ3

Γ′3 = 𝐴1 𝐴2 { (Γ2)
2
− Γ1 Γ3 −

𝛽

𝐴2
{(Γ5)

2
− Γ4 Γ6 − 1} − 𝐴

2 }

Γ′4 = Γ5

Γ′5 = Γ6

Γ′6 =
𝐴5
𝜆
{ Γ4 Γ3 − Γ1 Γ6 }

Γ′7 = Γ8
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TABLE 1 Comparison of drag coefficient (𝐶𝑓𝑥𝑅𝑒
1∕2
𝑥 ) for different 𝐴 values between the present study and the works of Iqbal et al. [37]

and Hayat et al. [38, 39] when 𝜙 = 𝛽 = 0

𝑪𝒇𝒙𝑹𝒆
𝟏∕𝟐
𝒙

A Iqbal et al. [37] Hayat et al. [38] Hayat et al. [39] Present study
0.1 ‒0.969386 ‒0.96939 ‒0.96937 ‒0.9693860
0.2 ‒0.918107 ‒0.91811 ‒0.91813 ‒0.9181071
0.5 ‒0.667263 ‒0.66726 ‒0.66723 ‒0.6672637
0.7 ‒0.433475 ‒0.43346 ‒0.43345 ‒0.4334755
0.8 ‒0.299388 ‒0.29929 ‒0.29921 ‒0.2993888
0.9 ‒0.154716 ‒0.15458 ‒0.1545471 ‒0.1547167
1 0 0 0 0

TABLE 2 Comparison of 𝑁𝑢𝑥𝑅𝑒
−1∕2
𝑥 and −𝐶𝑓𝑥𝑅𝑒

1∕2
𝑥 for differing 𝜙, 𝛽, 𝜆 values between the present study and Iqbal et al. [37]

−𝑪𝒇𝒙𝑹𝒆
𝟏∕𝟐
𝒙 𝑵𝒖𝒙𝑹𝒆

−𝟏∕𝟐
𝒙

𝝓 𝜷 𝝀 Iqbal et al. [37] Present study Iqbal et al. [37] Present study
0.1 0 1 0.8201 0.82011 2.9371 2.93709
0.2 0 1 1.0139 1.01386 3.7139 3.71387
0 0 1 0.6673 0.66726 1.8581 1.85807
0 0.1 1 0.5759 0.57595 1.8771 1.8771
0 0.2 5 0.5129 0.51293 1.8909 1.89091
0 0.2 10 0.5651 0.56507 1.8802 1.88018

Γ′8 = −

{
𝐴3 𝑃𝑟

𝐴4
Γ1 Γ8 +

𝐸𝑐 𝑃𝑟

𝐴1 𝐴4
(Γ3)

2
}

Γ′9 = Γ10

Γ′10 = 𝐾𝑟 𝐿𝑒 Γ9 − 𝐿𝑒 Γ1 Γ10

Γ′11 = Γ12

Γ′12 = 𝑃𝑒 { (Γ11 +Ω) Γ
′
10 + Γ12 Γ10 } − 𝐿𝑏 Γ1 Γ12

with

Γ1(0) = 0, Γ2(0) = 1, Γ3(0) = Λ1, Γ4(0) = 0, Γ5(0) = Λ2, Γ6(0) = 0,

Γ7(0) = 1 − 𝑠1, Γ8(0) = Λ3, Γ9(0) = 1 − 𝑠2, Γ10(0) = Λ4, Γ11(0) = 1 − 𝑠3, Γ12(0) = Λ5

where Λ1 , Λ2 , Λ3 , Λ4 & Λ5 are estimated by employing the Newton Raphson method with a befitting initial guess.
The above set of equations are thennumerically resolvedutilizingODE45, a built-inMATLAB function,with an absolute

error tolerance of 10−6. ODE45 employs a fourth-order Runge-Kutta method with a self-adaptive step size for effective
computation. The veracity of the code and the validation of this research work have been adjudged through a restrictive
comparison of the present work with prior published works of [37–39] (showcased in Tables 1 and 2).

4 RESULTS AND DISCUSSION

The consequence of influential parameters onmicrobial concentration (𝜒(𝜁)), velocity (𝑓 ′(𝜁)), concentration (𝜓(𝜁)), tem-
perature (𝜃(𝜁)) and inducedmagnetic field (𝑔 ′(𝜁)) profiles are illustrated via Figures 2-15. Changes in the aforementioned
profiles due to stretching parameter (𝐴) are graphed in Figures 2 ,4 ,7 ,11 & 14. It is perceived that augmenting 𝐴 values
produces a constructive effect on 𝑓 ′(𝜁) and destructive effect on 𝑔 ′(𝜁), 𝜃(𝜁), 𝜓(𝜁) & 𝜒(𝜁).
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F IGURE 2 𝑓 ′(𝜁) for differing 𝐴 values

F IGURE 3 𝑓 ′(𝜁) for differing 𝛽 values

F IGURE 4 𝑔 ′(𝜁) for differing 𝐴 values
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F IGURE 5 𝑔 ′(𝜁) for differing 𝛽 values

F IGURE 6 𝑔 ′(𝜁) for differing 𝜆 values

F IGURE 7 𝜃(𝜁) for differing 𝐴 values
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F IGURE 8 𝜃(𝜁) for differing 𝐸𝑐 values

F IGURE 9 𝜃(𝜁) for differing 𝜙 values

F IGURE 10 𝜃(𝜁) for differing 𝑠1 values
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F IGURE 11 𝜓(𝜁) for differing 𝐴 values

F IGURE 1 2 𝜓(𝜁) for differing 𝐾𝑟 values

F IGURE 13 𝜓(𝜁) for differing 𝑠2 values
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F IGURE 14 𝜒(𝜁) for differing 𝐴 values

F IGURE 15 𝜒(𝜁) for differing 𝑠3 values

Simultaneous effects of parameters on physical quantities are depicted in Figures 16–20. Studies have been carried out
for 𝐴 = 0.5 & 𝐴 = 1.5with Prandtl number(𝑃𝑟) and infinity fixed at 6.2 and 6, respectively. Thermophysical properties of
the conventional fluid (water) and SWCNT (nanofluid) are showcased in Table 3.
Figure 3 bespeaks the deviations in 𝑓 ′(𝜁) with respect to 𝛽 (magnetic parameter). It is noted that 𝑓 ′(𝜁) increases for

augmenting 𝛽 values when 𝐴 = 0.5 and a reversed behaviour is observed for 𝑓 ′(𝜁) when 𝐴 = 1.5. Figure 5 depicts the
influence of 𝛽 on 𝑔 ′(𝜁). An elevation in 𝑔 ′(𝜁) for𝐴 = 0.5 and a demotion when𝐴 = 1.5 is observed for elevating 𝛽 values.
Figure 6 explains the mixed effect of 𝜆 (reciprocal of magnetic Prandtl number) on 𝑔 ′(𝜁). Initially, elevating 𝜆 values

TABLE 3 Thermophysical properties of water and SWCNT (see [14,
37])

Property Water (base fluid) SWCNT (nanoparticle)
𝜌 997 2600
𝐶𝑝 4179 425
𝜅 0.613 6600
𝜎 0.05 106



12 of 15 AREEKARA et al.

F IGURE 16 Parallel effect of 𝜙 & 𝛽 on 𝐶𝑓𝑥𝑅𝑒
1∕2
𝑥

F IGURE 17 Parallel effect of 𝜙 & 𝐸𝑐 on 𝑁𝑢𝑥𝑅𝑒
−1∕2
𝑥

F IGURE 18 Parallel effect of 𝜙 & 𝑠1 on 𝑁𝑢𝑥𝑅𝑒
−1∕2
𝑥
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F IGURE 19 Parallel effect of 𝐾𝑟 & 𝑠2 on 𝑆ℎ𝑥𝑅𝑒
−1∕2
𝑥

F IGURE 20 Parallel effect of 𝐾𝑟 & 𝑠3 on 𝑁𝑛𝑥𝑅𝑒
−1∕2
𝑥

decays 𝑔 ′(𝜁) and afterwards, a reversed trend is observed when 𝐴 = 0.5. A similar but inversed impact is perceived when
𝐴 = 1.5.
Variation in 𝜃(𝜁) due to Eckert number (𝐸𝑐) is elucidated in Figure 8 and it is noted that augmenting 𝐸𝑐 numerals fuels

an increase in 𝜃(𝜁). Physically, this result can be associatedwith the generation of friction forces between the fluid particles
which increases the nanomaterial temperature.. The ascending nature of 𝜃(𝜁) with 𝜙 (volume fraction of nanoparticle)
is illustrated in Figure 9. This increase in temperature can be physically related to the improvement in the thermal con-
ductivity of the nanoliquid caused by larger nanoparticle occupancy. Figure 10 explains the consequence of 𝑠1 (thermal
stratification parameter) on 𝜃(𝜁). A decreasing behaviour is noticed and this is due to the waning temperature differences.
Physically, the decrease in the nanofluid temperature is due to the drop in the temperature difference between the surface
and away from the surface caused by an increase in 𝑠1.
With a rise in the magnitude of𝐾𝑟 (chemical reaction parameter), depletion in 𝜓(𝜁) is observed which has been plotted

in Figure 12. The physical explanation being that the increased chemical reaction eats up the nanoparticle which induces
shrinkage in the concentration profile. Figure 13 reveals the change in𝜓(𝜁)with ascending 𝑠2 (solutal stratification param-
eter). An increase in 𝑠2 prompts a decrease in the volumetric fraction which sources a fall in 𝜓(𝜁). Physically, an increase
in 𝑠2 descends the concentration profile due to the decrease in the volumetric fraction between the surface and reference
nanoparticles. Figure 15 describes the negative influence of 𝑠3 (motile density stratification parameter) on 𝜒(𝜁). This is
because an augmentation in 𝑠3 decreases the concentration difference of microorganisms between the surface and away
from the surface and hence the microbial concentration decreases.
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One can interpret from Figure 16 that 𝐶𝑓𝑥𝑅𝑒
1∕2
𝑥 increases with 𝛽 and decreases with 𝜙 when 𝐴 = 0.5. For 𝐴 = 1.5,

𝐶𝑓𝑥𝑅𝑒
1∕2
𝑥 improves with 𝜙 and deteriorates with 𝛽 . From Figures 17 & 18, it is clear that𝑁𝑢𝑥𝑅𝑒

−1∕2
𝑥 (both cases) ascends

with 𝜙 and descends with 𝐸𝑐 & 𝑠1. Figure 19 demonstrates the escalating and declining behaviour of𝐾𝑟 & 𝑠2 on 𝑆ℎ𝑥𝑅𝑒
−1∕2
𝑥

(both cases), respectively. Figure 20 depicts that 𝐾𝑟 causes a rise in 𝑁𝑛𝑥𝑅𝑒
−1∕2
𝑥 (both cases) whereas a fall in 𝑁𝑛𝑥𝑅𝑒

−1∕2
𝑥

(both cases) is observed due to 𝑠3.

5 CONCLUSION

The key points noted from the study are:

∙ The nanomaterial velocity is directly proportional to the magnetic parameter for 𝐴 = 0.5 and inversely proportional
when 𝐴 = 1.5.

∙ Drag coefficient (when 𝐴 = 0.5) ascends with magnetic parameter and descends with nanoparticle volume fraction.
However, the results are reversed when 𝐴 = 1.5.

∙ Eckert number and nanoparticle volume fraction exhibit a constructive effect on the temperature profile.
∙ Heat transfer is elevated due to nanoparticle volume fraction and loweredwithEckert number and thermal stratification
parameter.

∙ Chemical reaction parameter has a destructive effect on concentration profile.
∙ Chemical reaction parameter promotes and solutal stratification demotes mass transfer.
∙ A decline in microorganism, concentration and temperature profiles is observed due to ascending motile density, solu-
tal, thermal stratification parameters, respectively.

∙ Microorganism density number lowers with motile density stratification parameter.
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