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A B S T R A C T   

This continuation deals with the bioconvection flow of magnetized Maxwell nanofluid over a 
stretched cylinder in presence of slip effects. The novel features of activation energy and thermal 
radiation are also encountered to analyze the flow. The higher order slip relations are introduced 
to inspect the thermal flow problem. The flow model is developed in terms of dimensionless 
equations via appropriate variables. The numerical simulations are presented with shooting 
scheme by using MATLAB software. The physical outcomes of interesting parameters are visu-
alized. The observations show that velocity profile reduces with unsteady parameter, curvature 
constant and second order slip factor. The temperature profile enhanced with first order velocity 
slip parameter and curvature constant. Moreover, nanofluid concentration reduces with Lewis 
number and Brownian constant.   

1. Introduction 

The nanofluids are suspension of solid nanoparticles into the base materials, which show great potential in thermal engineering and 
many industrial applications. With enhanced thermal efficiencies, the nanofluids present many valuable applications in energy pro-
duction, microelectronics cooling system, microelectronics, extrusion systems, air conditioning, chemical processes, solar systems, 
refrigeration systems etc. The nanofluids are combination of smaller nanoparticles with base fluids. The presence of nano solid ma-
terials in traditional fluids has improved heat transformation properties. It is emphasized that the thermal conductivity of nano-
particles is increased by volume fraction, particulates size, heat, including thermal conductivity. Nanotechnology is of great 
significance in several industries, such as chemicals and metallurgical machinery, transport, macroscopic objects, cancer treatment, 
electricity production, respectively. Nanofluids are the mixtures of nanometer-sized particulate suspensions with traditional fluids, the 
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first of which was introduced by Choi [1]. Buongiorno [2] discusses the two unusual slipping mechanisms particularly Brownian 
diffusion and thermophoresis motion effect to increase the natural convection rate of heat energy distribution. Venkatadri et al. [3] 
experimented the Melting heat exchange of an electrical conductor flow of nanofluid against an exponentially shrinking / expanded 
porous layer with nonlinear Radiative Cattaneo Christov heat flux under a magnetic field. Mondalet al. [4] studied the influence of the 
heat exchange of Magnetohydrodynamic on stagnation point nanoliquid flow across an extending or declining surface through ho-
mogeneous chemical processes. Yinget al. [5] investigated the Radiative heat transmissions of molten salt-based nanoliquid over 
cooling coil through the non-uniform heat flux. Waqas et al. [6] inspected the MHD flow of Oldroyd-B nanofluid analytically in 
presence of magnetic force. Eid et al. [7] described the modification of thermal conductivity including heat transfer impacts on the 
magneto-water nanofluid flowing in a porous channel with slipping condition. Numerous researchers are interested on nanofluid 
investigation with Buongiorno modal seen refs. [8-12]. Kamal et al. [13] studied analytically the characteristics of the viscoelastic 
copper nanofluid with doubled diffusion problem created by 3-D flowing of stagnation point produced by the heat production under 
the space environment. Anuaret al. [14] analyzed the Maxwell nanofluids thermo Radiative stagnation point flowing over inconsistent 
convectively warmed stretching surface. Rizwanaet al. [15] investigated on the oblique stagnation point flowing of produced magnet 
field acrossthe oscillatory surface for non-Newtonian liquid. Giri et al. [16] outlined the process of melting heat transfer in Magne-
tohydrodynamic nanofluid flowing between two horizontal constructed plates in a revolving structure. Mahanthesh et al. [17] 
addressed numerically the thermal perspective of MoS2–Ag hybrid nanoparticles over a wedge. Akram et al. [18] addressed the 
thermal applications of silver-water based nanoparticles for asymmetric flow. Narla et al. [19] inspected the electro-osmotic appli-
cations of nanofluids in a curved microchannel. Akbar et al. [20] intedned the impact of magnetic induction for ciliary-induced flow of 
Cu-H2O nanofluids. The numerical simulations based on the successive linearization scheme for the magnetized flow of nanofluid were 
visualized by Shahid et al. [21]. Akbar et al. [22] addressed the modified diffusion flow of nanofluid with injection and suction ap-
plications. Nayak et al. [23] identified the radiation features for the nanofluid flow with magnetic force impact numerically. 

The analysis of the mass transport mechanism subject to the chemical process system has attracted significant attention of in-
vestigators due to its useful applications in geothermal technologies, mechano-chemicals, nuclear plant chilling, substance destruction, 
water and oil emulsification etc. These mechanisms include the Arrhenius activation energy along with the binary chemical mecha-
nism of the organisms. Frequently, the relation of chemical substances to mass transport is much complicated and can be continuously 
studied by digestion and manufacture of reactant material at different rates for mass transport and fluid flowing. In the past, the 
concept of mass transport was illustrated without taking into consideration the characteristic of Arrhenius energy activation. Acti-
vation energy is the minimum amounts of energy required to initiate the chemical reaction. The Swedish mathematician Syante 
Arrhenius in 1889 was introduced the term of activation energy [24]. There are numerous publications of activation energy in the fluid 
mechanics that describe the physical characteristics of the pre-exponential component including the chemical process. The phe-
nomenon of energy activation is very important in a several area, including oil tank measuring, oil emulsification and water engi-
neering. Firstly, Bestman [25] identified a mass transformation mechanism including specific properties. Salahuddin et al. [26] 
investigated the steady-state 3-D velocity and internal energy modification in moving viscoelastic fluid motion along convective 
conditions on starching surface. Khan et al. [27] described the influence of the heat and mass flux model to the convective flow of 
Walter-B nanoliquid across a stretching surface with Joule heat concept. Khan et al. [28] scrutinized the Entropy generation 
configuration in the movement of non-Newtonian nanoparticles with binary chemical processes including activation energy via 
extending sheet. 

The mechanism of bioconvection can be described as the up swimming of the microorganisms in substances that are less dense than 
water. Owing to the higher accumulation of microorganisms, the above layer of the substances appears too dense and fragile, which 
induces the microorganisms to break down, due to bioconvection flow. Such microorganisms are including gravitaxis (gravity ac-
celeration), gyrotaxis, and oxytaxis (lower part-heavy) organisms. The two prominent characteristics of organisms displaying bio-
convection involve like higher thickness as compared to water and separated individuals swimming forward onto averages. Micro- 
organisms, several of which are the older organisms in the globe identified to human being, are very significant in numerous as-
pects. It is identified as the method of development in substances of microorganisms, like bacteria or algae, owing to the up-swimming 
microorganism. Bioconvection has numerous applications in the area of biochemistry and bioengineering. In diesel fuel products, 
bioreactors and fuel cell engineering, the bioconvection mechanism is used by biomedical engineering. Platt [29] was the firstly person 
to identify the phenomena of bioconvection. He introduced the unbalanced distributions of density as a procedure for structure 
establishing in suspensions of swim motile microorganisms and developed the word bioconvection. The term of nanofluids bio-
convection was possibly presented firstly by Kuznetsov [30]. Kuznetsov [31] subsequently developed this concept and focusing on 
nanofluids including gyrotactic motile microorganisms, indicating that the resulting large-scale movement of fluid induced by 
self-propelled motile gyrotactic microorganisms improves mixture and removes nano-materials accumulation in nanofluids. Haq et al. 
[32] analyzed the flow characteristics of Cross nano-materials across extended surfaces subjected to Arrhenius activation energy and 
magnetization field. Ahmad et al. [33] investigated of the bioconvection nanofluid flow containing gyrotactic motile microorganisms 
with a chemical reaction allowance through a porous medium past a stretched surface. Elanchezhian et al. [34] worked on the rate of 
motile gyrotactic microorganisms in the Oldroyd-B bio-convective nanofluid flow past a stretched surface with mix convective and 
inclination magnetization field. Bhatti et al. [35] processed a mathematical study on migration motile swimming microorganisms in 
the non-Newtonian blood-based nanoliquid through anisotropic restricting artery. Khan et al. [36] outlined the important rheological 
characteristics of Jeffrey’s gyrotactic motile microorganism-including nanofluid across an accelerating formation. Shafiq et al. [37] 
evaluated of the rate of heat and mass transformation containing gyrotactic micro-organisms with second grade nanofluid flow. 
Kotnurkaret al. [38] discussed the bioconvection swimming 3rd-grade nanoliquid flowing consisting motile organisms via 
Copper-blood nanofluids in porous walls. Muhammad et al. [39] recognized the time-dependent movement of magnetization 
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thermophysical Carreau nanofluids conveying motile microorganisms across a rotating wedge through velocity slip as well as thermal 
radiation characteristics. Farooq et al. [40] introduced an entropic illustration of the 3-D bioconvective flowing of nanoliquid 
throughout a linearly rotating plate in the absence of magnetic impacts. Hosseinzadehet al. [41] explored the cross-fluid flowing of 
motile microorganisms and nano-materials throughout a 3-D stretching cylinder. Kairi et al. [42] pointed out the thermosolutal 
Marangoni features in the bioconvection transport of nanofluids over inclined surface. Shaw et al. [43] addressed the viscous dissi-
pation and magnetic force impact for the nanofluid flow with gyrotactic microorganisms due to permeable sphere. Magagula et al. [44] 
presented a double dispersed nanofluid model over stretched surface with bioconvection significances. Shaw et al. [45] explained the 
interpretation of Soret features for nanofluid flow n porous space with uniform suspension of microorganisms. 

Following to the interesting applications of nanofluids and bioconvection, current analysis presents the unsteady flow of Maxwell 
nanofluid containing microorganisms over a stretched cylinder. The novel thermal aspects of nonlinear thermal radiation, activation 
energy and magnetic features are also introduced. Unlike to the traditional attempts, the analysis is inspected by using the higher order 
slip relations. The motivations for considering the higher order slip relations are justified as it results two slip parameters which control 
the velocity but improve the heat and mass transportation rate. The relaxation features are successfully predicted by using the Maxwell 
fluid model [46, 47]. The Maxwell nanofluid contains gyrotactic microorganisms which help to improve the stability of 
non-Newtonian nano-materials. It is emphasized that some studies are already available in the literature regarding the bioconvection 
flow of Maxwell nanofluid over stretched surface however; the bioconvection thermal model with these flow features is not reported 
yet. This research aims to fulfill this research gap. The highly nonlinear coupled equations are numerically evaluated with shooting 
technique. Physical consequences is observed for each flow parameter again velocity, nanofluid temperature, concentration and 
microorganism profile. 

2. Mathematical formulation 

This model appraises a two-dimensional and bioconvection flow of Maxwell nanofluid containing gyrotactic microorganisms over 
an expanding cylinder having radius R1. The activation energy and magnetic field features also utilized in the nanofluid modal. The 
velocity of cylinder along z-direction is denoted with u(t, z) = az

1− γt where a = U0
L is the stretching rate. Moreover, γ is the positive 

constant with property γt ≤ 1. The polar coordinates of the stretched cylinder are defined as (z, r) . Here, the z − axis is taken along the 
cylinder while r − axisis perpendicular to the cylindrical surface as shown in Fig. 1. In addition, the heat source/sink relations are also 
introduced in heat equation. The nanofluid temperature is symbolized with T. Moreover, the motile density and concentration of 
nanofluid is represented with C and N, respectively. 

The governing equations for bio-convective transport of Maxwell nanofluid are expressed [46, 47]: 

∂(ru)
∂z

+
∂(rw)

∂r
= 0, (1)  

Fig. 1. Flow pattern of the problem.  
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∂u
∂t

+ u
∂u
∂z

+ w
∂u
∂r

+ λ1

[
∂2u
∂t2 + 2u

∂2u
∂t∂z

+ 2w
∂2u
∂r∂t

+ u2∂2u
∂z2 + 2uw

∂2u
∂r∂z

+ w2∂2u
∂r2

]

= ν
[

∂2u
∂r2 +

1
r

∂u
∂r

]

−
σB2

0

ρf

(

u + λ1w
∂u
∂r

)

+
1
ρf

⎡

⎢
⎢
⎢
⎣

(
1 − Cf

)
ρf β

∗∗g ∗ (T − T∞)

−
(
ρp − ρf

)
g∗(C − C∞)

− (N − N∞)g∗γ∗
(
ρm − ρf

)

⎤

⎥
⎥
⎥
⎦
,

(2)  

∂T
∂t

+ u
∂T
∂z

+ w
∂T
∂r

= α1

[
∂2T
∂r2 +

1
r

∂T
∂r

]

+ τ
[

DB
∂C
∂r

∂T
∂r

+
DT

T∞

(
∂T
∂r

)2]

−
1

(ρc)f

[
1
r

∂
∂r

(rqr)

]

+Q0

(
T − T∞

(ρc)f

)

,

(3)  

∂C
∂t

+ u
∂C
∂z

+ w
∂C
∂r

= DB
1
r

∂
∂r

[

r
∂C
∂r

]

+
DT

T∞

1
r

∂
r

[

r
∂T
∂r

]

− Kr2(C − C∞)

(
T

T∞

)n

exp
(
− Ea

kT∞

)

,

(4)  

∂N
∂t

+ u
∂N
∂z

+ w
∂N
∂r

+
bWc

(Cw − C∞)

[
∂
∂r

(

N
∂C
∂r

)]

= Dm

(
∂2N
∂r2

)

, (5)  

with relative boundary conditions: 

u(t, z, r) = u(t, z) + Uslip =
az

1 − γt
+ Uslip, w(t, z, r) = 0,

− k
∂T
∂r

= hf
(
Tf − T

)
, DB

∂C
∂r

+
DT

T∞

∂T
∂r

= 0,N = Nw, at r = R1

⎫
⎪⎪⎬

⎪⎪⎭

(6)  

u → 0, T → T∞, C → C∞, N → N∞, as r → ∞ (7) 

The slip relations with higher order are: 

Uslip = A
∂u
∂r

+ B
∂2u
∂r2 . (8)  

where u and w represents the velocity components along z axis and r direction, respectively., ν displays the kinematic viscosity, λ1 is 
relaxation time parameter, α1 thermal diffusivity, τ heat capacity ratio, Q0 heat source /sink, T∞ be ambient temperature, C∞ ambient 
concentration of nanofluid,ρf fluid density, β∗∗ volume exception coefficient is, g∗gravity, DB Brownian diffusion coefficient, DT 

thermophoresis diffusion coefficient, Kr2 explains the reaction rate, n is fitted rate constant, b be chemotaxis constant while Wc is the 
cell swimming speed. 

Let us introduce following e appropriate variables [46]: 

u =
az

1 − γt
f ′

(ζ), w =
− R1

r

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
aν

(1 − γt)

√

f (ζ), θ(ζ) =
T − T∞

Tw − T∞
,

φ(ζ) =
C − C∞

Cw − C∞
, ζ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a

ν(1 − γt)

√ (
r2 − R2

2R1

)

.

(9) 

The reduced system in view of above variables is: 

(1 + 2αζ)f ′′′ + 2αf f ′′ −
S
2

ζf ′′ − Sf ′

− f ′ 2
+ f f ′′ −

7
4

βS2ζf ′′ −
β
4

ζ2S2f ′′′

− 2βS2f
′

− 2Sβf
′ 2
− βζSf

′

f ′′ + 3Sβf f ′′ + Sβζf f ′′
′

+ 2βf f
′

f ′′

−
αβ

(1 + 2αζ)
f 2f ′′ − βf 2f ′′′ − M2(f

′

− βf f ′′) + λ(θ − Nrφ − Ncχ) = 0,

(10)  

(

1 +
4
3

Rd
)

(1 + 2αζ)θ′′ +
[{

1 + Rd(1 + (θw − 1)θ)3}
(1 + 2αζ)θ

′ ]
θ′′ + 2αθ

′

+ Prf θ
′

− Pr
S
2

ζθ + (1 + 2αζ)PrNbθ
′

φ′

+ (1 + 2αζ)PrNtθ
′ 2
+ Prδθ = 0,

(11)  
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Table. 1 
Comparison of results when α = S = 0.  

β  Khan et al. [46] Abel et al. [47] Present results 

0.0 1.000000 1.000000 1.000000 
0.2 1.051866 1.051948 1.051870 
0.4 1.101880 1.101850 1.101855 
0.6 1.150144 1.150163 1.150146  

Fig. 2. Variation of f ′ for Nc and S  

Fig. 3. Variation of f ′ for λ and Nr  
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(1 + 2αζ)φ′′ + 2αφ′

+ LePrf φ′

− LePr
S
2

ζφ′

+ (1 + 2αζ)
Nt
Nb

θ′′ + 2α Nt
Nb

θ
′

− LePrσ[1 + δ0θ]nexp
(

− E
1 + δ0θ

)

φ = 0,
(12)  

(1+ 2αζ)χ′′ + 2αχ ′

+ LePrf χ ′

− LePr
S
2

ζχ ′

− Pe(φ′′(χ +ϖ)+ χ′ φ′

) = 0, (13)  

with dimensionless boundary constraints: 

f (0) = 0, f ′

(0) = 1 + Cf ′′(ζ) + Df ′′
′

(ζ), θ
′

(0) = − Bi(1 − θ(0)),
Nbφ′

(0) + Ntθ
′

(0), χ(0) = 1,
f
′

(∞) → 0, θ(∞) → 0,φ(∞) → 0, χ(∞) → 0
(14) 

In which, S designates the unsteady parameter, α stand for curvature parameter, βis the Maxwell fluid parameter, Pr authorizes the 
Prandtl number, Nb signify the Brownian motion parameter, Nr express the buoyancy ratio parameter, Nc depicts the bioconvection 
Rayleigh number, the thermophoresis parameter is symbolized by Nt,Ledenotes the Lewis number, Rdthe thermal radiation parameter, 
δ is the heat source/sink parameter, σ indicates the chemical reaction parameter, E for activation energy parameter, δ0 symbolizes 
temperature difference parameter, Lb specify the bioconvection Lewis number, Pe stand for Peclet numberand ϖindicates 

Fig. 4. Variation of f ′ for β and D  

Fig. 5. Variation of f ′ for α and C  
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Fig. 6. Variation of θ for Pr and θw  

Fig. 7. Variation of θ for Bi and Nt  
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microorganism difference parameter, first order velocity slip variable represented by C , second order velocity slip constraints isD and 
Biot number Biwhich are mathematically represented as follows: 

S =
γ
a
,α =

1
R1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ν(1 − γt)

a

√

, β =
λ1a

1 − γt
,M =

̅̅̅̅̅̅̅̅̅̅̅
σlB2

0

U0ρf
,

√

Pr =
ν
α1
,Nb =

τDB(Cw − C∞)

ν ,

Nr =

(
Cf − C∞

)(
ρp − ρf

)

ρf β
∗∗
(
1 − Cf

)(
Tf − T∞

),Nc =
γ∗
(
ρm − ρf

)(
Nf − N∞

)

ρf β
∗∗
(
1 − Cf

)(
Tf − T∞

),Nt =
τDB(Tw − T∞)

νT∞
,

Le =
α1

DB
,Rd =

4σ∗T3
∞

kk∗ , δ =
Q0(1 − γt)

a(ρc)f
, σ =

aKr2

(1 − γt)
,E =

Ea

kT∞
, δ0 =

Tw − T0

T∞
,Lb =

ν
Dm

,

Pe =
bWc

Dm
,ϖ =

N∞

Nw − N0
,C = A

r
R1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a

ν(1 − γt)

√

,D = B
(

a
ν(1 − γt)

)
r

R1
,Bi =

hf

k

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ν(1 − γt)

a

√

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(15) 

For engineering quantities of interest the Nusselt number, Sherwood number and microorganisms density number can be described 
as [46]: 

Fig. 8. Variation of θ for α and C  

Fig. 9. Variation of θ for Nc and S  
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NuzRe− 1
2

z = −

(

1 +
4Rd

3

)

θ
′

(0),

ShzRe
− 1
2

z = − φ
′

(0),

SnzRe− 1
2

z = − χ ′

(0)

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(16)  

3. Numerical Approach 

The modified equations (8-11) with relevant boundary conditions (14) are numerically solved with shooting technique. Following 
expressions are intorudced to convert the boundary value problem into initial value problem: 

f = q1, f
′

= q2, f ′′ = q3, f ′′
′

= q
′

3,

θ = q4, θ
′

= q5, θ′′ = q′

5,

φ = q6,φ′

= q7,φ′′ = q′

7,

χ = q8, χ
′

= q9, χ′′ = q′

9

⎫
⎪⎪⎬

⎪⎪⎭

(17) 

In view of above expressions, Eqs. (8-11) yield: 

Fig. 10. Variation of φ for Nc and S  

Fig. 11. Variation of φ for α and C  
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q′

3 =

− 2αq1q3 +
S
2

ζq3 + Sq1 + q2
2 − q1q3 +

7
4

βS2ζq3 + 2βS2q2 + 2Sβq2
2 + βζSq2q3

− 3Sβq1q3 − 2βq1q2q3 +
αβ

(1 + 2αζ)
q2

1q3 − λ(q4 − Nrq6 − Ncq8)

(

(1 + 2αζ) − βq2
1 −

β
4ζ

2S2 + Sβζq1

) , (18)  

q′

5 =
− 2αq5 − Prq1q5 + Pr S

2 ζq4 − (1 + 2αζ)PrNbq5q7 − (1 + 2αζ)PrNtq2
5 − Prδq4

(

1 + 4
3 Rd

)

(1 + 2αζ) +
[{

1 + Rd(1 + (θw − 1)q4)
3}
(1 + 2αζ)q5

]
, (19)  

q′

7 =

− 2αq7 − LePr q1q7 + LePr
S
2

ζq7 − (1 + 2αζ)
Nt
Nb

q′

5 − 2α Nt
Nb

q5

+ReLePrσ[1 + δ0q4]
nexp

(
− E

1 + δ0q4

)

q6

(1 + 2αζ)
, (20)  

Fig. 12. Variation of φ for Nb and Nt  

Fig. 13. Variation of φ for Pr and Le  
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q′

9 =
− 2αq9 − LePrq1q9 + LePr S

2 ζq9 + Pe(q′

7(q8 + ϖ) + q9q7)

(1 + 2αζ)
, (21)  

with 

q1(0) = 0, q2(0) = 1 + Cq3(0) + Dq
′

3(0), q5(0) = − Bi(1 − q4(0)),
Nbq7(0) + Ntq5(0), q8(0) = 1,
q2(∞) = 0, q4(∞) = 0, q6 (∞) = 0, q8(∞) = 0.

(22) 

MATLAB software is used to perform the simulations. All the numerical simulations are performed with accuracy of 10− 6. 

4. Solution validation 

The solution confirmation is done by evaluating the numerical results in table 1 with analysis of Khan et al. [46] and Abel et al. 
[47]. For limiting case, the obtained numerical simulations shown a very excellent agreement. 

Fig. 14. Variation of φ for E and σ.  

Fig. 15. Variation of χ for α and D  
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5. Results and discussion 

In this section, the physical behavior of various parameters against the velocity, temperature, concentration and microorganism 
profiles are nanofluid is addressed. Fig. 2 reveals the behavior of bioconvection Rayleigh number Nc and unsteadiness parameter S on 
fluid velocity f ′ . The velocity f ′ shows a reducing trend for bioconvection Rayleigh number Nc and unsteadiness parameter S. Phys-
ically, the declining change in velocity due to bioconvection Rayleigh number is associated with buoyancy forces. The variation of f ′

for mixed convection parameter λ and buoyancy ratio parameter Nris captured in Fig. 3. It is seen that fluid velocity rises for larger 
variation of mixed convection parameter λ. It is further depicted that a reduction in f ′ is associated to buoyancy ratio parameter Nr. To 
inspect the structure of velocity f ′ for intensified variation of Maxwell fluid parameter β and second order velocity slip parameter D, 
Fig. 4 is sketched. The observations figured out that the fluid velocity f ′ diminishes with the increase of β. The higher values of β is 
associated to the rheological nature of non-Newtonian fluid while smaller value corresponds to viscous material. The higher values 
ofβenhance the fluid viscosity which report more resistance to the fluid particles due to which velocity decline. The presence of slip 
parameters also reports a lower nature of velocity. Fig. 5 aims to examine the trends of velocity f ′ for curvature parameter α and first 
order velocity slip parameter C. It is analyzed that the higher values of curvature parameter α and first order velocity slip parameter C 
provides resistance to the velocity f ′ . 

Fig. 6 examined the features of Prandtl number Pr and temperature ratio parameter θw for temperature profile θ. One can depict 
from this figure thermal field θ increase with θw while temperature θ reduce for Pr. The physical justification for declining change in θ 

Fig. 16. Variation of χ for Pe and Lb  

Fig. 17. Variation of χ for Nc and S  
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Table. 2 
Computational outcome for local skin friction − f ′′(0) coefficient for flow parameters.  

λ  Nr  Nc  C  β  α  S  − f ′′(0)

0.1 
0.6 
1.2 

0.5 0.5 1.0 0.5 0.5 0.5 0.3838 
0.2743 
0.1713 

0.1 0.2 
1.0 
2.0 

0.5 1.0 0.5 0.5 0.5 0.3595 
0.3639 
0.3701 

0.1 0.5 0.1 
1.0 
2.0 

1.0 0.5 0.5 0.5 0.3632 
0.3988 
0.4499 

0.1 0.5 0.5 2.0 
3.0 
4.0 

0.5 0.5 0.5 0.2372 
0.1782 
0.1431 

0.1 0.5 0.5 1.0 0.1 
0.6 
1.2 

0.5 0.5 0.3430 
0.3792 
0.4012 

0.1 0.5 0.5 1.0 0.5 0.1 
0.6 
1.2 

0.5 0.3481 
0.3935 
0.4207 

0.1 0.5 0.5 1.0 0.5 0.5 0.2 
0.6 
1.2 

0.3874 
0.4790 
0.5726  

Table. 3 
Computational outcome for local Nusselt number − θ

′

(0) for flow parameters.  

λ  Nr  Nc  C  β  α  S  Pr  Nb  Nt  Bi  θw  − θ
′

(0)

0.1 
0.6 
1.2 

0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.6 0.8 0.4052 
0.4416 
0.4696 

0.1 0.2 
1.0 
2.0 

0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.6 0.8 0.4138 
0.4098 
0.4042 

0.1 0.5 0.1 
1.0 
2.0 

1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.6 0.8 0.4132 
0.4036 
0.3881 

0.1 0.5 0.5 2.0 
3.0 
4.0 

0.5 0.5 0.5 1.2 0.2 0.3 0.6 0.8 0.4002 
0.3923 
0.3872 

0.1 0.5 0.5 1.0 0.1 
0.6 
1.2 

0.5 0.5 1.2 0.2 0.3 0.6 0.8 0.4206 
0.4064 
0.3982 

0.1 0.5 0.5 1.0 0.5 0.1 
0.6 
1.2 

0.5 1.2 0.2 0.3 0.6 0.8 0.4166 
0.6224 
0.7975 

0.1 0.5 0.5 1.0 0.5 0.5 0.2 
0.6 
1.2 

1.2 0.2 0.3 0.6 0.8 0.4091 
0.3974 
0.3987 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 2.0 
3.0 
4.0 

0.2 0.3 0.6 0.8 0.5709 
0.6311 
0.6763 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.1 
0.4 
0.8 

0.3 0.6 0.8 0.5044 
0.5052 
0.5054 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.1 
0.4 
0.8 

0.6 0.8 0.5158 
0.4995 
0.4777 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.4 
0.7 
1.0 

0.8 0.2511 
0.3437 
0.4031 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.6 1.5 
1.7 
1.2 

0.5895 
0.4885 
0.4143  
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due to Pr is presented as higher value of Prandtl number reduces the thermal diffusivity. Fig. 7 indicates the impact of Biot number Bi 
and thermophoresis parameter Nt on temperature profile θ. Here, the temperature profile θ is boosted by enhancing the Biot number Bi 
and thermophoresis parameter Nt. The increasing variation of θ with Biot number is due to the fact that Biot number is related to the 
coefficient of heat transfer. Moreover the thermophoresis phenomenon is based on the change in temperature due to nanoparticles 
movement form a heat surface to cold region because of temperature gradient. The migrated pattern improves the temperature. Fig. 8 
estimates the variation of temperature profile θ for curvature parameter α and first order velocity slip parameter C. The temperature 
profile θ is improved for larger estimation of curvature parameter α and first order velocity slip parameter C. The characteristics of 
bioconvection Rayleigh number Nc and unsteadiness parameter S on θ are indicated in Fig. 9. It is analyzed that θ enhanced for larger 
estimation of bioconvection Rayleigh number Nc and unsteadiness parameter S. The increasing temperature due Nc is physically 
related to the buoyancy forces. Fig. 10 captures the behavior of bioconvection Rayleigh number Nc and unsteadiness parameter S on 
concentration profile φ. It is scrutinized that concentration φ is enlarged for higher estimation of bioconvection Rayleigh number Nc 
and unsteadiness parameter S. Fig. 11 visualizes the performance of curvature parameter α and first order velocity slip parameter C on 
φ. Clearly the concentration φ rises for larger estimation of curvature parameter α and first order velocity slip parameter C. Fig. 12 
designates the consequence of thermophoresis parameter Nt and Brownian motion parameter Nb on φ. It is noticed that φ enriches for 
Nt while opposite behavior of φ is observed for Nb. The declining profile of φ due to Nb is clearly observed as Nb reflect a revise relation 
with dimensionless concentration equation. Fig. 13 illustrates the impact of Prandtl numberPr and Lewis number Le on concentration 
φ. It is analyzed that φ declines with larger Prandtl number Pr and Lewis number Le. The physical consequences of activation energy 
parameter E and chemical reaction constant σ is presented in Fig. 14. An increasing change in concentration profile is observed for the 
activation energy parameter. However, the concentration profile reduces with chemical reaction constant σ. 

Fig. 15 discloses the effect of curvature parameter α and second order velocity slip parameter D on microorganisms profile χ. It is 
noted that χ improves with curvature parameter α and second order velocity slip parameter D. To scrutinize the outcomes of Peclet 
number Pe and bioconvection Lewis number Lb on χ,Fig. 16 is portrayed. It is evident that microorganism profile χ declines for Pe and 
Lb. The Peclet number is reversely related to the motile diffusivity due to which χ reduces. Fig. 17 is prepared to estimate the physical 
outcomes of bioconvection Rayleigh number Nc and unsteadiness parameter S on χ. Here, χ escalates Nc and S. 

The numerical outcomes for skin friction coefficient − f ′′(0), local Nusselt number − θ
′

(0), Sherwood number φ′

(0) and motile 

Table. 4 
Computational outcome for local Sherwood number φ′

(0) for flow parameters.  

λ  Nr  Nc  C  β  α  S  Pr  Nb  Nt  Bi  Le  φ′

(0)

0.1 
0.6 
1.2 

0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.6 2.0 0.6078 
0.6625 
0.7074 

0.1 0.2 
1.0 
2.0 

0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.6 2.0 0.6207 
0.6147 
0.6063 

0.1 0.5 0.1 
1.0 
2.0 

1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.6 2.0 0.6198 
0.6054 
0.5822 

0.1 0.5 0.5 2.0 
3.0 
4.0 

0.5 0.5 0.5 1.2 0.2 0.3 0.6 2.0 0.6003 
0.5885 
0.5809 

0.1 0.5 0.5 1.0 0.1 
0.6 
1.2 

0.5 0.5 1.2 0.2 0.3 0.6 2.0 0.6310 
0.6097 
0.5972 

0.1 0.5 0.5 1.0 0.5 0.1 
0.6 
1.2 

0.5 1.2 0.2 0.3 0.6 2.0 0.6249 
0.9336 
1.1963 

0.1 0.5 0.5 1.0 0.5 0.5 0.2 
0.6 
1.2 

1.2 0.2 0.3 0.6 2.0 0.6137 
0.5962 
0.5980 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 2.0 
3.0 
4.0 

0.2 0.3 0.6 2.0 0.8564 
0.9467 
1.0145 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.1 
0.4 
0.8 

0.3 0.6 2.0 1.5113 
0.3739 
0.1895 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.1 
0.4 
0.8 

0.6 2.0 0.2579 
0.9989 
1.9107 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.4 
0.7 
1.0 

2.0 0.3767 
0.5155 
0.6046 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 1.2 0.2 0.3 0.6 1.2 
1.6 
2.2 

0.7587 
0.7580 
0.7571  
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density number − χ ′

(0) are examined in Tables (2-5). Table 2 is designed to analyze the change in − f ′′(0) for λ, .., Nc, C, β, α and S. 
Clearly − f ′′(0) intensified for greater values of Nr, Nc, C, β, α and S while it declines for λ. The numerical values of local Nusselt number 
− θ

′

(0) are calculated for flow parameters like λ,Nr Nc C β α Pr Nb,Nt,Bi, and θw in Table 3. It is scrutinized that − θ
′

(0) reduces with for 
Nr, Nc, C and β. Table 4 reveals the variation of local Sherwood number φ′

(0) for higher values of flow parameters. The local Sherwood 
number φ′

(0) rises forλ. The numerical outcomes for local microorganism number − χ ′

(0) for λ, Nr, Nc, C, β, α, S, Pe and Lbare shown in 
Table 5. The density number of microorganisms − χ ′

(0) enhanced for higher variations of Pe and Lb. 

6. Conclusions 

The unsteady bioconvection flow of Williamson nanofluid is numerically examined in presence of higher order slip features. The 
heat and mass transfer pattern in Williamson nanofluid is inspected with applications of nonlinear thermal radiation and activation 
energy. The shooting technique is employed to follow the solution procedure. The novel outcomes are:  

Ø A reduced velocity profile is resulted with slip parameters and unsteady constant.  
Ø With increasing impact of Biot number and curvature constant, the temperature profile boosted.  
Ø The presence first and second order slip factors enhanced the nanofluid temperature effectively.  
Ø The curvature parameter and radiation constant improves the nanofluid temperature. 
Ø The concentration profile gets more increasing variation with curvature parameter, activation energy while higher values of re-

action constant and unsteady parameter reduced the nanofluid concentration.  
Ø A lower change in microorganisms is observed for Peclet number. 
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Table. 5 
Computational outcome for local microorganism density number − χ′

(0) for flow parameters.  

λ  Nr  Nc  C  β  α  S  Pe  Lb  − χ′

(0)

0.1 
0.6 
1.2 

0.5 0.5 1.0 0.5 0.5 0.5 0.1 2.0 0.9538 
1.0692 
1.1577 

0.1 0.2 
1.0 
2.0 

0.5 1.0 0.5 0.5 0.5 0.1 2.0 0.9816 
0.9719 
0.9581 

0.1 0.5 0.1 
1.0 
2.0 

1.0 0.5 0.5 0.5 0.1 2.0 0.9787 
0.9434 
0.8864 

0.1 0.5 0.5 2.0 
3.0 
4.0 

0.5 0.5 0.5 0.1 2.0 0.9199 
0.8849 
0.8621 

0.1 0.5 0.5 1.0 0.1 
0.6 
1.2 

0.5 0.5 0.1 2.0 1.0020 
0.9589 
0.9304 

0.1 0.5 0.5 1.0 0.5 0.1 
0.6 
1.2 

0.5 0.1 2.0 0.8729 
1.1263 
1.3691 

0.1 0.5 0.5 1.0 0.5 0.5 0.2 
0.6 
1.2 

0.1 2.0 0.9382 
0.7735 
0.5625 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 0.2 
0.6 
1.2 

2.0 1.0418 
1.2933 
1.6774 

0.1 0.5 0.5 1.0 0.5 0.5 0.5 0.1 1.2 
1.6 
2.2 

0.7888 
0.8894 
1.0215  
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