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Abstract

This article examines the transient MHD convective flow with heat
and mass transport of Williamson nanofluid over a stretching sheet in the
presence of a chemical reaction. Velocity slips, convective heating and
vanishing mass flux conditions at the surface are imposed. As a novelty,
the effects of nonlinear thermal radiation, mixed convection, velocity slips
and activation energy are incorporated. Such problems find significant
applications in aircraft, missiles, gas turbines, etc. Similarity transforma-
tions are employed to convert controlling PDEs into a system of ODEs
and the resulting nonlinear BVP is solved numerically using bvp4c. The
effects of various parameters on velocity, temperature and concentration
distributions are demonstrated and depicted graphically. However, the
numerical values of local skin friction coefficients, Nusselt and Sherwood
numbers are tabulated and discussed. The graphs show that the nonlinear
convection parameters, for both temperature and concentration, boost the
primary flow. Higher values of the velocity slip parameters result in dimin-
ishing the flow. The fluid temperature rises as a result of both radiation
and convective heating. The activation energy improves the concentration
profile within the boundary layer. The current findings would appeal to
a broad audience in mechanical engineering, medical sciences, industrial
engineering, etc.
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Nomenclature

u, v, w
x, y, z
T∞
C∞
S
n
kr

uw,vw

B0

k
DB

Rd
Pr
g
cp
T
C
Nt
Tw
Cw

Nb
d∗1, d

∗
2

We1,We2

Ea
M
k∗

E

Velocity components
Space coordinate
Ambient temperature
Ambient concentration
Unsteadiness parameter
Fitted rate constant
Chemical reaction coefficient
Stretching velocities along
x and y directions
Constant magnetic field
Thermal conductivity
Mass diffusivity
Thermal radiation parameter
Prandtl number
Gravitational acceleration
Specific heat
Fluid Temperature
Species concentration
Thermophoresis parameter
Wall temperature
Wall concentration
Brownian motion parameter
Velocity slip coefficients
Weissenberg numbers
along x and y directions
Activation energy
Magnetic parameter
Mean absorption coefficient
Dimensionless activation energy

L
N
Le
DT

Bi

Greek
ν
µ
Γ1

σ
κ
σ∗

θ
Γ
α
φ

α1, α2

λ1, λ2

ρ
θw
β1
τ

βC , β
∗
C

βT , β
∗
T

λ

Dimensionless quantity
Buoyancy ratio parameter
Lewis number
Thermal diffusion coefficient
Biot number

Symbols
Kinetic viscosity
Dynamic viscosity
Chemical reaction parameter
Electrical conductivity
Boltzmann constant
Stefan-Boltzmann constant
Dimensionless temperature
Material parameter
Thermal diffusivity
Dimensionless concentration
Velocity slip parameters
Nonlinear thermal and solutal
convection parameters
Fluid density
Temperature ratio parameter
Velocity ratio parameter
Heat capacity ratio
Linear and non-linear solutal
expansion coefficients
Linear and non-linear thermal
expansion coefficients
Mixed convection parameter

1 Introduction

For the past few decades, nanotechnology-based techniques have been used to
create nanoscale particles with a size of less than 100 nm. Stable suspensions
can be made using nanoparticles to increase the thermal characteristics of the
base fluid. It has been demonstrated that adding tiny quantities of metal or
metal oxide nanoparticles to liquid improves thermal conductivity. Nanoflu-
ids, like current working fluids, have high heat absorption and heat transmis-
sion characteristics. Recent years have seen a significant increase in interest in
nanofluids research owing to its numerous usages in communication, electronics
and computer systems, as well as optical devices. Hayat et al. [1] discussed the
movement of a non-Newtonian fluid across a wedge as a mixed convection flow.
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Nourazar et al. [2] used the HPM to solve an MHD nanofluid flow on a horizon-
tal flat plate with a changing magnetic field and viscous dissipation. A study on
the effect of natural convection in viscoelastic fluid past a cone taking viscous
dissipation was done by Makanda et al. [3]. In a rotating device, Sheikholeslami
et al. [4] examined the nanofluid flow and heat transmission properties between
two parallel horizontal plates. Using a fixed wedge with changing wall temper-
ature and concentration, Srinivasacharya et al. [5] investigated the influence of
a varied magnetic field on nanofluid flow.

Understanding the boundary layer flow with heat transfer along a stretched
sheet has become more significant because of several engineering activities. Ex-
trusion of polymers, paper manufacturing, and other similar processes are ex-
amples of chemical engineering and metallurgy applications. The rate of heat
transfer between the fluid and stretching surface considering heating and/or
cooling has a significant impact on the quality of the final product. As a result,
the choice of heating or cooling fluid is critical to the heat transfer rate. In light
of the physical relevance of heat transmission across moving surfaces, several
researchers have been obliged to publish their discoveries in this area. Crane
[6] examined the flow past a stretched plate that is subject to the relation be-
tween the velocity and the distance from a slit. This yielded an accurate result.
Following Crane’s work, MHD viscous flow across a stretched sheet was given
by Azimi et al. [7], who discussed the analysis of momentum features in the
flow. Dessie and Kishan [8] investigated the effect of viscous dissipation and
heat source/sink over a stretching sheet. Mishra et al. [9] studied numerically
MHD power-law fluid flow over a stretching sheet taking a non-uniform heat
source.

Regarding the MHD heat transfer fluxes, thermal radiation is a crucial fac-
tor in controlling heat transfer rate. It may impact many industrial processes
such as glass manufacture, gas turbine production, furnace design, and re-entry
vehicle engine design. As a result, this generated extensive studies on the influ-
ence of heat radiation in hydromagnetic fluxes. Daniel and Daniel [10] explored
the impact of thermal radiation and buoyancy force on MHD flow through a
stretchable sheet with the help of the homotopy analysis method. Kumbhakar
and Rao [11] discussed MHD stagnation point flow of an electrically conducting
fluid over a nonlinearly stretching surface considering thermal radiation and vis-
cous dissipation. Kho et al. [12] studied thermal radiation effect in the flow of
Williamson nanofluid passing through a stretching sheet. With heat and mass
transfer through an unstable stretched surface in a uniform magnetic field, Ishaq
et al. [13] explored entropy production and thermal radiation. Alharbi et al.
[14] conducted experiments on MHD Eyring-Powell flow in an unstable oscilla-
tory stretching sheet to evaluate the influence of thermal radiation and a heat
source/sink. Kumar et al. [15] examined the transient natural/free convective
nanofluid flow past a vertical plate with effects of radiation and magnetic field.

According to current trends in chemical reaction analysis, it is essential to
create a mathematical model of a system to forecast its performance. Espe-
cially in the chemical and hydro-metallurgical sectors, heat and mass transport
research during chemical reactions is of great significance. Some examples of
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combined heat and mass transfer applications with chemical reaction effects are
chemical processing equipment design, fog formation and dispersion, temper-
ature and moisture distribution over agricultural fields and fruit tree groves,
crop damage due to freezing, cooling towers, and food processing. An excel-
lent example of a first-order homogeneous chemical reaction is the production
of smog. Das [16] examined the effects of thermal radiation and chemical reac-
tion on MHD micropolar fluid flow near an inclined porous plate. Sheikh and
Abbas [17] studied chemical reaction impact on MHD viscous fluid flow over an
oscillating stretching sheet under the influence of heat generation/absorption.
Tarakaramu and Narayan [18] explored the effect of chemical reactions on un-
steady MHD nanofluid flow towards a stretchable sheet. Kumar et al. [19]
investigated the influence of binary chemical reaction with Arrhenius activation
energy on the MHD Carreau fluid flow over a stretched surface. They found
that the chemical reaction has a significant impact on the flow. Khan et al.
[20] studied the aspects of activation energy and thermal radiation on MHD
flow containing Ti6Al4V nanoparticle past a stretching sheet. Chu et al. [21]
discussed the action of a chemical reaction and activation energy on MHD third
grade nanofluid flow past a stretching sheet.

The assumption that the flow field obeys the standard no-slip condition
at the sheet is quite common in the preceding research and all relevant refer-
ences. However, the no-slip criterion is inadequate when the fluid is made up
of particle emulsions and polymers. Furthermore, boundary-slipping fluids have
crucial technological uses, such as cleaning prosthetic heart valves and interior
cavities. In such circumstances, the partial slip is an appropriate boundary
condition. Additionally, when micro-scale dimensions are included in the flow
field, such a slip is necessary. Slip at the wall boundary significantly alters the
fluid’s flow behavior and shear stress than no-slip circumstances. Using a low-
magnetic Reynolds number assumption, Zheng et al. [22] investigated the slip
consequences of Oldroyd-B fluid flow across a plate. Hayat et al. [23] explored
velocity slip condition on MHD nanofluid flow past a rotating disk. Amanulla
et al. [24] discussed the slip effects on MHD Prandtl flow past an isothermal
sphere in a non-Darcy porous medium. Ellahi et al. [25] analyzed the combined
impact of slip and entropy generation on MHD flow through a moving plate.
Khan et al. [26] explored the significance of slip conditions for a magnetite
Jeffrey nanofluid flow over a porous stretching sheet in the existence of ther-
mal radiation and the Soret effect. Das et al. [27] studied mutiple slip effects
on tangent hyperbolic fluid flow along a stretching sheet considering Soret and
Dufour effects, thermal radiation and heat source.

In processes in which high temperatures are involved, convective heat trans-
fer is essential. Consider the following examples: gas turbines, nuclear power
plants, thermal energy storage, and so forth. It is more feasible to use convec-
tive boundary conditions in industrial and technical processes, such as material
drying and transpiration cooling operations [28]. Because of the practical signif-
icance of convective boundary conditions in viscous fluids, Many scholars have
investigated and presented their findings on this issue. Ramzan et al. [29] inves-
tigated the impact of convective heating conditions and Cattaneo-Christov heat
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flux with heat production/absorption on MHD 3D Maxwell fluid flow across
a bidirectional stretching surface. Nayak et al. [30] studied MHD nanofluid
flow over a linearly stretching sheet considering the convective heating bound-
ary constraint along with viscous dissipation, velocity slip, nonlinear thermal
radiation and Joule heating. Shah et al. [31] observed simultaneous effects of
convective boundary condition and thermal radiation on MHD Carbon nan-
otubes nanofluid flow across a stretching sheet. Aspects of convective boundary
condition, Joule heating, thermal radiation, and a changing heat source/sink
were studied in detail by Kumar et al. [32] concerning the flow and heat trans-
fer properties of an electrically conducting Casson fluid due to an exponentially
expanding curved surface. Loganathan et al. [33] examined the impact of con-
vective heating, Cattaneo-Christov double diffusion and thermal radiation on
MHD Maxwell fluid flow along an extended surface. Recently, Jamshed and
Nisar [34] studied convective heating, thermal radiation and heat source effects
on Williamson nanofluid flow over a stretching sheet.

Based on the above literature survey, the authors have found that no attempt
has been made yet to study the impacts of nonlinear thermal radiation and
Arrhenius activation energy on unsteady mixed convective flow of Williamson
nanofluid over a stretching surface. Therefore, this research aims to fill such gap
by exploring the novel circumstances of nonlinear thermal radiation and acti-
vation energy on unsteady MHD convective flow with heat and mass transport
of Williamson nanofluid over a stretching sheet in the presence of a chemical
reaction. The outcomes of this study may have significant bearings on several
practical applications such as in aircraft, missiles, gas turbines, food process-
ing, etc. Numerical solutions are obtained for the velocity, temperature and
concentration distributions with the help of bvp4c routine of MATLAB soft-
ware. The impacts of significant flow parameters on velocity, temperature and
concentration profiles are illustrated and presented graphically. However, the
variations in surface drag-coefficients, Nusselt and Sherwood numbers are dis-
cussed using numerical data. Moreover, for a limiting case of the present study,
a data comparison is made just to ensure that the obtained results are correct
and reliable.

2 Mathematical formulation

Consider a three-dimensional, unsteady and incompressible MHD Williamson
nanofluid flow along a stretching surface with velocity slip. Further, the in-
fluences of nonlinear thermal radiation and chemical reaction with activation
energy are also considered. A physical configuration of the flow problem is
demonstrated in Fig. 1. The figure shows that the sheet is positioned in the
Cartesian coordinate system (x, y, z) such that the x-axis is along the surface
in the direction of flow, y-axis is along the width of the surface, and z-axis is
normal to xy plane. A constant magnetic field of magnitude B0 is applied along
the z-direction. The surface is stretched along x and y-directions with velocities
uw = ax

1−βt and vw = by
1−βt (a, b being positive constants and β is a parameter
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having dimension time−1) respectively. The nanofluid temperature and species
concentration at the surface are kept at constant values of Tw and Cw respec-
tively. In contrast, the ambient fluid temperature and species concentration are
maintained at constant values of T∞ and C∞, respectively.

Figure 1: Physical configuration of the problem

Based on the aforementioned assumptions, the governing equations of the
current fluid flow (continuity, momentum, energy and species concentration)
may be modeled as ([35], [36]):

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0, (1)

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= ν

∂2u

∂z2
+
√

2νΓ
∂u

∂z

∂2u

∂z2
+
νΓ√

2

∂v

∂z

∂2v

∂z2
− σB2(t)

ρf
u

+ g
[
βT (T − T∞) + β∗T (T − T∞)2 + βC(C − C∞) + β∗C(C − C∞)2

]
,

(2)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z
=ν

∂2v

∂z2
+
√

2νΓ
∂v

∂z

∂2v

∂z2
+
νΓ√

2

∂u

∂z

∂2u

∂z2

− σB2(t)

ρf
v,

(3)
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∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
+ w

∂T

∂z
=α

∂2T

∂z2
+ τ

{
DB

∂T

∂z

∂C

∂z
+
DT

T∞

(
∂T

∂z

)2
}

− 1

(ρcp)f

∂qr
∂z

,

(4)

∂C

∂t
+ u

∂C

∂x
+ v

∂C

∂y
+ w

∂C

∂z
=DB

∂2C

∂z2
+
DT

T∞

∂2T

∂z2

− kr (C − C∞)

(
T

T∞

)n
e
−
Ea
κT .

(5)

The physical boundary conditions for the current problem are given as follows:

u = uw + d∗1
∂u

∂z
, v = vw + d∗2

∂v

∂z
, w = 0, − k∂T

∂z
= hf (Tw − T ) ,

DB
∂C

∂z
+
DT

T∞

∂T

∂z
= 0, at z = 0,

u→ 0, v → 0, T → T∞, C → C∞ as z →∞.

 (6)

In order to approximate the radiative heat flux qr, the following Rosseland’s
approximation for an optically thick fluid is employed (Fatunmbi and Adeniyan
[37]):

qr = −16σ∗T 3

3k∗
∂T

∂z
. (7)

The energy equation has the form after applying expression (7) to equation (4)

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
+ w

∂T

∂z
=α

∂2T

∂z2
+ τ

{
DB

∂T

∂z

∂C

∂z
+
DT

T∞

(
∂T

∂z

)2
}

+
16σ∗T 2

3 (ρcp)f k
∗

{
T
∂2T

∂Z2
+ 3

(
∂T

∂Z

)2
}
.

(8)

The variable aspects of wall temperature, wall concentration and magnetic field
are given by the following form [38]

Tw(x, t) =
T0xuw

ν(1− βt) 1
2

+T∞, Cw(x, t) =
C0xuw

ν(1− βt) 1
2

+C∞, B(t) =
B0

(1− βt) 1
2

.

To obtain similar solutions of equations (2), (3), (8) and (5) subject to the
boundary conditions (6), the following similarity variables are introduced:

u =
ax

1− βt
f ′(η), v =

ay

1− βt
g′(η), w = −

√
aν

1− βt
{f(η) + g(η)} ,

θ(η) =
T − T∞
Tw − T∞

, φ(η) =
C − C∞
Cw − C∞

, η = z

√
a

ν(1− βt)
.

 (9)
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Substitution of the above similarity variables in equations (2), (3), (8) and (5)
yields the following ordinary differential equations:

f ′′′ [1 +We1f
′′] +

We1
2

L2g′′g′′′ − f ′2 + (f + g) f ′′ − S
(
f ′ +

1

2
ηf ′′

)
−Mf ′ + λ (1 + λ1θ) θ + λN (1 + λ2φ)φ = 0,

(10)

g′′′ [1 +We2g
′′] +

We2
2L2

f ′′f ′′′ − g′2 + (f + g) g′′ − S
(
g′ +

1

2
ηg′′
)

−Mg′ = 0,

(11)

θ′′ + Pr (f + g) θ′ − PrS
2

(3θ + ηθ′)− 2Prθf ′ + +PrNbθ′φ′ + PrNtθ′
2

+Rd {1 + θ (θw − 1)}2
[
3θ′

2
(θw − 1) + {1 + θ (θw − 1)} θ′′

]
= 0,

(12)

φ′′ + PrLe (f + g)φ′ − PrLeS
2

(3φ+ ηφ′)− 2PrLeφf ′ +
Nt

Nb
θ′′

− PrLeΓ1 {1 + (θw − 1)θ}n e(−
E

1+(θw−1)θ )φ = 0.

(13)

The dimensionless boundary conditions are stated as

f ′(0) = 1 + α1f
′′(0), g′(0) = β1 + α2g

′′(0), f(0) = 0, g(0) = 0,

θ′(0) = −Bi (1− θ(0)) , φ′(0) = −Nt
Nb

θ′(0),

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

 (14)

where

We1 =

√
2Γ2au2w
ν(1− βt)

, We2 =

√
2Γ2av2w

β2
1ν(1− βt)

, N =
βC(Cw − C∞)

βT (Tw − T∞)
, S =

β

a
,

λ =
βT g(1− βt)(Tw − T∞)

auw
, M =

σB2
0

aρf
, L =

y

x
, Pr =

ν

α
, Le =

α

DB
,

Nb =
τDB (Cw − C∞)

ν
, Nt =

τDT (Tw − T∞)

νT∞
, θw =

Tw
T∞

, E =
Ea
κT∞

,

Γ1 =
kr(1− βt)

a
, α1 = d∗1

√
a

ν(1− βt)
, α2 = d∗2

√
a

ν(1− βt)
, β1 =

b

a
,

Bi =
hf
k

√
ν(1− βt)

a
, λ1 =

β∗T (Tw − T∞)

βT
, λ2 =

β∗C (Cw − C∞)

βC

δ =
Q1(1− βt)
a(ρcp)f

, Rd =
16σ∗T 3

∞
3(ρcp)fαk∗

.
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3 Skin-friction coefficients, Nusselt number and
Sherwood number

The physical quantities of engineering interest for the present fluid flow problem
are the local skin-friction coefficients, Nusselt number and Sherwood number.
The skin-friction coefficient measures the shear stress, whereas the Nusselt num-
ber and Sherwood number describe the rate of heat and mass transfer at the
surface. A low Nusselt number signifies that conductive heat transport is more
than the convective heat transfer, whereas a high Nusselt number indicates that
convective heat transfer dominates the conductive heat transfer. Thermal engi-
neering devices may be designed more effectively with this in mind. Convective
mass transfer is divided by diffusive mass transport, and this ratio is known
as the Sherwood number. It is used to conduct mass transfer analyses on sys-
tems such as liquid-liquid extraction. Mathematically, the local skin-friction
coefficients (Cfx, Cfy), Nusselt number (Nux) and Sherwood number (Shx) are
expressed as

Cfx =
ν

u2w

∂u
∂z

1 +
Γ√
2

√(
∂u

∂z

)2

+

(
∂v

∂z

)2


z=0

, (15)

Cfy =
ν

v2w

∂v
∂z

1 +
Γ√
2

√(
∂u

∂z

)2

+

(
∂v

∂z

)2


z=0

, (16)

Nux = − x

k (Tw − T∞)

[(
k +

16σ∗T 3

3k∗

)
∂T

∂z

]
z=0

, (17)

Shx = − xDB

DB (Cw − C∞)

(
∂C

∂z

)
z=0

. (18)

The aforementioned physical values can be expressed in non-dimensional form
using the dimensionless variables specified in (9)

Cfx
√
Rex = f ′′(0)

[
1 +

We1
2

√
f ′′2(0) + L2g′′2(0)

]
, (19)

Cfy
√
Rey = g′′(0)

[
1 +

We2
2

√
1

L2
f ′′2(0) + g′′2(0)

]√
β−31 , (20)

Nux√
Rex

= −
[
1 +Rd {1 + (θw − 1) θ(0)}3

]
θ′(0), (21)

Shx√
Rex

= −φ′(0), (22)

where Rex =
uwx

ν
and Rey =

vwy

ν
are the local Reynolds numbers.
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4 Numerical solution

4.1 Methodology

The coupled and highly nonlinear ordinary differential equations (10)-(13) sub-
ject to the boundary conditions (14) are solved numerically by employing the
bvp4c solver in MATLAB. The higher-order equations (10)-(13) are converted
into a set of first-order equations. Furthermore, while implementing the numer-
ical technique, the boundary value problem is metamorphosed into an initial
value problem by assuming some suitable guess values to those missing initial
conditions.

Table 1: Comparison of values of −f ′′(0) for altered values of M when β1 = 0.5

−f ′′(0)
M Present Oyelakin et al. [39] Nadeem et al. [40]

0 1.093096 1.09310 1.0932
10 3.342030 3.34204 3.3420
100 10.058166 10.05818 10.058

Table 2: Comparison of values of −g′′(0) for altered values of M when β1 = 0.5

−g′′(0)
M Present Oyelakin et al. [39] Nadeem et al. [40]

0 0.465206 0.46520 0.4653
10 1.645891 1.64590 1.6459
100 5.020785 5.02080 5.0208

4.2 Validation

The numerical values of −f ′′(0) and −g′′(0) displayed in Tables 1 and 2 have
been computed for different values of magnetic parameter M for a specific sit-
uation of the current problem, i.e., when We1 = We2 = λ = λ1 = λ2 = α1 =
α2 = N = 0, β1 = 0.5 and n = 1 to test the correctness of the obtained results
and the reliability of the employed numerical approach. From the tables, it is
clearly observed that our results have a firm agreement with the results reported
by Oyelakin et al. [39] and Nadeem et al. [40].

5 Results and discussion

This section presents the analysis of the obtained results for the current heat
and mass transport phenomenon. The behavior of the flow profiles as well as
the physical quantities of practical importance, is investigated in depth with
respect to the changes of the emergent parameters. For the computational
purpose, we have assumed the parameters’ values as We1 = We2 = S = 0.2,
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N = n = Nt = 0.5, Pr = θw = 1.2, L = Nb = λ = α1 = α2 = 0.4, Rd = 0.1,
Le = M = 1.0, β1 = 0.7, Bi = λ1 = λ2 = K1 = 0.3, E = 0.6. Throughout the
study, the same values for parameters are adopted, while the altered values of
the parameters are shown separately in the respective figures.
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Figure 2: Changes in f ′(η) vs λ
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Figure 3: Changes in g′(η) vs λ
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Figure 4: Changes in f ′(η) vs M
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Figure 5: Changes in g′(η) vs M
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Figure 6: Changes in f ′(η) vs S
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Figure 7: Changes in g′(η) vs S
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Figure 9: Changes in f ′(η) vs λ2
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Figure 10: Changes in f ′(η) vs α1
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Figure 11: Changes in g′(η) vs α2

Figures 2-11 illustrate the influence of λ, M , S, λ1, λ2, α1 and α2 on the
velocity field. Growth in f ′(η) and reduction in g′(η) are observed in Figures 2
and 3. The higher mixed convection parameter contributes to a larger buoyancy
force. This powerful force accelerates the primary flow by suppressing the flow
in the secondary direction. A significant increase in the magnetic parameter has
caused a significant drop in the nanofluid velocity profile. Increased M leads to
a corresponding rise in the resistive Lorentz force, which causes the fluid flow to
decrease as depicted in Figures 4 and 5. Decreasing nature of f ′(η) and g′(η) for
improvement in S is noted in Figures 6 and 7. In Figures 8 and 9, it is noticed
that larger values of λ1 and λ2 indicate an upsurge in f ′(η). Temperature and
concentration differences arise from nonlinear convection parameters λ1 and
λ2 that are greater than the equivalent linear convection values. Velocity is
therefore emphasized. Figures 10 and 11 express diminishing character of f ′(η)
and g′(η) w.r.t. α1 and α2. An increase in velocity slip parameters lead to
increase the slip between the fluid and surface of the sheet. So a partial slip
velocity moved to the flow field that has the tendency to decelerate the flow.

Figure 12 shows that θ(η) heightens on rising values of M . When the mag-
netic parameter increases, a stronger Lorentz force is generated. This force
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Figure 12: Changes in θ(η) vs M
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Figure 14: Changes in θ(η) vs Bi
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Figure 15: Changes in θ(η) vs Nb
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Figure 16: Changes in φ(η) vs Nb
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Figure 17: Changes in θ(η) vs Nt

provides resistance against the flow and thereby, the fluid temperature is inten-
sified. Figure 13 elucidates a rising trend for θ(η) on enhanced values of Rd.
Improved radiation parameter reduces the mean heat absorption coefficient. As
a result, the fluid temperature gets hiked. From Figure 14, an increase in θ(η)
is noticed for enlarged values of Bi. An increase in the Biot number leads to
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Figure 19: Changes in φ(η) vs K1
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Figure 20: Changes in φ(η) vs Le
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Figure 21: Changes in φ(η) vs E

enhance the heat transfer due to convective heating with hot fluid. So, temper-
ature of the fluid is augmented. Figure 15 shows that when Nb increases, θ(η)
decreases near the sheet and takes on an inverse nature far away from it. In
reality, a larger Nb causes more Brownian diffusion with lesser viscous forces,
and therefore, a hike in the temperature profile is observed. φ(η) is enhanced
near the sheet for uplifting Nb values, while a reverse influence is seen away
from the sheet, as shown in Figure 16. According to Figure 17, with upsurging
values of Nt, θ(η) is increased. Physically, an increase in Nt causes a stronger
thermophoretic force, which enriches the fluid’s temperature. Figure 18 shows
that φ(η) decreases towards the sheet, while the opposite trend is seen further
away from the sheet in terms of Nt.

Figure 19 shows that an improvement in K1 leads to a significant fall in
φ(η). A devastating chemical reaction corresponds to a positive K1. As a
result, an improvement in K1 causes a decrease in species concentration. In
Figure 20, it is seen that for growing values of Le, φ(η) is reduced. Lewis
number is basically the relation between thermal diffusivity to mass diffusivity.
So, higher Lewis number implies less mass diffusion in the fluid flow. Hence,
species concentration is lessened. Figure 21 reveals that there is an upward
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Table 3: Numerical values of the skin friction coefficients when ζC = ζT = 0.4,
L = λ = N = n = 0.5, We1 = We2 = 1.6 and β1 = 0.6

λ M S λ1 λ2 α1 α2 −
√
RexCfx −

√
ReyCfy

0.4 1 0.2 0.3 0.3 0.4 0.4 0.953465 1.833773
1 0.921040 1.766040
2 0.871657 1.663539

0.4 2 1.095809 2.137023
3 1.204741 2.373294
1 0.6 1.006186 1.945268

1.0 1.052698 2.044400
0.2 0.6 0.952571 –

0.9 0.951679 –
0.3 0.6 0.953415 –

0.9 0.953364 –
0.3 0.7 0.725064 –

1.0 0.586788 –
0.4 0.7 – 1.812118

1.0 – 1.799073

trend in φ(η) with the progress of the parameter E. Boosted E values aid in
the speeding up of chemical reactions and hence the species concentration is
escalated.

The numerical values of the local skin-friction coefficients for various values
of the controlling parameters λ, M , S, λ1, λ2, α1 and α2 are set forth in Table
3. For higher values of M and S, both

√
RexCfx and

√
ReyCfy are increased

whereas reverse trend is detected w.r.t. λ, λ1, λ2, α1 and α2. Local Nusselt and
Sherwood numbers calculated for flow parameters M , Rd, Bi, Nb, Nt, K1, Le
and E are described in Table 4. Increasing trend of Nux√

Rex
is found for Rd and

Bi but opposite nature is noticed for M , Nb and Nt. Growing values of Nt and
E imply increasing tendency of Shx√

Rex
whereas converse behavior is found w.r.t.

Nb, Le and K1.

6 Conclusions

The present analysis explores the aspects of nonlinear thermal radiation and
activation energy on unsteady convective heat and mass transport phenomena
of Williamson nanofluid over a stretching sheet in the existence of Lorentz force
and chemical reaction. Moreover, Navier’s velocity slip and convective heating
conditions are imposed at the surface boundary. The following are some of the
significant outcomes from the simulation of the problem:

• A diminishing nature is observed for the velocity profiles with the im-
provement in unsteadiness and the intensity of the Lorentz force.
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Table 4: Numerical values of the local Nusselt and Sherwood numbers when
Pr = 1.4, θw = 1.1 and Le = 1.5

M Rd Bi Nb Nt K1 Le E Nux√
Rex

− Shx√
Rex

1 0.1 0.3 0.4 0.5 0.3 1.0 0.6 0.267377 0.300448
2 0.262851 –
3 0.259108 –
1 0.5 0.361351 –

1.0 0.474500 –
0.1 0.5 0.395575 –

0.7 0.497861 –
0.3 0.6 0.267364 0.200288

0.8 0.267357 0.150212
0.4 1.0 0.267028 0.600074

1.5 0.266675 0.898864
0.5 0.6 – 0.300408

0.8 – 0.300385
0.3 0.5 – 0.300598

1.5 – 0.300337
1.0 2.0 – 0.300487

5.0 – 0.300502

• The temperature distribution is enhanced as the thermal radiation and
the convective heating at the bottom of the surface is boosted.

• The thermophoretic force and the activation energy are found to have
strong influence on rising the species concentration far away from the
sheet. However, the impact is getting reversed near the sheet.

• The skin friction coefficients are uplifted with the increase of unsteadiness
and the magnetic impact.

• There is an enhancement in heat transfer rate at the surface for growing
value of Biot number and thermal radiation parameter.

• Rate of mass transfer at the wall is improved as the values of thermophore-
sis and the activation energy parameters increase.
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